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The research aims to investigate the effects of printing parameters on the mechanical 
properties and surface characteristics of polylactic acid (PLA) material processed by 
stereolithography. PLA specimens were printed with variable parameters of layer 
thickness (0.025, 0.05, and 0.075 mm) and normal exposure time (5, 10, and 15 s), while 
the fixed parameters were a 90° build orientation (transversal, along the X-axis), 
washing time of 5 min, and curing time of 30 min. Mechanical and surface-
characteristics tests were performed on printed specimens to determine the effects of 
SLA printing parameters on tensile strength, elastic modulus, and surface 
characteristics. The results showed that the tensile strength, elongation, and surface 
roughness of the SLA printed specimens were not sensitive to variations in LT and NET 
in this research except for dimensional accuracy. The combination of LT 0.05 mm and 
NET 10 seconds produced specimens with the highest mechanical strength, compared 
with the smaller LT 0.025 mm combined with NET 15 seconds. The similar phenomenon 
was also observed in the surface roughness test, where a random pattern was observed 
in the results across various measurement directions (horizontal, vertical, and diagonal). 
However, the lowest average roughness was obtained with the parameter LT set to 
0.025 mm and a NET of 10 seconds. This differs from the pattern of data obtained in the 
dimensional accuracy test, where the lowest deviation is found in the parameter LT, 
0.075 mm, with NET 10 seconds. 
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1. Introduction 
 

Manufacturing technology is advancing rapidly worldwide. This is evident in the many new 
research results from researchers across various disciplines, such as additive manufacturing (AM). 
AM is the process of making physical objects from the results of geometric representations in 
computer-aided design (CAD) software, where the production process is carried out by adding 
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material sequentially or layer by layer [1]. In everyday life, especially in the manufacturing industry, 
AM technology is commonly known as 3D printing (3DP). 

3DP technology is a method of making mechanical products with several advantages, such as 
printing complex geometries using materials that are relatively more economical without the need 
for expensive molds and tools [2-3], low time and cost [4] and can be done in one time process [5]. 
Currently, several AM methods have been developed, such as Selective Laser Sintering (SLS) of plastic 
powders [6], Laminated Object Manufacturing (LOM) of plastic sheets [7], Fused Deposition Modeling 
filament-based (FDM) [8] and Stereolithography (SLA) based on photopolymer resin [9]. Among 
several AM techniques, SLA is the 3DP technique with the best printing results in terms of 
dimensional accuracy [10], surface roughness [3], and low porosity [11]. 

In the additive manufacturing industry, SLA has undergone significant development, as evidenced 
by its increasingly widespread application across various fields, including medicine [12]. SLA is an 
early AM method that uses the solid freeform fabrication (SFF) technique and was introduced by 
Chuck Hull in 1986 [13]. The SLA three-dimensional (3D) object is based on a spatially controlled 
solidification process of liquid resin inside a vat resin by photopolymerization. The liquid resin 
solidification process uses a laser beam or a digital light projector, controlled by a computer, that 
illuminates the resin surface in a specific pattern to form a hardened layer of a certain thickness until 
a 3D object is created according to the CAD design [13]. 

In the additive manufacturing industry, due to the excellent quality of the final product [14] and 
complex shapes with many under-cut parts, SLA is not only used in the prototype phase but up to the 
final product that is difficult to achieve through machining processes such as milling [15]. In addition, 
SLA can be used for rapid prototyping, compared to other traditional manufacturing methods, in 
small quantities and at a relatively low cost [16]. SLA is often used because it offers several 
advantages, such as the ability to print complex geometries [17], and SLA prints have better surface 
roughness than injection molding and FDM [3], [18]. 

Based on the advantages possessed by SLA, the use of SLA has expanded in several fields, 
including medicine [12]. In the medical field, several resin materials are commonly used in 3DP SLA 
machines, including Formlabs resin [19], Anycubic photosensitive resin [20], and Temporis resins [21].  

