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Abstract
New developments in manufacturing processes impose the need for experimental studies concerning the determination of 
beneficial process-related parameter settings and optimization of objectives related to quality and efficiency. This work aims to 
improve cutting geometry, surface texture, and arithmetic surface roughness average in the case of post-processing of filament 
material extrusion 3D-printed acrylonitrile styrene acrylate (ASA) thin plates by a low-power  CO2 laser cutting apparatus. 
This material was selected owing to its unique properties for thin-walled customized constructions. Three parameters, namely 
focal distance, plate thickness, and cutting speed, were examined with reference to the Box-Behnken design of experiments 
(BBD) and regression modeling. Four responses were considered: mean kerf width, Wm (mm); down width, Wd (mm); 
upper width, Wu (mm); and average surface roughness Ra (μm) of cut surfaces. Different regression models were tested for 
their efficiency in terms of predicting the objectives with an emphasis on full quadratic regression. The results showed that 
a focal distance of 6.5 mm and 16 mm/s speed optimizes all quality metrics for the three plate thicknesses. The regression 
models achieved adequate correlation among independent process-related parameters and optimization objectives, proving 
that they can be used to improve the laser cutting process and support practical applications.

Keywords CO2 laser · Acrylonitrile styrene acrylate · Filament material extrusion · Box-Behnken design · Kerf geometry · 
Surface roughness · Regression

1 Introduction

Advances in material science and manufacturing technology 
have led to achievements related to part quality improve-
ment with the simultaneous reduction of production time. 
Hybrid manufacturing [1, 2] is such an achievement that two 
or more subsequent manufacturing processes are integrated 
to produce competitive, complex components with great 
shape accuracy, quality of surface texture, and enhanced 
mechanical strength [3–5]. Laser processing applications in 

3D-printed objects aim to refine either dimensional accuracy 
or surface texture, especially for thin-walled parts fabricated 
using fused deposition modeling (FDM) technology [6–8]. 
FDM technology or filament material extrusion (ME) cur-
rently introduces noticeable contributions to production 
branches [9–14] while it fosters novel applications engaging 
other manufacturing techniques, including laser processing. 
Nevertheless, significant drawbacks of ME technology span 
a number of defects related to shape deformations on parts’ 
edges, shrinkage, deteriorated finishing details, and poor 
surface texture in different positioning aspects upon fabrica-
tion, i.e., flat inclined and vertical [15]. Challenging factors 
for successful operations regarding additive manufacturing 
(AM) include defining proper filament materials accord-
ing to the application and specification of process-related 
thermo-mechanical parameters such as printing tempera-
ture and speed. Most applications related to fabricated parts 
using ME are post-processing, where finishing requirements 
should be achieved either by chemical treatments or machin-
ing [16–20]. Such post-processing treatments are applied 

 * John D. Kechagias 
 jkechag@uth.gr

1 FWSD Department, University of Thessaly, GR, 
43100 Karditsa, Greece

2 Department of Mechanical Engineering, School 
of Pedagogical and Technological Education (ASPETE), 
15122 Marousi, GR, Greece

3 Dilkap Research Institute of Engineering and Management 
Studies, Neral, Karjat, Maharashtra 410101, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-023-12711-4&domain=pdf
http://orcid.org/0000-0002-5768-4285


528 The International Journal of Advanced Manufacturing Technology (2024) 130:527–539

1 3

to most commercially available filament materials for fab-
ricating different parts, adopting ME technology. Despite 
the numerous applications of well-known ME materials like 
acrylonitrile butadiene styrene (ABS) and polylactic acid 
(PLA) [21, 22], other materials exhibit research interest, 
such as acrylonitrile styrene (ASA) owing to its enhanced 
mechanical properties [23] including high glass transition 
temperature, ultraviolet resistance, environmental stability, 
and oil-heat resistance for preventing discoloration [24, 25].

