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Abstract A critical issue with Selective laser sintering (SLS) is the release of airborne particulates during powder handling,
which pose health risks and environmental concerns. Three factors (input variables) were optimized to minimize the
following response variables: particulate matter (PM2.5, PM10), ultrafine particles (UFP), and total suspended particles
(TSP) using response surface methodology (RSM). The following parameters were found to minimize the PM2.5, PM10,
UFP, and TSP during the pre-processing activities of SLS: (1) Factor A: 100% (100% recycled powder), (2) Factor B: 33% (the
powder is thirty-three percent cover when it is collected from the mixing machine), and (3) Factor C: full cover (the powder
is completely covered when it is transferred to the SLS 3D printer). These optimal settings resulted in the highest desirability
of 0.816. Experiments were conducted using the aforementioned settings to validate the results and the percentage
difference between the predicted and experimental values was less than 5%, indicating the reliability of the PM2.5, PM10,
UFP, and TSP response surface models. These models will be useful to the operators of SLS 3D printing to predict the PM2.5,
PM10, UFP, and TSP as a function of the refresh rate and pre-processing activities considered in this study.
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1. Introduction

Additive Manufacturing (AM) technologies (otherwise known as three-dimensional (3D) printing), have revolutionized
the manufacturing industry. It has been estimated that AM can generate a global economic impact of 200 billion to 600 billion
annually by 2025 (Eyers and Potter, 2017). AM technologies have been used to fabricate not only models and prototypes, but
also end products. AM technologies have also been used in other sectors such as automotive, aerospace, biomedicine, energy,
and consumer goods (Dimov et al., 2001; Ford and Despeisse, 2016; Wong and Hernandez, 2012). In an AM process, an object
or prototype is built by joining materials layer by layer. The computer aided design model, which is in stl. format, is optimized
first before the model is fabricated using AM technology. According to the American Society for Testing and Materials (now
known as ASTM International), AM technologies can be classified into seven categories: (1) material extrusion, (2) material
jetting, (3) binder jetting, (4) directed energy deposition, (5) sheet lamination, (6) vat photopolymerization, and (7) powder
bed fusion (Huang et al., 2015).

One of the powder bed fusion technologies is Selective Laser Sintering (SLS), which can create complex designs and build
many parts simultaneously, depending on the chamber size (Butler, 2011). SLS uses powder feedstock to build prototypes.
Carbon dioxide (CO?) laser beam is used to sinter the powder in a chamber, which is then heated to the melting point of the
powder material. A high-powered laser then sinters and binds the powder layer by layer. This process is repeated until the
product is completely fabricated. SLS uses various materials such as plastics, nylon, metal, polymers, and ceramics. The powder
used for the process can be recycled and reused for the next printing cycle (Prakash et al., 2018), which reduces the overall
cost of building the part.
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While AM offers considerable benefits to the industrial sector, recent reports have noted concerns regarding the
potential effects of the process and practices of AM (Rejeski et al., 2018). The use of a three-dimensional (3D) printer in private
homes, offices, laboratories, and factories has led to concerns on the emissions of hazardous particles. Short et al. (2015) found
that most of the rapid prototyping and AM manufacturers lack health and safety guidelines for users and operators. The
operators of AM, particularly SLS 3D printing, are exposed to occupational risks such as air pollutants, and such unconducive
working environment can lead to safety and health issues among the workers.

Several researchers have discussed the health hazards of AM operations. Chan et al. (2018) found that among the 46
workers serving various types of AM technology, those involved with 3D printing and AM operations were significantly inflicted
with respiratory symptoms. House et al. (2017) noted that the workers use salbutamol inhaler after developing respiratory
problems such as asthma following the use of a 3D printer in a small workspace. Ljunggren et al. (2019) conducted
biomonitoring and urine test for AM operators dealing with metal powder. They observed the presence of higher metal content
in the operators’ urine compared to those involved in the office work.