The 3DP SLA machine has several advantages and disadvantages in making 3D specimens. 
Compared to conventional molding processes such as plastic injection molding, the SLA process has 
a shorter period [3], SLA printouts also have better dimensional accuracy when compared to FDM 
[22], SLA is more economical because the process is faster and cheaper than other conventional 
methods [16], and SLA prints also have better surface roughness compared to injection molding and 
FDM results [3], [18], [23]. Apart from the advantages that the 3DP SLA machine has, one of the main 
disadvantages is the low mechanical properties of the printed specimen [2], [24-25], which are 
affected by the printing parameters used [26]. 

Many researchers have focused on improving the mechanical properties, surface roughness, and 
dimensional accuracy of SLA prints using various methods to obtain optimal results. Optimizing 
printing parameters is one of the simplest and most effective methods [21], [27]. In the tensile test 
conducted by [19], the results show a significant increase in maximum tensile strength (89% on 
average) and elastic modulus (89% on average) after the irradiation process. Meanwhile, [20] 
reported that the hardness of the material increases with increasing irradiation time (hardness and 
density values are stable after 48 hours of irradiation at a wavelength of 400 nm). In addition, the 
dimensional accuracy of the samples printed by the SLA from several studies has different 
assessments, and the best dimensional accuracy is printed with a build orientation of 45° [28-29] and 
build orientation of 90° [30-31]. 
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In this research, a series of investigations was carried out to determine the effects of LT and NET 
on the mechanical properties and surface characteristics of PLA materials and those processed by 
SLA. From the variation of the print parameters, it is expected that the PLA printed specimens with 
the highest tensile strength and good surface quality.  
 

Table 1  
SLA processing parameters used for printing PLA material in this research 

Slicing setting 
Layer Thickness (mm) 0.025; 0.05; 0.075 
Normal Exposure Time (s) 5; 10; 15 
Off Time (s) 0.5 
Bottom Exposure Time (s) 40 
Bottom Layers 5 
Z Lift Distance (mm) 8 
Z Lift Speed (mm/s) 2 
Z Retract Speed (mm/s) 2 
Anti-alias 1 
Build orientation (deg) 90 

Post process 
Washing time (minute) 5 
Curing time (minute) 30 

 

       
 (a) (b) 

Fig. 1. SLA-processed PLA specimens for tensile test: (a) Specimen print orientation illustration; 
(b) Dimensions of tensile test specimen 

 

     

Fig. 2. SLA-processed PLA specimens for surface roughness test (The specimen dimension unit is 
milimeter) 

 
2. Materials and Methods 

 
In this research, all specimens were made from 3D printing UV Sensitive Basic Clear Anycubic 

Resin (Shenzen Anycubic Technology Co., Ltd. China), printed using the SLA 3DP Anycubic Photon 
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Mono X printer (Shenzen Anycubic Technology Co., Ltd. China) and the curing process uses the 
Anycubic Wash and Cure 2.0 machine (Shenzen Anycubic Technology Co., Ltd. China). The print 
parameters used for specimen preparation in this study are listed in Tabel 1. 

The tensile test was carried out using the dog bone-shaped PLA specimen shown in Figure 1 (b) , 
which was designed according to the ASTM D638 type IV standard with the specimen position 
transverse, along the X-axis during the molding process, which orientation is parallel to the tensile 
loading axis shown in Figure 1 (a). There are nine specimen configuration variations created from 
Table 1 with the number of specimens for each configuration, namely five specimens. The specimen 
printing process was carried out at room temperature with a time difference from morning to 
evening. Then a tensile test was performed using the universal testing machine Zwick Z020 
(Zwick/Roell, Germany) at room temperature with a pre-load of 50 N, speed (tensile modulus) 5 
mm/min, test speed of 10 mm/min, grip to grip separation at the start position 65 mm, and Gage 
length (standard travel) 25 mm. 

Tensile strength data were obtained, and then post-tensile test specimens with the highest and 
lowest tensile strength values were analyzed by microstructural testing using an Olympus BX53M 
microscope (Olympus, Japan) and Scanning Electron Microscope Energy Dispersive X-Ray Phenom 
Pro X (Phenom, Netherlands) to find out the structure inside the body of the specimen that might 
affect the tensile strength results obtained previously. 