Over the past few years, laser material processing (LMP) 
has been applied for post-processing and finishing opera-
tions in additively manufactured objects. In particular, 
research interest is given to post-processing techniques 
of thin ME plates where requirements related to cutting, 
polishing, engraving, and texturing requirements need to 
be met [26–28]. When it comes to surface texture charac-
terization of polymeric thin plates [29], several attributes 
involving the laser process-related control parameters, i.e., 
focal length, laser power, and laser speed, as well as plate 
thickness, porosity, and density, should be explored under 
the goal of achieving high performance and safe applica-
tion [30–32]. Process-related laser parameter investigation 
in the case of 3D-printed plate cutting is a relatively new 
research area since 3D printing technology introduces a wide 
range of materials with improved properties. These materi-
als require different settings referring to process parameters 
such as layer deposition. Alternatives of process parameter 
setting affect the surface texture and porosity of finished 
components, affecting laser processing efficiency. In [33], 
 CO2 laser processing of 4-mm thick PLA 3D-printed plates 
was applied, and kerf properties were examined under dif-
ferent settings for laser speed and power. It was shown that 
when laser speed varies in a range of 8–18 mm/s, effects 
on kerf characteristics are considerably higher compared to 
those obtained when altering laser power settings within the 
range between 82.5 and 97.5 W. The importance of focal 
distance on upper kerf width variations was examined in 
[34]. Stavropoulos et al. [35] studied the effect of laser-based 
process parameters on various performance metrics for aero-
space applications. In [36], significant aspects concerning 
laser technology are highlighted referring to the principal 
lasers employed for materials processing. In [37], a 30-W 
 CO2 laser processing apparatus working in continuous 
wave mode was implemented to treat the surface of PLA 
3D-printed experimental specimens. The mechanism of 
surface finishing was investigated, and the effect of laser 
processing parameters, including scanning speed, energy 
density, and hatch distance, was identified in terms of sur-
face topography. The results indicated that laser finishing 
significantly improved surface roughness, yet interactions 
among the process-related parameters involve surface abla-
tion. By reviewing noticeable research contributions in the 
broader literature, it is evident that a high research interest 

is focused on the experimental analysis and optimization of 
laser processing parameters, emphasizing thermoplastic and 
metallic materials [38–49].

Most laser processing research efforts emphasize param-
eter adjustment regarding kerf characteristics and cut surface 
texture for different materials and textures, underpinning the 
importance of laser cutting multi-objective optimization for 
customized or small-batch production of functional parts. 
Even if laser processing of metals, plastics, composites, etc., 
has been deeply investigated in the literature, 3D-printed 
plates made of ASA filament have not yet been studied. The 
last 3 years (2021–2023) of laser processing of thin poly-
meric materials have been reviewed, and the achievements 
in quality metrics are summarized in Table 1.

This work deals with a multi-objective optimization 
problem with reference to three independent process-related 
parameters referring to  CO2 laser cutting (focal distance, 
plate thickness, and laser speed) and two optimization objec-
tives: kerf width and surface roughness in the case of the 
3D-printed ASA thermoplastic filament as the work mate-
rial to fabricate thin plates. Experimental runs were deter-
mined by adopting the Box-Behnken design of experiments 
(BBD) and response surface methodology (RSM). This work 
innovates and presents new experimental data for thin ASA 
samples that are 3D printed by applying ME technology 
while providing reliable results owing to the widespread 
Box-Behnken experimental design methodology.

2  Materials and methods

The ASA filaments used to 3D print the 3, 4, and 5-mm 
thick cuboidal samples (100-mm long and 20-mm wide; 
see Fig. 1a) were purchased from the market (NEEMA3D-
ASA®; printing temperature range 135–255 °C, 1.75 mm in 
diameter, 1.1 g/cm3). The three specimens were 3D printed 
with ±45° raster orientation, 230 °C nozzle temperature, 
30-mm/s printing speed, 0.3-mm layer thickness, 0.4-mm 
nozzle diameter, and 85 °C bed temperature.

The ASA 3D-printed plates were cut with the BCL 1325 
Bodor continuous  CO2 laser (up to 150-W laser power). The 
BCL laser is equipped with a 2-mm tip conical convergent 
nozzle, three reflectors, and one focus lens for laser beam 
delivery, and it runs at a wavelength of 10.6 μm. The G-code 
programs were created with the RDWorks® 8.0 software. To 
modify the focal distance (or standoff distance) between the 
nozzle tip and the upper surface of the specimen, laser cali-
bration spacers of 6-, 7-, and 8-mm height were utilized. The 
diameter of the beam spot on the upper surface of an 8-mm 
focal distance had the smallest value of 0.3 mm. It is also 
worth noting that even if the air pressure remains constant 
during the experiment (1 bar), any fluctuation in the focal 
length influences the distribution of air in the cutting area.
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The cuts were 10-mm straight lines in the laser platform’s 
Y-axis direction. After laser cutting, the upper (Wu, mm) and 
down (Wd, mm) kerf widths were measured at three dis-
tances. The average or mean kerf width was then calculated 
(Wm, mm). The upper and down kerf widths were measured 
using ImageJ® software. Τhe average (mean) surface (Ra) 
was measured on the cut surfaces at 1 mm down the upper 
cutting edge by using a Surftest SJ-210® profilometer, in the 
laser cut direction, see Fig. 1b.