SLS powder contains respirable and inhalable particulates of different sizes, some of which with a diameter of less than
2.5 um. These particulates are hazardous to both users and operators of SLS 3D printing. Bours et al. (2017) found that the
particulate matter (PM) released from handling the powders used for SLS 3D printing increases the risk of physical hazards.
Therefore, process control, personal protective equipment, or the use of safer materials may reduce the risks resulting from
powder handling.

The key benefits of powder bed fusion technologies are their fine resolution and excellent print efficiency, which makes
these technologies ideal for printing complex structures (Ngo et al., 2018). Polymers were the first engineering materials
introduced in SLS 3D printing because they can be easily processed (by melting) and they have excellent mechanical properties.
At present, the most employed SLS 3D printing materials are semi-crystalline polyamide 12 (PA12) or nylon 12 powders. The
PA12 powder dominates the SLS 3D printing market because of its ease-of-use and flexibility in the processing cycle (Dadbakhsh
et al., 2017; Tiwari et al., 2015).

The use of virgin powder can increase operating and manufacturing costs. The ratio of virgin powder to the recycled
material is known as the refresh rate, and some materials can be used in recycled powder form compared with others. For
some materials, the amount of recycled powder affects the strength of the part and the quality of the surface finish (Butler,
2011). Zarringhalam et al. (2006) examined the microstructure and properties of nylon 12 for three types of powder: (1) virgin
powder, (2) recycled powder, and (3) refresh rate (67% recycled powder + 33% virgin powder). Dadbakhsh et al. (2016) found
that powder aging increased the viscosity and molecular weight of the material. Therefore, the crystallinity of the powder may
decrease for aged/recycled powders.

Operators and manufacturers usually mix virgin and recycled powders during SLS 3D printing. In SLS 3D printing, only
20% of the powder is sintered to become the end products in a single processing cycle. Using recycled powders in the next
processing cycle is the standard practice of SLS 3D printing, following the recommendations of the suppliers and manufacturers
of the powders. SLS 3D printing process involves several processes, most of which involve powder handling such as weighing,
mixing, transferring, and pouring the powders. The operators of SLS 3D printing are exposed to the minute particles of the
powder because powder handling is done manually and this leads to poor indoor air quality (Ansart et al., 2011; Copelli et al.,
2019). Therefore, it is necessary to identify the optimal settings of the refresh rate and powder handling practices to improve
the indoor air quality and ensure a safe workplace for the operators involved in SLS 3D printing.

In another research, Mohajer et al. (2015), the levels of total volatile organic compounds (TVOCs) and particulate matter
(PM) were tracked in real-time at three different points in time: before, during, and after printing. The results show that the
build chamber's built-up aerosols were discharged throughout the printing process when the top cover was opened, producing
the highest emission rate during the entire operation.

Even though the post-processing activities of PBF were studied by several researchers (Arrizubieta et al., 2020; Du Preez
et al., 2018b; Vaisdnen et al., 2018), there is a paucity of studies pertaining to the effects of powder bed fusion pre-processing
activities on dust exposure. Damanhuri et al. (2019) conducted a pilot study by comparing dust exposure during pre-processing
and post-processing activities of a powder bed fusion technology. They found that the following pre-processing activities
contribute to large amounts of dust: (1) weighing the powder, (2) collecting the powder from the mixing machine, and (3)
transferring the powder into the feeder chamber. It is concluded that the workers can be exposed to the particles during the
pre-processing activities.

