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This study aims to determine the effects of factors and levels
specifically, exposure times of 30 and 60 minutes; low and high
spinning speeds; and washing times of 5 and 10 minutes on
surface hardness using a 2* full factorial design. Statistical
analysis revealed that the Washing Time factor had a
statistically significant effect on surface hardness with a P-
value of 0.036 (o = 0.05). Increasing the washing time from 5
to 10 minutes increased the mean surface hardness from 85.31
to 86.19 Shore D, or approximately 1.04%, indicating a
statistically significant but modest practical effect within the
tested experimental range. Meanwhile, the factors Exposure
Time and Spinning Speed, as well as all interactions between
the factors, did not have a statistically significant effect on
surface hardness. The relatively low R? of 36.63% and
predicted R? of 0.00% indicate that the model has limited
explanatory and predictive capability.Residual analysis showed
that the assumptions of normality and independence of the
residuals were met. Overall, washing time showed a
statistically significant but modest effect on surface hardness.
Given the limited explanatory and predictive capability of the
model, these findings should be interpreted only within the
tested experimental range.
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1. INTRODUCTION

Digital Light Processing (DLP) is a 3D printing technology that operates on the principle of layer-by-
layer manufacturing,capable of producing workpieces with complex shapes (Chaudhary et al. 2023; Putra et al.
2021; Shashi, Laskar, and Biswas 2017; Truxova et al. 2020), achieving high dimensional accuracy in printed
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results (Beyer et al. 2025; Palacio, Baniasadi, and Kardel 2023; Tatlicioglu et al. 2026),that technology continues
to evolve (Lin, Liu, and Shin 2025), something not possible with conventional technologies (Truxova et al.
2020).

DLP 3D printing has been widely applied in fields such as healthcare, aerospace, education, construction,
and defense (Adeleke et al. 2024; Al-Gawhari and Ali 2022; Pagac et al. 2021; Shashi et al. 2017; Tatlicioglu et
al. 2026), and others. DLP technology shares similarities in its manufacturing process with the Stereolithography
Apparatus (SLA), as both use photopolymerization to form workpieces (Al-Gawhari and Ali 2022; Chaudhary et
al. 2023; Pagac et al. 2021).DLP technology uses conventional light sources such as arc lamps (Shashi et al.
2017), as well as an LCD (liquid crystal display) to generate a dynamic mask (Truxova et al. 2020). This
technology was first introduced in 1987 (Shashi et al. 2017),and has continued to advance(Seprianto, Hidayat,
and Ginting 2021).The material used in DLP 3D printers is a photopolymer (Chaudhary et al. 2023; Pagac et al.
2021), which comes in the form of resin (Marghitas et al. 2024). The post-processing of resin-based workpieces
printed using photopolymerization-based 3D printing technology requires analysis, as this process affects the
material’s properties (Lassila et al. 2024; Nowacki et al. 2021; Staffova et al. 2022).