The experimental design, known as the Box-Behnken 
design (BBD), and the response surface methodology (RSM) 
were accomplished to analyze and determine the association 
between the cutting performance and processing variables. 
The BBD is well suited to fit a second-order quadratic math-
ematical model (surface response), usually designed for pro-
cess optimization. The three independent parameters were 
focal distance (A), plate thickness (B), and cutting speed (C). 
The kerf mean width (Wm, mm), down width (Wd, mm), 
upper width (Wu, mm), and average surface roughness of 
the cut surfaces (Ra, μm) observed from each experiment 
were used as the response value. The variable levels were 
coded as −1, 0, and +1. These three codes were spread out 
equally. The variables and their affiliated coded and actual 

levels decided in the three-factor-three-level BBD design are 
shown in Table 2. The variables’ ranges were selected from 
preliminary experiments, which found that focal distance, 
plate thickness, and cutting speed significantly affect the 
laser cutting efficiency. The laser power was kept constant 
at the higher 100% values close to 150 W.

3  Results and discussion

The Box-Behnken design of experiments (BBD) is sug-
gested in the literature as an appropriate design for fitting a 
full quadratic model to the observed results [57–59]. Gen-
erally, in stochastic problems such as laser cutting of thin 

Fig. 1  a Specimens used for 
 CO2 laser cutting and upper and 
bottom kerf width characteris-
tics and measurements (100-mm 
length; 20-mm width; and 3, 4, 
and 5 mm in thickness) and b 
roughness measurements on the 
cut surfaces

Table 2  Process parameters, levels, and codes

Variables Codes Levels and range

−1 0 1

Focal distance (mm) A 6 7 8
Plate thickness (mm) B 3 4 5
Cutting speed (mm/s) C 8 13 18
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plates, the processing parameters are first sorted, and the 
center point and the number of experiment repetitions at 
the center point are defined, followed by the selection of 
the upper and lower levels of the variable parameters [60, 
61]. Second, the experimental array and run order should 
be determined, considering that all experiments should be 
run. Second-order models should then be tested for good-
ness-of-fit according to the Darling-Anderson validity test 
(residual normality test) [62–64]. Finally, the results are 
decoded using the contour plots and response surfaces 
between parameter pairs according to each performance 
metric [65–67].

Due to its robustness, the BBD methodology is used for 
various optimization case studies of technology problems. 
The most widely applied experimental BBD array uses 
three variables and 15 experiments with three replications 
at the central point [68]. Following the above methodol-
ogy, lower values (−1 code) of 6 mm A (focal distance), 
3 mm B (plate thickness), and 8 mm/s C (cutting speed) 
were selected; maximum values (1 code) of 8 mm A, 5 
mm B, and 18 mm/s C; and central values (0 code) of 4 
mm A, 4 mm B, and 13 mm/s C (see Table 2). Therefore, 
Table 3 is constructed and implemented in the laser cut-
ting experiments.

Fitting the input variables (Xi; here A, B, and C) with 
the output variables (Yk; here Wm, Wd, Wu, and Ra) with 
a quadratic regression model means that a multi-parameter 
equation with linear (bi), cross (bij), and quadratic (bii) 
products are assigned between Xi inputs and Yk outputs 
(Eq. 1; [69]):

In experimental studies that are characterized as sto-
chastic problems, it is suggested in the literature to test the 
model’s goodness of fit by applying the Anderson-Darling 
normality test to the residuals. Figure 2a–d shows that the 
residuals Wm, Wd, Wu, and Ra follow the normal distri-
bution, having p-values higher than 0.05, thus proving the 
validity of the Box-Behnken methodology.