The novelty of this study lies in the optimization of the pre-processing activities in SLS 3D printing in order to minimize
the dust exposure from which the detrimental aerosol originates. The pre-processing activities comprise the refresh rate,
collecting the powder from the mixing machine, and transferring of the powder to the feeder chamber of the SLS 3D printer.
In this study, the dust exposure is quantified in terms of the particulate matter with a size of less than 2.5 um (PM2.5),
particulate matter with a size of 10 um (PM10), ultrafine particles (UFP), and total suspended particles (TSP). It is believed that
the findings obtained in this study will shed some light on how specific pre-processing activities during SLS 3D printing will
affect the aforementioned parameters as well as the optimal pre-processing activity settings that will minimize the dust

exposure.
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2. Experimental Design
2.1. Morphology of the virgin and recycled PA12 powders

In this study, polyamide nylon PA12 was chosen as the powder for SLS 3D printing. The PA12 virgin powder (bulk density:
0.4 g/cm3, part density: 0.95 g/cm3, melting point: 183 °C, color: white, price: MYR 400/kg) (Farsoon Technologies, 2018) was
purchased from local supplier. Before the experiments, the virgin and recycled PA12 powders were characterized by scanning
electron microscopy (SEM) and particle size analysis (PSA) (Dadbakhsh et al., 2016; Damanhuri et al., 2019). A scanning electron
microscope (Model: TM 3000, Hitachi, Japan) with a magnification range of 5,000-500,000x and operating voltage range of
2.0-5.0 kV was used for this purpose. A particle size analyzer (Zetasizer Nano ZSP, Malvern, UK) was used to determine the
particle size distributions of the virgin and recycled PA12 powders. For this analysis, both types of powders were collected, and
the particle size distributions were measured before the SLS 3D printing process.

2.2. Layout of experiemental chamber

The pre-processing activities of the SLS 3D printing process were conducted at the SLS Laboratory, Universiti Teknikal
Malaysia Melaka (UTeM). The SLS Laboratory (Figure 1) has two 24-m? rooms partitioned by a wall. The following pre-
processing activities (pouring powder into the mixing machine and transferring the powder to the SLS 3D printer) were
performed in Room 2, whereas the following pre-processing activity (pouring powder into the feeder chamber) was performed
in Room 1. Both rooms were equipped with a split air conditioner. Each room has an indoor air-conditioning unit and both units
are connected to an outdoor unit. The methods for measuring the indoor air concentrations (i.e., sampling point, sample
position, sampling period, and sampling technique) were carried out according to the Industry Code of Practice on Indoor Air
Quality 2010 (DOSH Malaysia, 2010). The temperature and relative humidity of the laboratory were set at 20 °C and 60%,
respectively, to ensure the appropriate working conditions for the SLS 3D printing process. DustTrak DRX aerosol monitor
(Model: 8533, TSI Inc., USA) was used to measure the particulate matter concentrations. Two levels were considered for the
particulate matter (PM2.5 and PM10), which indicate particulate matter with a diameter of less than 2.5 and 10.0 um,
respectively. P-Trak ultrafine particle counter (Model: 8525, TSI Inc., USA) was used to measure the UFP concentration (Preez
et al., 2018; Zontek et al., 2017).
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Figure 1 Layout of the SLS 3D printing process workplace.
2.3. Sampling procedure

The exposure to airborne PA12 dust was investigated in this study, where the amount of PA12 powder for SLS 3D printing
was fixed at 30 kg. The distance from the fixed datum (floor) to the point where the PA12 powder was poured (pouring height)
was fixed at 0.25 m (Plinke et al., 1995). Three factors (Factors A, B, and C), where each factor represents a specific pre-
processing activity for SLS 3D printing, as summarized in Table 1. The factors are also the input variables Factor A is the refresh
rate, which refers to the mixed powder (i.e., virgin powder + recycled powder). The value for the refresh rate was set from 0%
(100% virgin powder) to 100% (100% recycled powder) for the experimental design. Factor B is the pre-processing activity of
collecting the powder from the mixing machine, where the value was set as 0% (no cover), 50% (half cover), and 100% (full
cover). Factor C is the pre-processing activity of transferring the powder to the feeder chamber of the SLS 3D printer. Factor C
is a categorical variable and therefore, the input values are “full cover” and “no cover”, indicating that the activity is carried
out completely covered and completely open, respectively (Koponen et al., 2015; Wypych et al., 2005), as shown in Figure 2
(a) and (b).
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Table 1 Factors and corresponding values for the experimental design.