One of the materials commonly used in 3D printing technology is polylactic acid, or PLA (Crisostomo
and Dizon 2021). This material is widely used in various fields (Wang et al. 2024). For use in DLP 3D printers,
PLA is available as a resin (Muflikhun 2025). Accordingly, information on its mechanical properties is necessary
to tailor PLA-based products to specific application requirements(Arief et al. 2024; Nowacki et al. 2021).
Therefore, an analysis of the post-printing process for this material is required to produce PLA prints with the
desired mechanical properties. One such mechanical property is surface hardness. Surface hardness is the ability
of a material’s surface to resist pressure (Sulaeman. M, Budiman. H 2018). Evaluating the mechanical properties
of 3D-printed specimens is important to determine whether the resulting parts meet the intended performance
requirements. In this context, surface hardness is an important response for evaluating PLA-based printed
specimens (Maguluri, Suresh, and Guntur 2022; Rosid et al. 2025). Research on post-printing treatments has
been conducted by Nowacki et al. (2021). In that study, an analysis was performed on the effect of post-printing
treatments using mSLA, with surface hardness (Shore D) as one of the test responses; however, no statistical
analysis was conducted to determine the effect of the parameters used on the response. Research on PLA
material with surface hardness as the response variable was also conducted by Rosid et al. (2025) using a 3D
printer; however, that study employed an FDM-type 3D printer and a filament-based material. Meanwhile, in the
study by Lassila et al. (2024), post-printing treatments were also applied to resin materials with surface hardness
as the response variable, but dental materials were used.Taken together, these studies show that post-processing
can affect the mechanical properties of 3D-printed materials; however, previous studies used different printing
technologies, material types, or statistical approaches, limiting their direct applicability to PLA-based resin
produced using DLP technology. However, the simultaneous main and interaction effects of post-curing
exposure time, spinning speed, and washing time on the surface hardness of PLA-based resin manufactured by
means of DLP technology have not been adequately examined. It is necessary to carry out a systematic
assessment of the post-processing parameters in order to determine their influence on the final properties (Choi
et al. 2022). That is why a 23 full factorial design was chosen since it allows the main and interaction effects of
several factors to be evaluated at the same time, provided that the appropriate factors and factor levels are
specified as experimental inputs (Pettalolo, Rosid, and Tontowi 2022; Rosid and Tontowi 2021). The novelty of
this study is that it involves the simultaneous evaluation of these three post-processing factors and the
interactions between them for PLA-based resin specimens produced using DLP technology. The aim of this
study is therefore to establish the main and interaction effects of these post-processing parameters on the surface
hardness of PLA specimens produced by means of DLP technology.

2. RESEARCH METHODS

The determination of the printing parameters was based on prior research on optimizing DLP 3D printer
parameters for PLA. The parameters used, based on that research, were a layer height of 0.035 mm, an exposure
time of 19.542 seconds, and a bottom exposure time of 60.679 seconds (Putra et al. 2021). The bottom layer
count is set to 2, per the DLP printer's default settings. These DLP printing parameters were kept constant for all
specimens and were not treated as experimental factors.

The machine used has a maximum print volume of 127x80x160 mm, a layer thickness ranging from
0.025 mm to 0.100 mm, and a print speed of 10 to 20 mm/hour (Figure 1a). The printing parameters for the DLP
3D printer are based on standard values, with a layer height of 0.035 mm, an exposure time of 19.542 seconds,
and a bottom exposure time of 60.679 seconds (Wilza et al. 2019).
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Figure 1.DLP 3D Printer (a) and Wash and Cure 3D Printer (b)

Surface hardness was measured using a Shore D durometer (American Society of Testing and Materials
2015). The Shore D durometer is intended for use with polymer materials in accordance with ASTM D2240
(Pratama and Adib 2022). Surface hardness was measured using a Shore D durometer with reference to ASTM
D2240. Three measurements were taken at different positions on each specimen, and the average value was used
as the surface hardness response.

The wash and cure machine used was the Creality UW-01, featuring UV LEDs with wavelengths of 385
nm and 405 nm, a washing volume of 170 x 120 x 160 mm, and a container volume of 4,500 ml (Figure 1b). The
machine features 9 UV LEDs at a wavelength of 405 nm and 9 UV LEDs at a wavelength of 385 nm, with a
washing area of 190 x 154 x 200 mm and a curing area of 200 x 300 mm. It utilizes a 360° rotating platform,
with cure and wash durations ranging from 2 minutes to 90 minutes. The curing process involves irradiating the
specimen with UV light at 385 nm, while the washing process involves cleaning it with IPA. The washing
process uses the machine’s default rotation speeds: low, medium, and high.

During the washing process, an alcohol-based solution is used to clean the specimen surface of resin
residue resulting from the casting process (Hwangbo et al. 2021b; Nowacki et al. 2021). The material used for
the washing process is 99% isopropyl alcohol (C3H70OH), or IPA, with “For Analysis” (FA) specifications,
manufactured by Merck. IPA can be used as a washing liquid in the post-printing process for resin materials
(Hwangbo et al. 2021b; Jang et al. 2021; Kang et al. 2024; Katheng et al. 2022; Liu et al. 2024; Truxova et al.
2020). As for the PLA material, eSun Bio PLA is used, with a wavelength of 395—405 nm, a density of 1.00-
1.11 g/cm?3, and a viscosity of 250-350 mPa-s.