ANOVA (variances analysis) is a statistical analysis that 
examines the experimentally observed and predicted quad-
ratic model value differences. Here, the Rsq values of the 
Wm, Wd, Wu, and Ra models are 88.06%, 90.19%, 86.94%, 
and 74.93%, with standard deviations (S) of 0.0338, 0.0392, 
0.0334, and 1.020, respectively (see Tables 4, 5, 6 and 7).

The regression full second-order models for each metric 
follow:

(1)Yk = b
0
+

∑

i
biXi +

∑

i≠j
bijXiXj +

∑

i
biiX

2

i
± e

(2)

Wm = − 1.23 + 0.513 × A − 0.119 × B

+ 0.0082 × C − 0.0383 × A
2
+ 0.0100 × B

2

+ 0.000912 × C
2
+ 0.0203 × AB − 0.00200

× AC − 0.00678 × BC

(3)

Wd = −3.42 + 1.112 × A − 0.088 × B

+0.0180 × C − 0.0816 × A
2

+0.0084 × B
2
+ 0.001298

×C
2
+ 0.0236 × AB − 0.00367

×AC − 0.00907 × BC

Table 3  Box-Behnken design: 
control parameters, levels and 
outputs (Wm, Wd, Wu, and Ra)

Run order Input variables (Xi) Output variables (Yk)

A, focal dis-
tance (mm)

B, plate 
thickness 
(mm)

C, cutting 
speed (mm/s)

Wm (mm) Wd (mm) Wu (mm) Ra (μm)

1 6 4 8 0.412 0.388 0.436 5.072
2 7 5 8 0.597 0.622 0.573 2.918
3 8 5 13 0.489 0.445 0.533 2.670
4 7 4 13 0.454 0.431 0.476 3.824
5 8 4 8 0.528 0.489 0.567 2.106
6 6 3 13 0.412 0.366 0.458 2.173
7 8 4 18 0.454 0.387 0.521 3.525
8 7 3 8 0.516 0.509 0.524 3.366
9 6 5 13 0.417 0.400 0.433 4.962
10 7 4 13 0.456 0.462 0.450 4.981
11 7 3 18 0.453 0.460 0.446 1.956
12 7 4 13 0.466 0.472 0.460 3.841
13 6 4 18 0.378 0.360 0.396 4.558
14 8 3 13 0.403 0.316 0.490 5.704
15 7 5 18 0.398 0.392 0.405 2.595
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Fig. 2  Residual normality test for a–c residuals of mean (Wm), down (Wd), and upper (Wu) kerf widths, respectively, and d residuals of average 
surface roughness (Ra)

Table 4  2nd order model analysis: Wm versus A, B, and C

Source DF Adj SS Adj MS F-value p-value

Model 9 0.042016 0.004668 4.10 0.067
A 1 0.004472 0.004472 3.92 0.104
B 1 0.000454 0.000454 0.40 0.556
C 1 0.000070 0.000070 0.06 0.814
A2 1 0.005420 0.005420 4.76 0.081
B2 1 0.000371 0.000371 0.33 0.593
C2 1 0.001922 0.001922 1.69 0.251
AB 1 0.001647 0.001647 1.45 0.283
AC 1 0.000400 0.000400 0.35 0.579
BC 1 0.004601 0.004601 4.04 0.101
Error 5 0.005699 0.001140
Lack-of-fit 3 0.005616 0.001872 45.29 0.022
Pure error Error 2 0.000083 0.000041
Total 14 0.047715
R2 88.06%
S 0.0338

Table 5  2nd order model analysis: Wd versus A, B, and C

Source DF Adj SS Adj MS F-value p-value

Model 9 0.070636 0.007848 5.11 0.044
A 1 0.020977 0.020977 13.65 0.014
B 1 0.000248 0.000248 0.16 0.705
C 1 0.000341 0.000341 0.22 0.657
A2 1 0.024601 0.024601 16.01 0.010
B2 1 0.000259 0.000259 0.17 0.698
C2 1 0.003890 0.003890 2.53 0.172
AB 1 0.002225 0.002225 1.45 0.283
AC 1 0.001344 0.001344 0.87 0.393
BC 1 0.008220 0.008220 5.35 0.069
Error 5 0.007685 0.001537
Lack-of-fit 3 0.006791 0.002264 5.07 0.169
Pure error Error 2 0.000894 0.000447
Total 14 0.078321
R2 90.19%
S 0.0392



