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Abstract

In this modern era, the process of Fused Deposition Modelling (FDM)
developed well in the manufacturing industry. However, there were still
some different types of defects found in the 3D printing process. This
study performed the optimization of 3D printer process parameters by
using the optimization method, Response Surface Method and the
Design of Experiment (DoE) was Central Composite Design (CCD). The
material used in this study is polylactic acid (PLA). The aim of the study
was to decrease the defects in the 3D printed products and obtain the
optimal process parameter. The 3D printer used in this study was
Anycubic Chiron and the filament applied was PolyLiteTM PLA. The
model applied in this study was an All in One 3D Printer Test specimen
which obtained from Thingiverse. The inputs included were printing
temperature, printing speed, first layer height, and the ability of
retraction. 16 sets of data had been prepared to find the most optimal
process parameter set. Based on the result from Response Surface
Method (RSM), the optimal process parameters are 40mm/s (printing
speed), 190°C (printing temperature), 0.3mm (first layer height), and
disable the retraction function. The experiment is assumed conducted
successfully since the defects had been reduced from the optimized
model.

1. Introduction

In this modern century, technology has been developed to more advanced and effective. One of
the advanced technology is the invention in additive manufacturing, 3D printing. Additive
manufacturing (AM) or layer manufacturing (LM) technology or rapid prototyping (RP), also
known as 3D printing, has progressed rapidly with a wide range of materials and forms that can be
used to construct a 3D object. [1] Additive manufacturing has a number of advantages, including
unambiguous data management and limitation, the ability to create complex shapes and
interlocking plans, the elimination of contraption/work piece garbage, the elimination of moulds,
the elimination of establishments and models, and mass customization. [2] In general, the
technology used in the most of 3D printer is Fused Deposition Modelling (FDM) since this
technique is low cost compared to the other techniques. Another name of FDM is Fused Filament
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Fabrication (FFF). The method uses a plastic filament which is pushed the material through a
heated extrusion nozzle melting. The approach starts with software that reads an STL or CAD
(computer-aided design) file and mathematically slices and orients the model for fabrication. [3]
Many studies have been dedicated to enhancing the performance of the FDM process by
determining the ideal combination of process parameters since the FDM process may be utilized for
a number of applications, including the creation of biomedical, aeronautical, and mechanical
models. [4]

Lots of materials able to be utilized as the printing material for the 3D printing process.
Thermoplastic polymers are still the most well-known type of additive manufacturing material. In
various applications, polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), and
polycarbonate (PC) each offer clear advantages. Polyvinyl alcohol (PVA), a water-soluble resin, is
commonly utilized to create temporary support structures. Many metals and their compounds, as
well as valuable metals including silver, gold, treated steel, and titanium, are used in additive
manufacturing. In addition to zirconia, alumina, and tricalcium phosphate, a variety of ceramic
materials have been used in additive manufacturing. [2] The material chosen for printing process in
this study is PLA filament. Due to its mechanical property profile, thermoplastic process ability,
and biological features such as biocompatibility and biodegradability, PLA is one of the most
promising biodegradable polymers. [5]

Optimization method is a tool to minimize or maximize the parameter of the study that been
applied in many field. For example, a company want to maximize the profit of the business, then
they will apply a most suitable optimization method to find the best solution to achieve the
objective. Response Surface Method (RSM) is applied in this study as optimization method of the
process parameter of 3D printer. It is a method which under the Design of Experiment (DoE).
Because of RSM capacity to deal with larger degrees of fitting models and multi-objectivity, thus
this approach can provide a better solution for 3D printer optimization that has more than one
response. [6]

From the past research, it was recorded the FDM technology bring defects on the 3D printed
products. One of the disadvantages of open source FDM 3D printers is that the plastic filament that
comes out of the nozzle shrinks, warps, and peels away from the bed platform. [7] Because FDM
has a low surface quality, it cannot ensure the good quality of the printed part's surface finish and
the function of rapid prototyping parts will be harmed by the poor surface finish. [8] To produce a
good quality of product, the process parameter is a main characteristic to achieve this goal. In order
to achieve the greatest quality of printed part, accurate input process parameter selection is critical.
[6]

In this study, optimization method, Response Surface Method (RSM) was applied to find the
optimal process parameter. The four process parameters utilized were printing speed (40-60mm/s),
printing temperature (190-230°C), first layer height (0.1-0.3mm), and retraction (disable/enable).
The Design of Experiment (DoE) selected was Central Composite Design (CCD) and two-level full
factorial design was applied. Minitab was used to analyse the data.