The surface roughness test used the Mitutoyo SJ 210 surface roughness tester stylus (Mitutoyo, 
Japan) to determine the surface roughness level of the SLA printed specimens affected by LT and 
NET. The surface roughness test was conducted with four movement directions at five points on one 
side of the specimen surface, as shown in Figure 2. The surface roughness test was carried out with 
parameter settings such as ISO 1997 standard, profile R, Gauss filter, λc 2.5, λs 8, and M-speed 0.5. 

Test the dimensional accuracy of the SLA printed specimens using a coordinate measuring 
machine (CMM) Zeiss Calypso SVF NEX (Accretech, Japan) on four measurements, as shown in Figure 
3. A one-way ANOVA was finally carried out in Microsoft Excel 2016 (Microsoft, USA) to analyze all 
the quantitative data obtained from this experiment. 
 
Table 2  
PLA material specimen tensile strength 

Test 
Control 
(MPa) 

LT 
(mm) 

NET 5 second NET 10 second NET 15 second 

σAverage 
STDEV 

σAverage 
STDEV 

σAverage 
STDEV 

(MPa) (MPa) (MPa) 

 23.4 0.025 29.9 6.01 33.05 4.58 37.38 7.86 
Tensile 

Strength 
23.4 0.05 26.8 4.83 37.75 4.35 31.63 6.68 

 23.4 0.075 29.62 3.48 30.51 6.58 33.97 4.07 

Elongation 

14.2 0.025 4.93 1.36 5.23 1.04 7.39 2.37 

14.2 0.05 4.35 1.02 6.96 1.48 5.27 1.83 

14.2 0.075 5.33 1.34 5.0 1.67 4.48 2.03 

Young’s 
Modulus 

- 

0.025 6.16 0.53 6.37 0.38 5.28 0.90 

0.05 6.23 0.40 5.55 0.73 6.20 0.74 

0.075 5.69 0.62 6.43 1.26 6.86 0.96 
 

Notes: Especially Young's modulus using GPa units 
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Fig. 3. Measurement dimensions for dimensional accuracy test 
     
3. Results  
 

To avoid environmental changes in the properties of the printed specimens, the authors print the 
specimens for each test and then store them in an airtight container for the purposes mentioned 
above. The tests are carried out in parallel. For microstructural observation, the specimens used are 
post-tensile, especially in the fracture section. 
 
3.1 Tensile Strength of PLA Specimen 
 

The PLA material tensile test results are presented in Table 2 and Figure 4 (a). Control values were 
taken from the PLA material datasheet used in this study. Table 2 shows the highest average tensile 
strength of the printed specimens of PLA material of 37.75 MPa at the parameter LT 0.05 mm with 
NET 10 seconds. In general, the average tensile strength of all parameter variations exceeds the 
control value. The pattern of values obtained is not in line with the research conducted by [32] and 
[33] the thinner the LT, the higher the tensile strength value. Tensile strength increases with the 
addition of layers, where the bond strength between layers is higher than the strength of the layer 
itself because the cure degree in the interlayer is higher than in the central layer [34]. However, the 
results showed that the tensile strength of the printed specimen at 0.025 mm LT was lower than that 
at 0.05 mm LT. This may be due to uncontrolled changes in room temperature during the specimen 
printing process, which takes about eight hours, such as for 0.025 mm LT specimens (the process 
passes through time periods when room temperature changes, e.g., morning to evening). In addition, 
the tensile strength of SLA-printed specimens increases with increasing exposure time. This confirms 
that increasing exposure time to ultraviolet (UV) light increases the degree of polymerization of free 
radicals formed when photoinitiators react with UV light [19]. 
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(a) (b) 

 
(c) 

Fig. 4. The effect of LT and NET on the mechanical strength of PLA specimen: (a) Tensile strength; (b) 
Elongation; (c) Young’s Modulus 

 
Figure 4(b) shows that the PLA material specimens with all parameters exhibit elongation values 

below the control value. In other words, the printed specimens of PLA material are more brittle than 
the control values in the PLA material datasheet used in this study. This may be due to differences in 
the temperature of the specimen-printing environment, which can affect the resin's viscosity. The 
low viscosity of the resin results in small size and molecular weight, leading to increased crosslinked 
networks in the specimen and brittleness [35]. 