Factor (Input variable) Value Variable type

A: Refresh rate 0, 50, and 100 (%) Numeric variable
B: Collecting the powder from the mixing machine 0, 50, and 100% Numeric variable
C: Transferring the powder to the SLS 3D printer Full cover and no cover  Categorical variable

Figure 2 Pre-processing activities for SLS 3D printing considered in this study: (a) collecting powder from the mixing machine and (b)
transferring the powder to the feeder chamber.

Design Expert software Version 11.0 (Stat-Ease, Inc., USA) was used to design the experiment based on the central
composite design (CCD), which is one of the experimental designs in RSM. Here, the main objective of RSM is to optimize the
input variables (Factors A, B, and C) in order to minimize the response variables (PM2.5, PM10, UFP, and TSP) during the pre-
processing activities of SLS 3D printing. The input variables are denoted by Xz, Xz,..., Xk, where k represents the number of input
variables. The response variable is denoted by y. The low-order polynomial model (response surface model) is given by:

y=f'X)B+e (1)

where X=(X1,X>,...,Xx )' and f(X) is the vector function of p elements that consists of the power of X3,X;,...,Xk up to a certain
degree referred by d, where d>1. Referring to Equation (1), the first-order and second-order polynomials (where d=1 and d=2,
respectively) can be written as:

y=Bo+ I BXi+ e (2
y=PBo+ 2 Bixi + X< Bijxix; + Thei Bux? + € (3)

where y is the response variable predicted by the response surface model, i is the linear coefficient, j is the quadratic
coefficient, 8 is the regression coefficient, k is the number of input variables (factors), and € is the random experimental error,
which is assumed to have a zero mean. Analysis of variance (ANOVA) was performed on the experimental data to identify the
significance of each input variable and response variable. The goodness of fit of the response surface model was assessed
based on the coefficient of determination (R?) and Fisher F-test was performed to compare two variances, as indicated by the
F-value. The significance of the response surface model was evaluated based on the p-value) for 95% confidence level (Bezerra
et al., 2008; Montgomery, 2017). The experimental design matrix is shown in Table 2. The experiment was repeated three
times and the average value was determined for the response variables (PM2.5, PM 10, UFP, and TSP).

3. Results and discussion
3.1. Experimental results

Figure 3 (a) and (b) show the morphology of the virgin and recycled powders, respectively. The images were taken at a
maghnification of 500x. It can be observed that the particles in both types of powders are uniform spheres. According to Chen
et al. (2018), spherical particles are conducive for powder flowability because they facilitate the spreading of the powder in
the powder bed of the SLS 3D printer. Significant cracks are present in the recycled PA12 powder, which is indeed expected
because the powder is previously sintered at a high temperature (200-220 °C). The findings correspond to the results of
Dadbakhsh et al. (2017). The origin of the cracks is likely due to the moisture absorbed from the environment during the
sintering process and storage (Dotchev and Yusoff, 2009).

Figure 4 shows the particle size distributions of the virgin and recycled PA12 powders obtained from the particle size
analyzer. Most of the particles for the virgin and recycled powders are within a size range of 40-60 um. However, the recycled
powder has a higher volume density of particles at a particle size of 60 um (13%) compared with the virgin powder. The virgin
powder has a more uniform size distribution and the highest volume density at a particle size of 50 um (~10%). This finding
conforms with the results Dadbakhsh et al. (2016), who found that there were no significant differences in the size and shape
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between the virgin and recycled PA12 powders. Based on their size distributions, the particles from both the virgin and recycled
PA12 powders are inhalable and respirable, making them hazardous to the operators’ health during powder handling (Kellens
etal., 2014).

Table 2 Experimental design matrix.