2. Materials and Methods

In this chapter, it described the experiment process of optimization the process parameters of
3D printers by using Response Surface Method (RSM). This chapter is vital to give the overview of
the approach applied in this experiment.

2.1 Flow Chart

The flow chart of this study was to optimize the process parameters of 3D printing process by
using the Polylactic Acid (PLA) filament material. It started with the problem identification and
ended with the validation of results. Before preparing the equipment and materials, it was required
to determine the fixed and controlled variables of the experiment. Next, the identification of Design
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of Experiment (DoE) by determine the proper design used, levels, and the number of factors
applied. The printing process of various sets of data was then conducted and the data was collected
by observing the outlook of the printed specimens. Optimization process was done by using RSM
and the optimal process parameters were obtained. Validation was then conducted to compare the
difference of outlook of printed specimens before and after optimization process. Figure 1 showed

the flow chart of the experiment.
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Figure 1 Experiment process flow chart.

2.2 Equipment and Materials

A Fused Deposition Modelling, FDM-based model, Anycubic Chiron 3D printer was used in
this experiment. It was a 3D printer which manufactured by Shenzhen Anycubic Technology Co.,
Ltd. This model had a huge build volume which is 400mm x 400mm x 450mm and it consisted of a
double Z limit switch that provides a more stable print bed levelling. The material of filament
applied in this experiment was PolyLiteTM PLA which manufactured by Polymaker which located
at Shanghai, China. This material was named as PolyPlusTM PLA formerly. The diameter of this
filament was 1.75mm. A standard specimen, All in One 3D Printer Test was model that selected as
printing specimen in this experiment. It was a model that downloaded from website, Thingiverse.
The tests included in this specimen are overhanging test, stringing test, support test, hole test,
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diameter test, scale test, and bridging test. Figure 2 showed the specimen All in One 3D Printer
Test.

Figure 2 All in One 3D Printer Test model.
2.3 Design of Experiment (DoE)

The design of an experiment was a tool and systematic methodology that allowed researchers to
identify how inputs affect outputs as well as collect data to fully comprehend the nature and state of
a process. A 2k full factorial design of experiment was applied in this experiment. The purpose of
this design was to screen the factors by using only 2 levels with k number of variable. There were
total four process parameters been applied in this experiment, thus 16 sets of data will be run in
printing process. Table 1 showed the fixed and controlled variables that applied in the experiment.

Table 1 Fixed and controlled variables.

Fixed Factor Controlled Factor
Factors Value Factors Symbol X) Level )
Infill density 100% Printing speed A 40mm/s 60mm/s
Layer height 0.25mm Printing B 190°C 230°C
temperature

Bed 60°C First layer C 0.1mm 0.3mm
temperature height
Nozzle size 0.4mm Retraction D Disable Enable

After the screening process by DoE done, there were total of 16 sets of data needed to apply in
this study. Table 2 showed the 16 sets of data arrangement.

Table 2 16 sets of data screening by full factorial design 24,

Factors
Run Treatment A (mmis) B (°C) C (mm) D
1 | 40 190 0.1 Enable
2 a 60 190 0.1 Enable
3 b 40 230 0.1 Enable
4 ab 60 230 0.1 Enable
5 c 40 190 0.3 Enable
6 ac 60 190 0.3 Enable
7 bc 40 230 0.3 Enable
8 abc 60 230 0.3 Enable
9 d 40 190 0.1 Disable
10 ad 60 190 0.1 Disable
11 bd 40 230 0.1 Disable
12 abd 60 230 0.1 Disable
13 cd 40 190 0.3 Disable
14 acd 60 190 0.3 Disable
15 bed 40 230 0.3 Disable
16 abcd 60 230 0.3 Disable
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2.4 Data Collection

After done printing 16 models of specimen, there were 4 sets of data will be collected which
were the angle X and Y (overhanging test), number of string (stringing test), depth of hole (hole
test), and length of bridge (bridging test). For the overhanging test, the result was the summation of
angle X and angle Y. Table 3 showed the data collection sheet that used after printing out the
specimens.