The specimen was designed with dimensions of 60 x 30 x 6 mm (Figure 2). The specimen thickness of 6
mm satisfies the minimum thickness specified in ASTM D2240, while the lateral dimensions allow hardness
measurements to be performed at an appropriate distance from the specimen edges. Computer Aided Design
(CAD) was used to design the specimen, and the resulting 3 dimensional CAD model was then sliced. During
the slicing stage, parameter settings were configured. After printing, the specimens were washed in 99% IPA
according to the specified washing time and spinning speed for each experimental run. The washed specimens
were then dried and subjected to UV post-curing according to the specified post-curing exposure time. Surface
hardness was measured after completion of the post-processing procedure.

t
N |

Figure 2.Specimen design

The experimental method used a 2* full factorial design with three parameters, each having two levels.
The 2" full factorial design approach can be used as an experimental method to determine the optimal
combination of parameters (Montgomery 2017; Rosid and Tontowi 2021). Statistical analysis was performed
using Minitab 22 software. The 2* full factorial design was used because it allows simultaneous evaluation of
several factors, enabling more efficient identification of main and interaction effects than a one-factor
experiment (Montgomery 2017). The Post-curing Exposure Time (PET) levels of 30 and 60 min were selected
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based on Nowacki et al. (2021). The Washing Time (WT) levels of 5 and 10 min were selected with reference to
Hwangbo et al. (2021b), Katheng et al. (2022), and Nowacki et al. (2021). The Low and High levels of Spinning
Speed (SS) were selected from the available default speed settings of the wash-and-cure machine (Table 1).The
experimental factors evaluated in this study were post-processing parameters consisting of Post-curing Exposure
Time (PET), Spinning Speed (SS), and Washing Time (WT). These factors were distinguished from the DLP
printing parameters, which were maintained constant for all specimens

Table 1.Post-processing factors and factor levels

Parameter ) lLevel | Unit Ref.
Post-curing 30 60 min. (Nowacki et al. 2021)
Exposure Time
Spinning Speed 180 550 - default
Washing Time 5 10 min. (Hwangbo et al. 2021b; Katheng et al. 2022;

Nowacki et al. 2021)

The 23 full factorial design consisted of eight treatment combinations. Each combination was replicated three
times, resulting in a total of 24 experimental runs (Table 2). For each experimental run, surface hardness was
measured at three points on the specimen, and the average value was used as the response.

Table 2.Level values and printing parameters

Run Time PET SS WT PET SS WT
1 -1 -1 -1 30 Low
2 1 -1 -1 60 Low 5
3 -1 1 -1 30 High
4 1 1 -1 60 High
5 -1 -1 1 30 Low 10
6 1 -1 1 60 Low 10
7 -1 1 1 30 High 10
8 1 1 1 60 High 10
9 -1 -1 -1 30 Low 5
10 1 -1 -1 60 Low
11 -1 1 -1 30 High
12 1 1 -1 60 High 5
13 -1 -1 1 30 Low 10
14 1 -1 1 60 Low 10
15 -1 1 1 30 High 10
16 1 1 1 60 High 10
17 -1 -1 -1 30 Low 5
18 1 -1 -1 60 Low
19 -1 1 -1 30 High 5
20 1 1 -1 60 High
21 -1 -1 1 30 Low 10
22 1 -1 1 60 Low 10
23 -1 1 1 30 High 10
24 1 1 1 60 High 10

After the data were collected, an Analysis of Variance (ANOVA) was conducted to determine whether a
factor or interaction had a significant effect on the response based on the F-value and P-value. The analysis
procedure in Minitab included estimating factor effects, calculating standardized effects, and presenting the
results visually via a Pareto chart of effects, a main effects plot, and an interaction plot, which helped facilitate
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an intuitive interpretation of the results. In addition, a check of the basic assumptions of ANOVA was performed
to ensure that the model met the assumptions of normality, homogeneity of variances, and independence of
errors. This entire series of analyses was conducted to ensure that the resulting factorial model was statistically
valid and accurately represented the response behavior.

3. RESULTS AND DISCUSSION

The experimental results yielded surface hardness values for specimens molded under various
combinations of parameters. The measurements revealed a maximum surface hardness value of 87.0 and a

minimum value of 84.0 (Table 3).