Figure 4(c) shows that Young's Modulus increases with increasing NET, especially in the 0.075 mm 
LT specimen. This confirms that increasing UV exposure time (NET) to the resin can reduce the 
proportion of semi-reacted resin contained in each layer of the SLA printed specimen [36]. 
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3.2 Surface Roughness of PLA Specimen 
 

The overall average surface roughness (Ra) is shown in Table 3. The results of the PLA material 
surface roughness test shown in Figure 5 (a) and (b) indicate that in a horizontal position, the 
tendency of the roughness test results is the same, that is, the highest is at NET 5 and the lowest is 
at NET 15. On the other hand, at LT 0.05 mm, the lowest surface roughness value is observed at NET 
10, while the highest is at NET 5, as with the other two LTs. 

  
Table 3  
Average Ra of all measurement positions 

LT 
(mm) 

Average of Ra (μm) 

NET 5 second NET 10 second NET 15 second 

0.025 1.01 0.84 0.93 

0.05 1.53 1.45 3.12 

0.075 3.55 1.43 2.77 

 

 
(a) 

 
(b) 
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(c) 

Fig. 5. PLA material specimen surface roughness: (a) LT 0.025 mm; (b) LT 0.05 
mm; (c) LT 0.075 mm 

 
Table 4  
The average percentage of dimensional accuracy data errors 

LT 
(mm) 

NET (second) 

5 10 15 

0.025 2.45% 2.27% 3.95% 

0.05 2.34% 2.86% 3.81% 

0.075 2.14% 2.03% 2.62% 

 

 
Fig. 6. Average percentage error of dimensional accuracy 

 
In the vertical position, at LT 0.025 and 0.05 mm, the highest surface roughness is at NET 15, and 

the lowest is at NET 5. On the other hand, at LT 0.075 mm, the highest surface roughness is at NET 5, 
and the lowest is at NET 10. In the diagonal positions (a) and (b), LT 0.025 and 0.075 mm show the 
same surface roughness trend, with the highest at NET 5 and the lowest at NET 10 seconds. The same 
is true for LT 0.05 mm, the lowest roughness value is found at NET 10 seconds. However, at that LT, 
the highest value is found at NET 15 seconds. 
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Based on the surface roughness test results, the surface roughness values across all print 
parameters tend to form random patterns. This is not in accordance with the research that has been 
conducted by [37] and [38] where the surface roughness level of the SLA printed specimen will 
increase with the increase in LT (the thicker the LT, the rougher the surface roughness level will be). 
The randomness of the surface roughness obtained may be due to external factors, such as fluids 
formed by the up-and-down movement of the build platform, which hit the semireactive layer of the 
specimen. 
 
3.3 Dimensional Accuracy of PLA Specimen 

 
In this study, dimensional accuracy is defined as the measurement of the outer surface of the 

SLA-printed specimens (analyzed as the mean absolute deviation), with deviations from this surface 
measurement considered increasingly inaccurate in both the positive and negative directions. Five-
dimensional measurements were taken on the SLA-printed specimens (Figure 3). From the tests 
conducted, the measurement results were positive, indicating that the specimen had dimensional 
enlargement relative to the initial design dimensions and vice versa. Table 4 and Figure 6 show the 
average percentage of errors in the measurements for each dimension mentioned in Figure 3. 

The results of the dimensional accuracy test are consistent with the research conducted by [39], 
which found that the highest dimensional accuracy is obtained at the thickest LT and the shortest 
NET. In addition, this study is also in accordance with the results of [40] research where the smallest 
deviation was found at the highest LT. These results do not follow the hypothesis that the smaller the 
LT, the higher the dimensional accuracy. This confirms that the longer exposure time of UV light to 
liquid resin causes swelling and the resin's dynamics and degree of polymerization also affect the 
printed specimens' accuracy [41]. In addition, resins with low viscosity exhibit poor dimensional 
stability due to their small size and low molecular weight [35].  
 