Table 3 Data collection sheet.

Number of Diameter of Length of
String Hole (mm) Bridge(mm)

Run Angle X (°) Angle Y (°)

O|N[OO|A|WIN(F

©

10
11
12
13
14
15
16

A grading system was established and applied to the observed data, including angles X and Y,
the diameter of the hole, and the length of the bridge, to reduce the complexity of the next analysis
section. The bigger the angle value, the higher the rating value for angles X and Y. For the hole
test, the smaller the hole's diameter, the higher the rating score. The bridging test determined the
length of the bridge that can be produced. The larger the value of the bridge's length, the higher the
rating value. Table 4, 5 and 6 illustrated the rating system of overhang angles, hole diameter, and
bridge length respectively.

Table 4 Rating for the angles X and Y.

Angle X (°) Rating Angle Y (°) Rating
15 1 10 0.625
30 2 20 1.25
45 3 30 1.875
60 4 40 2.5
75 5 50 3.125
60 3.75
70 4.375
80 5

Table 5 Rating for the hole diameter.

Diameter of Hole (mm) Rating
4 5
6 3.333
8 1.667

Table 6 Rating for bridge length.
| Length of Bridge(mm) | Rating

e
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2 0.833
5 1.667
10 2.5
15 3.333
20 4.167
25 5

2.5 Response Surface Method (RSM)

The optimization process will be conducted through Response Surface Method (RSM). This
method was a collection of mathematical strategies for innovation optimization between numerous
explanatory factors in statistics science. RSM was generally utilized coupled with a factorial design
to lower the cost of experimenting. This method had a lengthy history and was now utilized in a
variety of industrial and manufacturing applications; it is most commonly employed in conjunction
with finite element models. RSM was found to be a good solution in the case of manufacturing and
modelling uncertainty in general. [9]

Step 1: Using design of experiments (DoE), created a model for the response in terms of factors at
the current operating range.

Because the higher-order effects are usually insignificant, response surfaces were frequently
approximated by a second-order regression model. The equation of second-order regression model
with k number of factors was shown in Equation (2.1). In this section, to fit the quadratic model of
the RSM, the full factorial design was enhanced to a central composite design (CCD) with alpha for
rotatability, o set to 2 since there were four independent variables. By using the CCD, the second
order of regression consisted of 16 factorial points. Table 3.9 showed the process parameter setting
of RSM. A statistical software, Minitab was used to establish the experimental plan for RSM. The
curvature test and lack-of-fit test were important to analyze the results.

) 2 2. ) o Eqg. 1
Y = Bo+ Baxy + - BiXy + -+ By Xy %+ By g PraXaXo + o B g Xg_g Xg + e g

Where, B = regression constant, e = error of the model, x = independent variable, y = dependent
variable.

Step 2: Experiments in the path of steepest ascent or descent can be used to move closer to the
optimum from the existing operating range.
After the optimization process by RSM was done, optimum parameter was then selected. Then,
ANOVA test was conducted to the optimum parameter. Analysis of variance (ANOVA) analysis
was a statistical analysis tool that is used to compare the means of two or more groups and to study
the relationship between the independent and dependent variables. ANOVA analysis was one of the
first strategies used in this experiment to determine the components that influence the angles, depth
of hole, number of string, and length of bridge. To accurately interpret the results, the P value,
along with the F statistic and F test, must be used to determine the significance of the process
parameters, and the value of P must be less than the value of alpha (a = 0.05). With F = 0.05, the
value of F may be calculated using the number of degrees of freedom and the total number of
degrees of freedom of the components. The ANOVA test was done by using Minitab software. This
procedure was vital to determine the how significance of every parameters to every responses.
Step 3: Conducted further experiments in the vicinity of the optimum to develop a comprehensive
polynomial model for response.
The optimum process parameter was applied in the new printing and the results were recorded
according to the angles, depth of hole, number of string, and length of bridge.
Step 4: Optimization of the response and validation of the results.

The regression equation for the responses were then been calculated based on the results from
the optimal parameters printing. Comparing the prediction and validation results and determining
was that has any improvement on the quality of specimen.
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3. Results and Discussion

Using the Anycubic Chiron 3D printer, all 16 runs of models were successfully printed. The
models were printed in a smaller ratio, which did not affect the results because they were all the
same size. The output data was also unaffected by colour differences since using different colours
of filament.