Table 3. Experimental results

Surface Hardness

RT PET SS wr
X1 X2 X3 X

1 30 Low 5 84 84 84 84.0
2 60 Low 5 84 85 86 85.0
3 30 High 5 84 85 85 84.7
4 60 High 5 86 86 86 86.0
5 30 Low 10 87 87 87 87.0
6 60 Low 10 86 85 85 85.3
7 30 High 10 87 87 87 87.0
8 60 High 10 86 86 86 86.0
9 30 Low 5 85 85 85 85.0
10 60 Low 5 84 84 84 84.0
11 30 High 5 84 84 84 84.0
12 60 High 5 87 86 87 86.7
13 30 Low 10 87 87 87 87.0
14 60 Low 10 87 86 87 86.7
15 30 High 10 85 85 85 85.0
16 60 High 10 86 85 85 85.3
17 30 Low 5 86 86 86 86.0
18 60 Low 5 87 87 87 87.0
19 30 High 5 86 86 86 86.0
20 60 High 5 86 85 85 85.3
21 30 Low 10 86 86 86 86.0
22 60 Low 10 87 87 87 87.0
23 30 High 10 86 86 86 86.0
24 60 High 10 86 86 86 86.0

For each runtime combination, the average response value was highest for the combination consisting of
the PET factor at the low (-) level, the SS factor at the low (-) level, and the WT factor at the high (+) level. This
combination yielded a response value (surface hardness) of 87 (Table 4).

Table 4. Response values for each combination

Comb. PET SS WT SH (Ave.)
1 - - - 85.00
2 + - - 85.33
3 - - 84.89
4 + - 86.00
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5 - - + 86.67
6 + - + 86.33
7 - + + 86.00
8 + + 85.78
7,00
86,50

‘é 86.00

T 85,50

g 85.00
£4.00

1 2 3 4 5 6 7 8
Combinations

Figure 4. Surface Hardness test results for each combination

Descriptive analysis showed that the highest mean surface hardness within the tested experimental range
was obtained at a PET of 30 min, low SS, and a WT of 10 min, corresponding to combination 5. The lowest
mean surface hardness was obtained at a PET of 30 min, high SS, and a WT of 5 min, corresponding to
combination 3 (Figure 4). Therefore, combination 5 should be considered the best-performing condition among
the factor levels investigated in this study rather than a global optimum.Based on the model summary results, the
R? value was 36.63%, the adjusted R? was 8.91%, and the predicted R? was 0.00%. The R? value of 36.63%
indicates that the factors Exposure Time, Spinning Speed, Washing Time, and their interactions can explain
36.63% of the variation in surface hardness. Meanwhile, 63.37% of the variation in the response is attributed to
other factors not analyzed in this study. The predicted R? of 0.00% indicates that the model has essentially no
predictive capability for new observations. Therefore, the model should be used only to describe trends within
the tested experimental range and not to predict surface hardness under new conditions (Table 5).

Table 5. Model summary
S R-sq R-sq(adj)  R-sq(pred)
0.946925 36.63% 8.91% 0.00%

The ANOVA results show that the Washing Time factor has a P-value of 0.036, which is less than the
significance level of 0.05, while the Exposure Time and Spinning Speed factors have P-values of 0.583 and
0.672, respectively. Thus, Washing Time is the only main factor that has a significant effect on surface hardness
at the 5% significance level. Meanwhile, the overall factorial model yielded an F-value of 1.32 and a P-value of
0.303, indicating that the model is not significant. The results of the two-factor interaction tests also showed P-
values greater than 0.05: the interaction between Exposure Time and Spinning Speed was 0.583, between
Exposure Time and Washing Time was 0.214, and between Spinning Speed and Washing Time was 0.261. This
indicates that none of the two-factor interactions had a significant effect on surface hardness. Similarly, the
three-factor interaction between Exposure Time, Spinning Speed, and Washing Time had a P-value of 0.672,
indicating that it did not have a significant effect on surface hardness within the tested parameter range (Tab. 6).