Experimental run Input variable Response variable
Factor A: Factor B: Collecting Factor C: Transferring the PM 2.5 PM 10 UFP TSP
Refresh rate  the powder from the powder to the SLS 3D printer (mg/m3) (mg/m3) (pt/cc)  (mg/m3)
(%) mixing machine (%) (full cover or no cover)

1 50 50 Full cover 0.401 0.419 5317 0.409
2 0 0 No cover 0.920 0.740 6256 0.342
3 50 0 Full cover 0.592 0.699 5561 0.351
4 50 50 Full cover 0.413 0.445 5377 0.397
5 0 100 No cover 0.834 0.829 5840 0.360
6 0 50 Full cover 0.553 0.412 5669 0.373
7 100 100 No cover 0.416 0.468 5777 0.378
8 50 100 No cover 0.629 0.714 5797 0.392
9 50 50 No cover 0.465 0.542 5588 0.419
10 50 50 No cover 0.453 0.396 5479 0.424
11 100 50 No cover 0.273 0.447 5399 0.424
12 0 100 Full cover 0.838 0.721 5803 0.383
13 50 100 Full cover 0.682 0.676 5582 0.389
14 100 100 Full cover 0.518 0.354 5126 0.355
15 50 50 Full cover 0.409 0.385 5350 0.408
16 0 0 Full cover 0.729 0.638 5792 0.338
17 50 0 No cover 0.716 0.771 5791 0.376
18 100 50 Full cover 0.275 0.336 4942 0.390
19 100 0 Full cover 0.443 0.565 5021 0.359
20 100 0 No cover 0.527 0.658 5398 0.386
21 50 50 No cover 0.465 0.554 5514 0.393
22 0 50 No cover 0.654 0.639 5860 0.394

(b)

AL D4.9 x500

AL D47 x500 200 um

Figure 3 SEM image of the (a) virgin PA12 powder and (b) recycled PA12 powder (magnification: 500x).

—— Virgin powder
—=— Recycled powder

Volume density (%)

Particle sizes (um)

Figure 4 Particle size distribution of the virgin and recycled PA12 powders.
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3.2. Analysis of the PM2.5, PM10, UFP and TSP response surface models.

ANOVA was used to assess the significance of the response surface models and the results are presented in Table 3. The
experimental data were analyzed, and the response surface model with a p-value of less than 0.05 was rated as significant. A
p-value of less than 0.05 indicates that the variables have a meaningful influence at 95% confidence level. It can be seen from
Table 3 that all of the response surface models for PM2.5, PM10, UFP, and TSP have a p-value of less than 0.0001, indicating
that the models are all significant. In general, a high R? value (close to 1) is considered desirable while a fair adjusted R? is
necessary. The R? value indicates that there is good agreement between the experimental data and data predicted by the
response surface model (Abdalla et al., 2019). The quadratic model ideally fit to all results based on the R? and p value
recommended in the DoE software for the predictions of a linear model. It can be seen that the adequate precision (AP) is
more than 4 for all response surface models, indicating that the models can be used to maneuver the design space. The ANOVA
results indicate that all of the response surface models have a positive result (Yusri et al., 2017). Figure 5 (a)—(d) show the
normal probability plots of residual for each response surface model. In general, most of the residuals fall within proximity of
the straight line, indicating that the PM2.5, PM10, UFP, and TSP response surface models fulfill the normality assumption of a
regression model.

Table 3 ANOVA results for the PM2.5, PM10, UFP, and TSP response surface models.