3.1 Results

The combination of data collection for all the four responses which were number of strings, rate
of overhang angle, rate of hole diameter and rate of bridge length was shown in Table 7 below. By
using the Minitab, the main effects plots were plotted to analyze the effect of the process
parameters. The main effects plots that presented the relationship between the process parameters
to the four responses were shown respectively in Figure 3.

Table 7 Overall result of 16 runs.

. Rate of Overhang Rate of Hole Rate of Bridge
Run Number of Strings Angle Diameter Length

1 45 4.875 3.333 4.167
2 27 7.5 3.333 4.167
3 40 2.625 3.333 2.5

4 42 2.625 3.333 1.667
5 34 6.5 3.333 4.167
6 33 5.25 5 3.333
7 28 1.625 3.333 4.167
8 35 1.625 3.333 1.667
9 41 7.5 5 5

10 24 7.5 3.333 3.333
11 26 2.625 1.667 5

12 27 4.875 3.333 5

13 19 6.5 5 5
14 25 7.125 5 2.5
15 18 5.5 1.667 4.167
16 23 5.875 1.667 3.333

Main Effects Plot for Rate of Overhang
Data Means Main Effects Plot for Number of String

Printing Speed Printing T First Layer Height Retraction Data Means

Printing Speed Printing T¢ First Layer Height Retraction

g
s / * * g
g
= 300 .\.

40 60 190 230 o1 03 0 1 350

(a) (b)

e
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Main Effects Plot for Rate of Dimension of Hole Main Effects Plot for Rate of Length of Bridge
ata Mea Data Means

Printing Speed Printing Ts First Layer Height Retraction Printing Speed Printing T First Layer Height Retraction

E 3.50 ./' ./' ./' E 3.8
= =
3.25 16

40 60 190 230 o1 03 0 1 40 60 190 230 01 03 0 1

(©) (d)

Figure 3 Main effects plots for the (a) rate of overhang, (b) number of strings, (c) rate of hole
diameter, and (d) rate of bridge length.

3.2 Discussions

Based on the Figure 3(a), the slightly horizontal line in the first layer height represented there
were no effects of this factor on the response rate of overhang. For the printing temperature aspect,
it showed that 190°C had a higher rate of overhang effect than 230°C. The amplitude of the main
effect increases with the slope of the line. Overall, printing temperature had the highest main effect
on the rate of overhang, followed by the retraction, printing speed, and the first layer height did not
affect the rate of overhang. The lower the value of printing temperature and disable the retraction,
the higher the rate of overhang angle.

For the number of strings, the slightly inclining line in Figure 3 (b) indicates that there were no
influence of either of these factors on the number of strings printed. It was evident that 0.1mm had
a greater number of strings effect than 0.3mm for the initial layer height. More than the disable
setting on the amount of strings, the enable setting in retraction had an impact. With the line's slope,
the major effect's amplitude grows. Overall, the first layer height and retraction had the greatest
main effects on the number of strings, while the printing temperature and speed had less of an
impact. The lower the values of first layer height, printing speed, printing temperature, and enable
the retraction, the lesser the number of strings.

Next, the slightly slanted lines in this Figure 3 (c)'s printing speed, first layer height, and
retraction show that these independent factors had no influence on the response's rate of hole
diameter increase. According to the data on printing temperature, 190°C had a larger rate of the
diameter of hole effect than 230°C. With the line's slope, the major effect's amplitude grows.
Overall, the rate of hole diameter was most significantly influenced by printing temperature,
whereas printing speed, first layer height, and retraction had no serious influence. Low printing
temperature, enable the retraction, and high values in printing speed and first layer height, the
chance to obtain high rating of hole dimension increased.

According to Figure 3 (d), the slightly slanted lines on the initial layer height and printing
temperature demonstrated that these two independent variables had no impact on the rate at which
the response’'s bridge length increased. The bridge length effect occurred more frequently at
40mm/s than at 60mm/s, based on the printing speed data. While the average impact of the disable
setting is greater than the enable setting on the rate of bridge length for retraction. The amplitude of
the principal effect increases with the slope of the line. Overall, printing temperature and initial
layer height had little to no significant impact on the rating of bridge length, which was most
strongly influenced by printing speed and retraction. The lower the values of printing speed,
printing temperature, first layer height, and disable the retraction, the higher the rate of bridge
length.
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3.3 Optimal Process Parameter

In this section, the optimal process parameter set was be found by using Minitab to fix the setting. This
result was obtained by using the Response Surface Method (RSM). Figure 4 showed the result from
response optimizer.