Table 6. ANOVA
Source DF AdjSS AdjMS F-Value P-Value
Model 7 8.2933 1.1848 1.32 0.303
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Linear 3 5.1300 1.7100 1.91 0.169
PET 1 0.2817 0.2817 0.31 0.583
SS 1 0.1667 0.1667 0.19 0.672
WT 1 4.6817 4.6817 5.22 0.036
2-Way Interactions 3 2.9967 0.9989 1.11 0.373
PET*SS 1 0.2817 0.2817 0.31 0.583
PET*WT 1 1.5000 1.5000 1.67 0.214
SS*WT 1 1.2150 1.2150 1.36 0.261
3-Way Interactions 1 0.1667 0.1667 0.19 0.672
PET*SS*WT 1 0.1667 0.1667 0.19 0.672

Error 16 14.34670.8967

Total 23 22.6400

The regression coefficients describe the direction and magnitude of the estimated effects within the tested
experimental range. Among the factors, WT showed the largest positive coefficient, while the coefficients of the
other main and interaction effects were relatively small. However, these results should be interpreted with
caution because the overall factorial model was not statistically significant (P = 0.303) and had limited predictive
ability, as indicated by the predicted R? value of 0.00%. Therefore, the regression model is more appropriate for
describing trends within the tested conditions than for predicting surface hardness outside the experimental range
(Equation 1).

SH= 85,750 + 0,108 PET - 0,083 SS + 0,442 WT + 0,108 PET*SS - 0,250 PET*WT - 0,225 SS*WT

- 0,083 PET*SS*WT M

Pareto Chart of the Standardized Effects
(response is SH; a = 0,05)

Term 2120
Factor Mame
c A PET
B 55
C WT
AC
BC
AB
A
ABC
B

0.0 0.5 10 15 2.0 2.5
Standardized Effect

Figure 3. Pareto Chart of the Standardized Effects

The Pareto chart confirms that WT had the largest standardised effect on surface hardness, whereas the
remaining main and interaction effects were relatively small (Figure 3).

Increasing the washing time from 5 to 10 min increased the mean surface hardness from 85.31 to 86.19
Shore D, corresponding to an increase of approximately 1.04%. Although statistically significant, this
improvement was relatively small, indicating a modest practical effect. The increase may be associated with
more effective removal of residual uncured resin from the specimen surface during washing. Previous studies
have also reported that washing conditions can influence the mechanical properties and degree of conversion of
photopolymer-based 3D-printed materials (Hwangbo et al. 2021a; Jang et al. 2021; Nowacki et al. 2021).
However, because surface morphology and chemical conversion were not directly evaluated in this study, this
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mechanism should be considered a possible explanation rather than a confirmed mechanism. Meanwhile, the
PET and SS factors did not show a statistically significant effect on surface hardness, either individually or
through interactions between factors. In the regression analysis, an R? value of 36.63% indicates that the factors
analyzed explain only a portion of the variation in the response. Although the residual analysis results show that
the model’s basic assumptions are met, the R2, R? adj, and R2-pred values indicate that the model’s ability to
explain and predict variations in surface hardness remains limited. Therefore, the model’s results are only valid
within the range of factors tested in this study.

4. CONCLUSION

Based on experimental results for PLA specimens produced with a DLP 3D printer, post-processing
parameters had different effects on surface hardness. Washing Time (WT) was the only main factor that had a
statistically significant effect on surface hardness, with a P-value of 0.036. Within the tested experimental range,
increasing the washing time from 5 to 10 min was associated with an increase in the mean surface hardness from
approximately 85.31 to 86.19 Shore D, corresponding to an increase of approximately 1.04%. Although
statistically significant, this change was relatively modest and should therefore be interpreted cautiously. Post-
curing Exposure Time (PET) and Spinning Speed (SS), as well as all two-way and three-way interactions, did
not have statistically significant effects on surface hardness. The factorial model explained 36.63% of the
variation in surface hardness, with an adjusted R? of 8.91% and a predicted R? of 0.00%. These values indicate
that a substantial portion of the variation in surface hardness remains unexplained, possibly due to other printing,
post-processing, material, or experimental factors that were not included in the present model. Therefore, the
observed effect of washing time and the resulting parameter combination should be interpreted only within the
experimental range evaluated in this study and should not be considered generally predictive beyond these
conditions. Nevertheless, the results provide an initial indication of the role of post-processing parameters in
determining the surface hardness of PLA specimens produced using DLP technology. Future studies should
investigate additional printing and post-processing parameters, such as layer thickness, printing orientation,
curing intensity, and washing conditions, to better explain the variation in surface hardness and develop a more
robust predictive model.