  
 

   
Fig. 7. Voids in the fracture area of the specimen after the tensile test: (a) LT 0.025 mm; (b) LT 0.05 mm 

(a) 
void 

void (b) 
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4. Discussion 
 

The influence of print parameters on several tests and the correlation between tests that have 
been carried out are reviewed with the support of microstructure observation data. The results of 
microstructure observations are used to support the test results data on the phenomena that occur 
in the tests that have been carried out. In addition, the validation of the values obtained from each 
test is compared with the results obtained from several similar previous studies. 

The orientation of the specimen prints used in this study is transverse (along the X-axis), as 
illustrated in Figure 1 (a), where this orientation has the direction of the fibers in the same direction 
as the direction of the loading force in the tensile test so as to provide the highest tensile strength 
compared to the orientation of the another prints [42], [43]. 

The data on the tensile strength of the specimens in the tensile test obtained has a pattern that 
is not the same as the results of research conducted by [32] and [33] which the thinner the LT, the 
more the number of layers so that the tensile strength will increase because the more adhesion 
strength in each layer that withstands the force in the tensile test [44]. For further analysis, 
microstructure observations in the fracture area of the specimen after the tensile test of PLA material 
using an Olympus BX53M microscope (Olympus, Japan) complement the reasons for the tensile test 
results data obtained as shown in Figure 7, where there are voids and several parallel lines which is 
a connection between layers. The thickness of each layer formed has dimensions close to the LT 
setting on the 3D printer machine. Voids on the SLA-printed specimens were formed during the 
photopolymerization process [45]. Voids are more commonly found with larger sizes in specimens 
with thicker LT, causing a decrease in the mechanical strength of the SLA-printed specimens [32]. 
Voids can be found in the interlayer bonding and the body of the layer itself [46]. The observed void 
size is no more than nano size as in the research conducted by [34]. However, the void size is clearly 
visible in specimens with LT, which are thicker than the LT variation used in this study (LT 0.1 mm), 
as shown in Figure 8. Interlayer bonding and voids can be observed properly due to the chemical 
constituents of the PLA resin having a color that light can penetrate with a microscope and has a 
unique composition. Figure 9 shows that the thicker the LT and the shorter the NET, the more 
irregular the surface is obtained in the fracture area. This may be due to the increasing thickness of 
the layer, and the curing rate is lower so that the specimen has a low bond and a rough fracture 
surface character. 
 

 
(a) 
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(b) 

Fig. 8. Voids on the specimen with LT 0.1 mm (a) void length; (b) void diameter 
 

In addition to mechanical strength, surface roughness and dimensional accuracy of printed 
specimens are closely related. Both can be affected by process parameters, such as LT resolution, 
resin material, and polymerization dynamics within the resin during printing [47]. High LT resolution 
in the Z direction is often assumed to result in high dimensional accuracy and low surface roughness. 

In testing the surface roughness, the range of average Ra values obtained is close to the results 
of research that has been carried out by [37] and [38]. However, the pattern of increasing Ra is 
different for each LT used, where the level of surface roughness of the printed specimen will increase 
with the increase in LT. The dimensions of the staircase formed will be larger as the thickness of the 
LT used is shown in Figure 10. The surface roughness of the SLA printed specimens with the difference 
in the base material composing the resin will be different, which is due to differences in the chemical 
elements that make up the resin material [38]. 

Obtaining one of the high-test results (in this research, namely tensile strength) with such printing 
parameters does not rule out the possibility of having an impact on other test results, such as 
dimensional accuracy and surface roughness. Based on data from several tests that have been 
obtained and the discussion in this sub-chapter, it is known that the print parameters used, such as 
LT and NET, have a close relationship with the several tests that have been carried out. The use of 
thinner LT and higher NET will increase tensile strength and minimize surface roughness but can 
reduce the dimensional accuracy of the printed specimen. 
 