Optimal o Pr;r:]tiong Przi;\[t}igg Fi(;s;é_a Retlr?]cﬁ

i ig - : : -

D:08784  cur 140.0] [190.0] [030] 10.0]
Low 40.0 190.0 0.10 0.0

Composite T /-ﬂff [ T—
Desirability

D: 0.8784

Rate of =" — = — 7 T T T T T T T T T T T T T
Maximum

y= 44273
d = 0.82816

Rateof  H—

:_—_—————'—"“i:_:_:__?
Maximum

y = 4.8959
d = 0.95876

Mumber o
Minimum /
y=23.8125 T - I—_ " |- -~ m— = — = 7
d = 0.78472
0 — — — |- — — — — 1
Rate of /

Maximum
y=T.1797
d=0.94548

Figure 4 Result from response optimizer.

From the Figure 4, it showed that he optimal process parameter obtained were 40mm/s (printing
speed), 190°C (printing temperature), 0.3mm (first layer height), and disable retraction. Besides
that, Figure 3.2 predicted that this process parameter will obtain the rate of overhang angle is
7.1797 out of 10; number of strings is 23.8125; rate of hole diameter hole is 4.8959 out of 5; rate of
bridge length is 4.4273 out of 5. By using the optimal process parameter given, a validation model
was printed out and Figure 6 illustrated the top view and side view of the validation model. Table 8
showed the data collection from the validation model.

Figure 6 (a) Top view and (b) side view of validation model.

Table 8 Data collection from validation model.
| Response | Value | Rating
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Angle X 60° 6.5
Angle Y 40° '
Number of Strings 20
Diameter of Hole 4mm 5
Length of Bridge 25mm 5

The comparison between the predicted and experimental results was done. The calculation of
percentage error from both of the results to simplify the analysis. Table 9 showed the comparison
between the predicted and the experimental results in percentage error.

Table 9 Comparison between predicted and experimental results.

Response Predicted Experimental Error (%)
Rate of Overhang 7.1797 4.875 32.10
Number of Strings 23 20 13.04
Rate of Hole Diameter 4.8959 5 2.13
Rate of Bridge Length 4.4273 4,167 5.88

The error was large on the results of rate of bridge length and number of strings. This indicated
that this validation model not so approach to the predicted result. For the response of the hole
diameter test and the overhang test, the error still acceptable since it was quite low. However, in
overall, this validation was good since there were two tests which were hole test and bridge test
obtained the highest rank of 5. To test that is this process parameter set was suitable for other
model, a simple model named ‘XYZ 20mm Calibration Cube’ was printed with the same 3D
printer. This model was also obtained from website Thingiverse. This was a cube with equivalent
length of 20mm each. Figure 7 showed that the XYZ 20mm Calibration Cube model and the
printed model was shown in Figure 8.
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Figure 8 XYZ 20mm Calibration Cube model inted based on optimal process parameter set in (a)
isometric view, (b) side view, (c) front view, and (d) top view.

Based on the printed result, it showed that this process parameter set was suitable to print this
simple model. There were three dimensions had been measured by using digital Vernier caliper.
The dimensions were measured in three axes which were x-, y-, and z-axis and all of the
dimensions were measured accurately at 20mm. Besides that, there were no strings appeared on this
printed model. In short, the optimum process parameter was good and still acceptable in validation
result. The imperfect result on the All in One 3D Printer Test model may because of there was a
total of four responses needed to apply in this study. The other reason may cause by the unsuitable
of the range of process parameter utilised in this study since this process parameter set was suitable
to be applied for XYC 20mm Calibration Cube model.