ACKNOWLEDGMENTS

This research was conducted at the Additive Manufacturing Process Laboratory in the Industrial
Engineering Program at the Faculty of Engineering and Information Technology, Jenderal Achmad Yani
University, Yogyakarta.

REFERENCES

Al-Gawhari, F.J., Mohammed Ali, A.A., Types of 3D printers applied in industrial pharmacy and drug delivery,
Technium BioChemMed, 3(2), 1-14, 2022.

American Society of Testing and Materials, ASTM D2240-15 standard test methods for rubber property-
durometer hardness, Annual Book of ASTM Standards, 1-13, 2015.

Arief, S., Rosid, LA., Dewi, G.S., Finansia, C., Parameter optimization of DLP 3D printing machine for
thermoplastic polyurethane material to minimize dimensional error, AIP Conference Proceedings,
2991(1), 2024.

Chaudhary, R., Fabbri, P., Leoni, E., Mazzanti, F., Akbari, R., Antonini, C., Additive manufacturing by digital
light processing: A review, Progress in Additive Manufacturing, 8(2), 331-351, 2023.

Choi, J.W., Kim, G.J., Hong, S., An, J.H., Kim, B.J., Ha, C.W., Sequential process optimization for a digital
light processing system to minimize trial and error, Scientific Reports, 12, 2022.

Crisostomo, J.L.B., Dizon, J.R.C., 3D printing applications in agriculture, food processing, and environmental
protection and monitoring, Advance Sustainable Science, Engineering and Technology, 3(2), 1-11, 2021.

Hwangbo, N.K., Nam, N.E., Choi, J.H., Kim, J.E., Effects of the washing time and washing solution on the
biocompatibility and mechanical properties of 3D printed dental resin materials, Polymers, 13, 2021.

Jang, W., Kook, G.S., Kang, J.H., Kim, Y., Yun, Y., Lee, S.K., Park, S.W., Lim, H.P., Yun, K.D., Park, C.,
Effect of washing condition on the fracture strength and the degree of conversion of 3D printing resin,
Applied Sciences, 11(24), 3-11, 2021.

Kang, J.W., Jeon, J., Lee, J.Y., Jeon, J.H., Hong, J., Surface-wetting characteristics of DLP-based 3D printing
outcomes under various printing conditions for microfluidic device fabrication, Micromachines, 15(1),
2024.

Katheng, A., Kanazawa, M., Komagamine, Y., Iwaki, M., Namano, S., Minakuchi, S., Effect of post-rinsing
time and method on accuracy of denture base manufactured with stereolithography, Journal of Advanced
Prosthodontics, 14(1), 45-55, 2022.

https://doi.org/10.29303/dtm.v16i2.1326
172



Dinamika Teknik Mesin. Rosid et al.:Analysis of the effect of post-printing treatment of 3D Printer DLP machine for polylactic acid on
surface hardness

Lassila, L., Mangoush, E., He, J., Vallittu, P.K., Garoushi, S., Effect of post-printing conditions on the
mechanical and optical properties of 3D-printed dental resin, Polymers, 16(12), 2024.

Liu, Y., Jin, G, Lim, J.H., Kim, J.E., Effects of washing agents on the mechanical and biocompatibility
properties of water-washable 3D printing crown and bridge resin, Scientific Reports, 14(1), 1-13, 2024.

Maguluri, N., Suresh, G., Guntur, S.R., Effect of printing parameters on the hardness of 3D printed poly-lactic
acid parts using DOE approach, IOP Conference Series: Materials Science and Engineering, 1248(1),
012004, 2022.

Marghitas, M., Marsavina, L., Popa, C.F., Brighenti, R., On the mixed mode fracture of DLP manufactured SCB
specimens, Procedia Structural Integrity, 56, 26-32, 2024.

Montgomery, D.C., Design and analysis of experiments, 9th ed., Wiley, 2017.