Response surface model  PM2.52 PM10P UFPec TSpd
p-value <0.0001 <0.0001 <0.0001 <O0.0001
F-value 1445.06 24.14 101.24 14.97
R? 0.9986 0.9062 0.9893 0.9021
Adjusted R? 0.9979 0.8686 0.9795 0.8418
Adequate precision 134.14 17.68 43.56 13.09

aParticulate matter with a diameter of less than 2.5 um.
bParticulate matter with a diameter of less than 10 um.
Ultrafine particles.

dTotal suspended particles.
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Figure 5 Normal probability plots of residuals for the (a) PM2.5, (b) PM10, (c) UFP, and (d) TSP response surface models.
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3.3. Interaction effects of Factor A and B in PM2.5, PM10, UFP and TSP

Figure 6 (a) shows the contour plot of the interaction effects between Factors A (refresh rate) and B (collecting powder
from the mixing machine) on the PM2.5, and Figure 6(b) shows the corresponding 3D response surface plot. It can be observed
that the PM2.5 decreases as Factors A and B increase. This indicates that the PM2.5 decreases when higher amounts of recycled
powder are used and the powder is half-covered when it is collected from the mixing machine. This finding is aligned with the
results of Clayton and Deffley (2014), who found that particle size distribution had shifted slightly to larger diameters during
the sintering process. Oxidation, which occurs during the sintering process, may influence the particle size distribution of the
PA12 powder, which explains why the PM2.5 is reduced after the sintering process. Equation (4) represents the regression
model for PM2.5 and it indicates the variability of PM2.5 as a function of Factors A, B, and C.

PM2.5 = 0.4361 — 0.17304 — 0.0008B + 0.0227C — 0.0074AB — 0.0257AC — 0.0465BC + 0.2176B* (4)

PM 2.5 (mg/m3)

~
s>}
~

PM 2.5 (mg/m3)

40

20

B: Collecting powder from mixing machine (%)

A: Refresh rate (%)

Figure 6. Interaction effects of Factors A (refresh rate) and B (collecting the powder from the mixing machine) on the PM 2.5: (a) contour
plot and (b) 3D response surface plot.

Figure 7(a) and (b) show the contour plot and corresponding 3D response surface plot for PM10. It can be observed that
the PM10 can be reduced to 0.4 mg/m? by partially covering the powder when collecting the powder from the mixing machine
(Factor B) and setting the refresh rate (Factor A) as follows: 60% virgin powder + 40% recycled powder. The PM10 is minimum
at a refresh rate of 100%, which indicates the full use of recycled powder during the pre-processing activities of the SLS 3D
printing process. Based on the results, collecting virgin powder from the mixing machine will release higher amounts of PM10
compared with collecting recycled powder. This finding contradicts the results of Graff et al. (2017), who discovered that the
particle size of recycled powder was smaller than that of virgin powder. The particle size distribution is within a range of 40—
80 um, which is larger than 10 um (PM10). Equation (5) represents the variability of PM10 as a function of Factors A, B, and C.

PM10 = 0.4768 - 0.0959A- 0.0258B + 0.0504C - 0.0716AB - 0.0484A% + 0.2081B* (5)
PM 10 (mg/m3)
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Figure 7. Interaction effects of Factors A (refresh rate) and B (collecting the powder from the mixing machine) on the PM10: (a) contour
plot and (b) 3D response surface plot.

https://www.malque.pub/ojs/index.php/msj


https://www.malque.pub
https://doi.org/10.31893/jabb.21001
https://www.malque.pub/ojs/index.php/msj

Damanhuri et al. (2025) 8

Figures 8 (a) and (b) show the contour plot and corresponding 3D response surface plot for UFP. It can be observed that
the UFP is minimized (5000 pt/cc) when Factor A (refresh rate) is roughly 90% and Factor B (collecting the powder from the
mixing machine) is 50%, which means that the powder is half-covered during this pre-processing activity. It can be observed
that the UFP is minimized when recycled. It is evident from the results that the UFP is significantly influenced by the use of
virgin powder and thus, it is crucial to ensure proper handling of the virgin powder with the appropriate personal protective
equipment of virgin powder during the pre-processing activities of the SLS 3D printing process. The use of virgin powder will
promote the particle size distribution for UFP whereas the use of recycled powder will reduce the particle size distribution of
UFP (Arrizubieta et al., 2020). Equation (6) represents the regression model for UFP as a function of Factors A, B, and C.