4. Conclusion

In conclusion, the objectives of the study had been achieved since the optimal process
parameter was obtained successfully through Response Surface Method (RSM). Based on the
optimum printed model, the defects on the model had been minimized but still not the best model
that have no any defects on it. In the other say, the quality of polylactic acid (PLA) 3D printing had
been optimized by applying the optimization method, Response Surface Method. There were many
limitations confronted in this study. Following were the recommendations suggested for the future
study. It is better to use the precise measuring equipment to measure all the dimensions such as
Vernier caliper or measuring microscope, not only applying the observation method. Decrease the
printing speed in printing the small size of model, this may enhance the quality of the model. In
addition, try more experimental runs to obtain more outputs. This can increase the accuracy of the
final result. Avoid the modification of the printer and the change of filament materials from the
start to the end of the study. Increase the number of independent variables and focus on one to two
responses. This enable the researcher to reduce the percentage error. Last but not least, review more
and more journals from other researcher to obtain the appropriate and suitable range of process
parameter.

Acknowledgement

The authors would like to thank the Faculty of Mechanical and Manufacturing Engineering,
University Tun Hussein Onn Malaysia for its support.

References

[1] Alva Edy Tontowi, L. Ramdani, Rosa vella Erdizon, Dawi Karomati Baroroh (2017). Optimization of 3D-
Printer Process Parameters for Improving Quality of Polylactic Acid Printed Part. International Journal
of Engineering and Technology, 9(2), 589-600. https://doi.org/10.21817 /ijet/2017 /v9i2/170902044

Penerbit
UTHM


https://doi.org/10.21817/ijet/2017/v9i2/170902044

691

Research Progress in Mechanical and Manufacturing Engineering Vol. 5 No. 1 (2024) p. 680-691

Vates, U. K, Kanu, N. ], Gupta, E,, Singh, G. K,, Daniel, N. A., & Sharma, B. P. (2021). Optimization of FDM
3D Printing Process Parameters on ABS based Bone Hammer using RSM Technique. I0P Conference
Series: Materials Science and Engineering, 1206(1), 012001. https://doi.org/10.1088/1757-
899x/1206/1/012001

Hashemi Sanatgar, R., Campagne, C., & Nierstrasz, V. (2017). Investigation of the adhesion properties of
direct 3D printing of polymers and nanocomposites on textiles: Effect of FDM printing process
parameters. Applied Surface Science, 403, 551-563. https://doi.org/10.1016/j.apsusc.2017.01.112

Rao, R. V,, & Rai, D. P. (2016). Optimization of fused deposition modeling process using teaching-
learning-based optimization algorithm. Engineering Science and Technology, an International Journal,
19(1), 587-603. https://doi.org/10.1016/j.jestch.2015.09.008

Gupta, B., Revagade, N., & Hilborn, J. (2007). Poly(lactic acid) fiber: An overview. Progress in Polymer
Science (Oxford), 32(4), 455-482. https://doi.org/10.1016/j.progpolymsci.2007.01.005

Saad, M. S., Nor, A. M., Baharudin, M. E., Zakaria, M. Z., & Aiman, A. F. (2019). Optimization of surface
roughness in FDM 3D printer using response surface methodology, particle swarm optimization, and
symbiotic organism search algorithms. International Journal of Advanced Manufacturing Technology,
105(12),5121-5137. https://doi.org/10.1007/s00170-019-04568-3

Nazan, M. A, Ramlj, F. R, Alkahari, M. R,, Sudin, M. N., & Abdullaah, M. A. (2017). Process parameter
optimization of 3D printer using Response Surface Method. ARPN Journal of Engineering and Applied
Sciences, 12(7), 2291-2296.

Radhwan, H., Shayfull, Z,, Farizuan, M. R,, Effendi, M. S. M., & Irfan, A. R. (2019). Optimization parameter
effects on the quality surface finish of the three-dimensional printing (3D-printing) fused deposition
modeling (FDM) using RSM. AIP Conference Proceedings, 2129. https://doi.org/10.1063/1.5118163

Aminzadeh, A., Aberoumand, M., Rahmatabadi, D., & Moradi, M. (2021). Metaheuristic Approaches for

Modeling and Optimization of FDM Process. April, 483-504. https://doi.org/10.1007/978-3-030-
68024-4_25

Penerbit
UTHM


https://doi.org/10.1088/1757-899x/1206/1/012001
https://doi.org/10.1088/1757-899x/1206/1/012001
https://doi.org/10.1016/j.apsusc.2017.01.112
https://doi.org/10.1016/j.jestch.2015.09.008
https://doi.org/10.1016/j.progpolymsci.2007.01.005
https://doi.org/10.1007/s00170-019-04568-3
https://doi.org/10.1063/1.5118163