   
(a) (b) (c) 
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(d) (e) 

Fig. 9. Fracture surface morphology of PLA parts printed: (a) LT 0.025 mm NET 5 second; (b) LT 0.025 mm 
NET 10 second; (c) LT 0.025 mm NET 15 second; (d) LT 0.05 mm NET 15 second; (e) LT 0.075 mm NET 15 
second 

 

  
(a) (b) 

Fig. 10. Staircase effect on the PLA specimen radius area (a) LT 0.025 mm; (b) LT 0.05 mm 
 

Prior to obtaining good specimen printing results with several parameter variations in this 
research, specimen printing was carried out with other parameter variations, resulting in several 
failures. This information is used to avoid using the LT parameter and other parameters so that the 
specimen can be printed properly, such as minimizing voids with dimensions that are large enough 
so as not to reduce the mechanical strength of the specimen. From several experiments varying 
process parameters, results indicate that the platform build speed in the Z direction also affects the 
success of the specimen printing process. 

 

  
(a) (b) 

Fig. 11. Printing process failure (a) the neck area is broken; (b) the top layer of the 
neck area is peeling off 
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Fig. 12. Illustration of a semireaction layer on SLA printed specimen 

 
The higher the speed of the build platform with a short exposure time, it can cause the specimen 

to break, as shown in Figure 11 (a), and print failure in the next several layers, as shown in Figure 11 
(b). This may be due to the fact that perfect cross linkages have not been achieved in the short 
exposure time, and the platform build speed is high enough to cause the first layer in the neck area 
of the specimen to break. 

In addition to exposure time and the speed of movement up and down the build platform, LT 
resolution also affects the success in printing specimens, where the thicker the LT, the lower the level 
of penetration of UV rays. This causes a decrease in the level of polymerization of the resin, which 
results in the specimen not being printed perfectly due to the presence of a semi-reaction layer on a 
layer that has a large enough thickness [48] as illustrated in Figure 12. By selecting a higher resolution, 
the number of layers needed to print the specimen will increase, as illustrated in Figure 13 (a). 
Although higher LT resolution allows for more detail and a better surface finish on the printed 
specimen, it does not necessarily mean that specimens printed with these parameters are more 
accurate than those with lower LT resolution in terms of deviation from CAD dimensions. 

Increasing the LT resolution will increase the potential for errors, artifacts, and failures during the 
printing process, which results in a decrease in dimensional accuracy and increases the time required 
in the printing repetition process, where the repetition process will create opportunities for errors to 
occur [40]. This is confirmed by the data from the dimensional accuracy test results obtained in Table 
4, where the highest dimensional accuracy is obtained at the thickest LT and the shortest NET. Thin 
LT can cause the potential for bleeding of light phenomena, which will occur when the resin material 
is penetrated and cured too deeply by UV light, as shown in Figure 14 (a), resulting in reduced detail 
and dimensional accuracy on the Z-axis (shown in the addition the width dimensions of the specimen 
are in Table 4. Apart from bleeding of light, the thin LT will also cause a scattering effect phenomenon 
which will occur when the UV rays deviate from the intended straight path resulting in polymerization 
in an unwanted direction as shown in Figure 14 (b), resulting in reduced detail and dimensional 
accuracy on the Z and XY axes. 
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Fig. 13. (a) Visualization of the number of layers per LT, (b) Axis of printing orientation 
and (c) Effect of XY-axis resolution on the surface of the specimen 

 

  
(a) (b) 

Fig. 14. Type of UV light burst on SLA (a) Bleeding of light; (b) Scattering effect 
 
5. Conclusions 
 

In this research, the influence of print parameters on the mechanical properties and surface 
characteristics of SLA-treated PLA materials was investigated. Based on the results obtained, it can 
be concluded that the ranges of LT and NET used in this study, namely LT 0.025, 0.05, and 0.075 mm 
and NET 5, 10, and 15 seconds, are too narrow to cause changes in mechanical strength (i.e., tensile 
strength, tensile strain, and elastic modulus) and surface characteristics. 
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