533The International Journal of Advanced Manufacturing Technology (2024) 130:527–539 

1 3

(4)

Wu = 0.95 − 0.085 × A − 0.151 × B − 0.0017

× C + 0.0050 × A
2
+ 0.0117 × B

2
+ 0.000527

× C
2
+ 0.0170 × AB − 0.00033

× AC − 0.00450 × BC

The F-value and the p-value are the metrics that indi-
cate the accuracy of the adopted second-order mathematical 
models, and it is desirable to have F > 4 and p < 0.05. Here, 
the Wm, Wd, and Wu models’ F-values (4.10, 5.11, and 
3.70) and p-values (0.067, 0.044, and 0.082) are close to or 
higher than the values mentioned above, having predicting 
accuracy higher than 85%. At the same time, the Ra has an 
F-value of 1.727, a p-value of 0.299, and an accuracy higher 
than 74%. It is characteristic here that the normality test of 
all metrics (Fig. 2a–d) shows that the second-order models 
can be used to indicate the parameters’ main effect plots that 
are presented in Fig. 3a–d for all metrics.

The following conclusions can be drawn by studying the 
main effects plots (Fig. 3a–d):

• The focal distance between 6 and 6.5 mm increases the 
mean, down, and upper kerf widths, while the surface 
roughness was optimized for focal lengths between 7 and 
7.5 mm. Note that the surface roughness measured 1 mm 
deeper than the upper plate surface for all three plate 
thicknesses. The focal distance affects the beam spot 
diameter and redistributes the energy and pressure air 
inside the kerf geometry, considerably improving laser 
cut efficiency when optimized.

• The 3-mm plate thickness optimizes the mean and down 
kerf width, which has the lower penetration depth (3 
mm) and follows the literature. In contrast, the upper 
kerf width is optimized between 3.5 and 4-mm plate 
thickness. On the other hand, the surface roughness is 
optimized for 3 or 5-mm plate thicknesses.

• When the cutting speed increases, the mean, down, and 
upper kerf widths decrease, which is explained by the 
reduction of energy inserted per time unit inside the kerf 
geometry, resulting in lower kerf widths. On the other hand, 
reducing the power per unit time redistributes the energy 
and air pressure inside the kerf geometry in such a way that 
the surface roughness is optimized at higher cutting speeds.

In Figs. 4 and 5, the contour and surface plots are pre-
sented in order to apprehend the effects of the parameters on 
the laser cutting kerf characteristics.

From the contour and 3D surface plots (see Figs. 4 and 
5), the following conclusions can be drawn about parameter 
interactions:

(5)

Ra = −20.2 − 1.16 × A + 15.25 × B − 0.100

×C + 0.384 × A
2
− 0.722

×B
2
− 0.0314 × C

2
− 1.456

×AB + 0.097 × AC + 0.054 × BC

Table 6  2nd order model analysis: Wu versus A, B, and C

Source DF Adj SS Adj MS F-value p-value

Model 9 0.037034 0.004115 3.70 0.082
A 1 0.000123 0.000123 0.11 0.753
B 1 0.000723 0.000723 0.65 0.457
C 1 0.000003 0.000003 0.00 0.961
A2 1 0.000092 0.000092 0.08 0.785
B2 1 0.000503 0.000503 0.45 0.531
C2 1 0.000640 0.000640 0.58 0.482
AB 1 0.001156 0.001156 1.04 0.355
AC 1 0.000011 0.000011 0.01 0.924
BC 1 0.002025 0.002025 1.82 0.235
Error 5 0.005562 0.001112
Lack-of-fit 3 0.005207 0.001736 9.78 0.094
Pure error Error 2 0.000355 0.000177
Total 14 0.042596
R2 86.94%
S 0.0334