Muflikhun, M.A., Effect of environmental moisture on surface roughness of FDM and SLA fabricated
components, Jurnal Material dan Proses Manufaktur, 9(1), 50-62, 2025.

Nowacki, B., Kowol, P., Koziol, M., Olesik, P., Wieczorek, J., Wactawiak, K., Effect of post-process curing and
washing time on mechanical properties of MSLA printouts, Materials, 14(17), 1-13, 2021.

Pagac, M., Hajnys, J., Ma, Q.P., Jancar, L., Jansa, J., Stefek, P., Mesicek, J., A review of vat
photopolymerization technology: Materials, applications, challenges, and future trends of 3D printing,
Polymers, 13(4), 1-20, 2021.

Palacio, A., Baniasadi, M., Kardel, K., Investigating mechanical properties of fabricated carbon-fiber-reinforced
composites via LCD additive manufacturing, Polymers, 15, 4556, 2023.

Pettalolo, A.N.Y., Rosid, L.A., Tontowi, A.E., Pengembangan mesin 3D printing bangunan untuk material sisa
reruntuhan bangunan, Jurnal Peradaban Sains, Rekayasa dan Teknologi, 10(1), 122-133, 2022.

Pratama, J., Adib, A.Z., Pengaruh parameter cetak pada nilai kekerasan serta akurasi dimensi material
thermoplastic elastomer (TPE) hasil 3D printing, Jurnal lmiah Giga, 25(1), 35-44, 2022.

Putra, D.P., Romli, Yanis, M., Seprianto, D., Amrillah, N., Basri, H., Optimization of production process
parameters of DLP type 3D printer design for product roughness value, Proceedings of the 4th Forum in
Research, Science, and Technology, 7, 179-183, 2021.

Rosid, LA., Sahtyawan, R., Dewi, G.S., Pratama, P.N.N., Experimental analysis of the effect of printing
parameters of 3D printer FDM machine on dimensional error and surface hardness of PLA+ material,
Jurnal INTECH, 11(2), 80-86, 2025.

Rosid, LA., Tontowi, A.E., Parameter optimization of customized FDM 3D printer machine for biocomposite
material [sago/PMMA] using 2k fractional factorial design, OPSI, 14(2), 188-196, 2021.

Seprianto, D., Hidayat, N., Ginting, M., Penyimpangan dimensi proses produksi gear dengan menggunakan
teknologi DLP (Digital Light Processing) 3D printer, Austenit, 13(1), 13-17, 2021.

Shashi, G.M., Laskar, A.R., Biswas, H., A brief review of additive manufacturing with applications, Proceedings
of the 14th Global Engineering and Technology Conference, BIAM Foundation, Dhaka, 1-23, 2017.
Staffova, M., Ondreas, F., Svatik, J., Zboncak, M., Jancar, J., Lepcio, P., 3D printing and post-curing
optimization of photopolymerized structures: Basic concepts and effective tools for improved

thermomechanical properties, Polymer Testing, 108, 107499, 2022.

Sulaeman, M., Budiman, H., Koswara, E., Proses uji dimensi, uji kekerasan dengan metode Rockwell dan uji
komposisi kimia pada cangkul di Balai Besar Logam dan Mesin (BBLM) Bandung, Proceedings of the
Industrial Research Workshop and National Seminar, 10(1), 539-543, 2018.

Truxova, V., Safka, J., Seidl, M., Kovalenko, 1., Volesky, L., Ackermann, M., Ceramic 3D printing: Comparison
of SLA and DLP technologies, MM Science Journal, 3905-3911, 2020.

Wang, X., Huang, L., Li, Y., Wang, Y., Lu, X., Wei, Z., Mo, Q., Zhang, S., Sheng, Y., Huang, C., Zhao, H., Liu,
Y., Research progress in polylactic acid processing for 3D printing, Journal of Manufacturing Processes,
112, 161-178, 2024.

Wilza, R., Iskandar, Seprianto, D., Adesta, E.Y.T., Optimization of parameters in three-dimensional printing
objects with fused deposition modeling technology against geometry accuracy, International Journal of
Recent Technology and Engineering, 7(6), 175-179, 2019.

https://doi.org/10.29303/dtm.v16i2.1326
173