UFP = 5455.63 - 296.42A + 8.83B + 98.2C + 111.134B + 66.08AC - 14BC - 15.3342 + 199.92B% +
87.62ABC + 83.22A%C (6)

UFP (pt/cc)

UFP (pt/cc)

B: Collecting powder from mixing machine (%)

0 20 40 60 80 100 B: Collecting powder from mixing maching,

A: Refresh rate (%)

Figure 8 Interaction effects of Factors A (refresh rate) and B (collecting the powder from the mixing machine) on the UFP: (a) contour plot
and (b) 3D response surface plot.

Figure 9 (a) and (b) show the contour plot and 3D response surface plot for TSP. It can be seen that the TSP is minimized
when Factor A (refresh rate) is 50% (i.e., 50% virgin powder + 50% recycled powder), which differs from that for other response
variables (PM2.5, PM10, and UFP). The particle size distribution of the PA12 powder is within a range of 40-80 um. The TSP
was measured based on the size of the emitted dust unlike the other parameters (PM2.5, PM10, and UFP). The TSP is high
when the Factor A (refresh rate) is 50% and Factor B (collecting the powder from mixing machine) is 60%. In other words, the
TSP is high even when the powder is partially covered (60%) when it is collected from the mixing machine. The results suggest
that most of the particles dispersed in the SLS Laboratory are fine powders. The TSP indicates that the mean particle size is
distributed somewhat within PM2.5 and PM10, which are the key factors to the dustiness (Lilao et al., 2017). Equation (7)
represents the variability of the TSP as a function of Factors A, B, and C.

TSP = 0.4086 + 0.0085A4 + 0.0087B + 0.0062C - 0.0094AB + 0.0068AC - 0.0044BC - 0.013842 - 0.0320B? (7)
TSP (mg/m3)
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Figure 9 Interaction effects of Factors A (refresh rate) and B (collecting the powder from the mixing machine) on the TSP: (a) contour plot
and (b) 3D response surface plot.
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3.4. Optimization of Factor A,B and C

Optimization is dependent on the desirability of the factors (input variables) and response variables, where the
desirability falls within a range of 0-1. The criteria for the optimization process are as follows: (1) upper and lower limits for
each parameter, (2) weight, (3) criteria, and (4) importance of the parameters, as shown in Table 4. If the importance value is
the same for all response variables, the value of the objective function will be reduced to the standard conditions for desirability
(Yusri et al., 2017). In this study, the main objective of the optimization is to minimize the response variables during the pre-
processing activities of the SLS 3D printing process. The desirability value is highest (0.816) for the following settings: (1) Factor
A: 100% (100% recycled powder), (2) Factor B: 33% (the powder is 33% when it is collected from the mixing machine: 33%),
and (3) Factor C: full cover (the powder is completely covered when it is transferred to the SLS 3D printer). These are the
optimal settings, which results in the highest desirability for all response variables. At these settings, the PM2.5, PM10, UFP,
and TSP are found to be 0.2787 mg/m3, 0.3404 mg/m?3, 4904 pt/cc, and 0.3852 mg/m?3, respectively, as shown in Figure 10.

Table 4 Criteria used to optimize the response variables (PM2.5, PM10, UFP, and TSP).

Parameters Limits Criterion Importance
Lower Upper
A. Refresh rate (%) 0 100  Within range 3
B. Collecting the powder from the mixing machine (%) 0 100 Within range 3
C. Transferring the powder to the SLS 3D printer Full No Within range 3
(full cover/no cover) cover  cover
PM2.5 (mg/m3) 0.273  0.920 Minimize 3
PM10 (mg/m3) 0.336 0.829 Minimize 3
UFP (mg/m3) 4904 6256 Minimize 3
TSP (mg/m3) 0.338 0.424 Minimize 3
| r B L
0 100 0 100
A:Refresh rate = 100 B:Collecting powder from mixing machine = 32.7911
R SRRLRREEEEEEEEECES . —r\i
—| i—
1 2 0273 092
Treatments
C:Transferring = Full cover PM 2.5 = 0.278678
0336 0.829 4942 6256
PM 10 = 0.340377 UFP = 4904.12
Desirability = 0.816
0338 0.424 Solution 1 out of 24
TSP = 0.38523

Figure 10 Optimal settings for the refresh rate and pre-processing activities that will maximize the desirability value and minimize the
PM2.5, PM10, UFP, and TSP for SLS 3D printing.

3.5. Validation of the optimal settings predicted by response surface models.

To validate the results predicted by the response surface models, five experiments were performed using the predicted
optimal settings: (1) Factor A: 100% (100% recycled powder), (2) Factor B: 33% (the powder is covered by 33% when it is
collected from the mixing machine), and (3) Factor C: full cover (the powder is completely covered when it is transferred to the
SLS 3D printer). The average PM2.5, PM10, UFP, and TSP were determined based on the data obtained from the validation
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experiments. The results are summarized in Table 5, along with the predicted values and percentage difference. The percentage
difference was calculated using Equation (8). In general, the percentage difference is less than 5% for the response variables
(PM2.5, PM10, UFP, and TSP), indicating that there is good agreement between the predicted and experimental values (Yusri
et al., 2017). The results indicate that the PM2.5, PM10, UFP, and TSP response surface models can reliably predict the PM2.5,
PM10, UFP, and TSP as a function of the refresh rate and pre-processing activities considered in this study.

Experimental value—Predicted value

Percentage difference = ( ) x 100 (8)

Exprimental value

Table 5 Results of the validation experiments.

Factor A: Factor B: Collecting the  C. Transferring the powder PM 2.5 PM 10 UFP TSP
refresh rate powder from the to the SLS 3D printer (full (mg/m3)  (mg/m3) (pt/cc) (mg/m3)
(%) mixing machine (%) cover/no cover)
100 33 Full cover Predicted 0.266 0.282 4896 0.390
(recycled) Actual 0.278 0.293 5132 0.399
+3.54 +4.20 +2.07 +1.53
Percentage of 4.33 3.57 4.56 2.38
absolute error
(%)

4, Conclusion

In this study, the refresh rate and pre-processing activities were optimized using RSM in order to minimize the dust exposure
in terms of the PM2.5, PM10, UFP, and TSP, where PA12 powder was chosen as the powder for SLS 3D printing. The following
conclusions were drawn based on the findings:

1. Based on the ANOVA results, the PM2.5, PM10, UFP, and TSP response surface models are statistically significant, with a p-
value of less than 0.0001.

2. The virgin powder (PA 12 nylon) is found to be more minute and therefore, the powder particulates are more inhalable and
respirable compared with recycled powder (PA12 nylon). This contradicts the findings of Graff et al. (2017), where found that
recycled metal powder for SLS 3D printing is smaller than virgin powder.

3. Based on the RSM results, the following settings can minimize the PM2.5, PM10, UFP, and TSP during the pre-processing
activities of SLS 3D printing: (1) Factor A: 100% (100% recycled powder), (2) Factor B: 33% (the process is 33 percent cover
when it is collected from the mixing machine), and (3) Factor C: full cover (the powder is completely covered when it is
transferred to the SLS 3D printer. These optimal settings give the highest desirability value of 0.816.

4. Based on the results obtained from the validation experiments, the four response surface models are all reliable to predict
the PM2.5, PM10, UFP, and TSP as a function of the refresh rate and pre-processing activities considered in this study, where
the percentage difference between the predicted and experimental values is less than 5%.

5. RSM based on the central composite design can considerably reduce time and cost by minimizing the number of experiments
and the response surface models are proven to be statistically significant for all response variables.

6. The development of mitigation strategies such local exhaust ventilation and dust control based on specific task of pre
processing activities of powder handling is suggested for future works.
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