Table 7  2nd order model analysis: Ra versus A, B, and C

Source DF Adj SS Adj MS F-value p-value

Model 9 15.5470 1.72745 1.66 0.299
A 1 0.0228 0.02284 0.02 0.888
B 1 7.4103 7.41025 7.12 0.044
C 1 0.0105 0.01048 0.01 0.924
A2 1 0.5454 0.54540 0.52 0.502
B2 1 1.9256 1.92563 1.85 0.232
C2 1 2.2705 2.27046 2.18 0.200
AB 1 8.4768 8.47683 8.15 0.036
AC 1 0.9351 0.93509 0.90 0.387
BC 1 0.2959 0.29594 0.28 0.617
Error 5 5.2028 1.04057
Lack-of-fit 3 4.3233 1.44111 3.28 0.243
Pure error Error 2 0.8795 0.43976
Total 14 20.7499
R2 74.93%
S 1.020
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• The focal distance and plate thickness interactions (B × 
A) at the center experimental point (7-mm focal distance, 
4-mm plate thickness, and 13-mm/s cutting speed) indi-
cate that values close to 6-mm focal distance and plate 
thickness close to 3 mm optimize all kerf widths (Wm, 
Wd, and Wd). In contrast, lower or higher focal lengths 
and plate thicknesses achieve the lowest Ra values.

• The focal distance and cutting speed interactions (C × A) 
at the center experimental point (7-mm focal distance, 
4-mm plate thickness, and 13-mm/s cutting speed) indi-
cate that lower focal distance and higher cutting speed 
result in smaller kerf widths (Wm, Wd, and Wu) and Ra 
values.

• Finally, the cutting speed and plate thickness interactions 
(C × A) at the center experimental point (7-mm focal 
distance, 4-mm plate thickness, and 13-mm/s cutting 
speed) indicate that higher values of cutting speed and 
plate thickness reduce the kerf widths (Wm, Wd, and 
Wu) and surface roughness (Ra) values.

Last but not least, by utilizing the second-order regres-
sion models and setting as criteria the optimization of mean 
width (Wm between 0.3 and 0.45) and surface roughness 
(Ra between 1 and 4 μm) with equal importance, the three 
below contour plots are extracted, which show the optimized 
area for the cutting speed and focal length values. Again, this 
plot confirms that the higher cutting speed and the lower 
focal distance results optimize the cutting process (mean 
kerf width lower than 0.45 mm and Ra values lower than 4 
μm) (Fig. 6).

4  Conclusions

This work presented results concerning the experimental 
analysis of the effects of three crucial control parameters 
related to  CO2 laser cutting of 3D-printed ASA thin plates: 
focal length, plate thickness, and cutting speed. A series of 
experiments were established by adopting the Box-Behnken 

Fig. 3  Main effect plots based on second-order models for a–c mean (Wm), down (Wd), and upper (Wu) kerf widths, respectively, and d average 
surface roughness (Ra)
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design, thus coping with fewer experiments without losing 
essential information. Results showed that low settings for 
focal distance (i.e., close to 6.5 mm) seem advantageous 
in the laser cutting process, resulting in low surface rough-
ness and mean kerf outputs (lower than 4 μm and 0.45 mm, 
respectively). Additional observations have shown that an 
operational range for cutting speed between 16 and 16.5 mm 
maintains mean kerf width and surface roughness in the same 
range (i.e., Wm lower than 0.45 mm and Ra lower than 4 

μm). Reduced plate thickness (i.e., 0.3 mm) results in finer 
kerf widths and Ra values as expected, owing to lower pen-
etration depth.

Box-Behnken experimental design and response surface 
methodology can be efficiently employed to analyze and 
optimize stochastic problems such as laser cutting of thin 
plates fabricated using cutting-edge 3D printing processes. 
From an overall point of view, this work demonstrated the 
complexity of these critical parameters, focal distance, plate 

Fig. 4  Contour plots for a–c mean (Wm), down (Wd), and upper (Wu) kerf widths, respectively, and d average surface roughness (Ra)
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thickness, and cutting speed, implying that multi-parameter, 
multi-objective optimization of laser cutting is an essential 
research task.

Nevertheless, a larger set of experimental results should 
be obtained to generate robust regression models further 
to establish a solid experimentation ground and reliably 

study optimization potentials regarding  CO2 laser cutting 
of 3D-printed parts. Looking further ahead, the authors 
plan to conduct such an experimental set with different 
filaments and analyze the findings under the major scope 
of applying different optimization approaches like artifi-
cial neural networks and genetic algorithms for presenting 

Fig. 5  Surface plots for a–c 
mean kerf (Wm), d–f down kerf 
width (Wd), g–i upper kerf 
width (Wu), and k–m average 
surface roughness (Ra)

Fig. 6  Contour plots with Ra < 4 μm versus Wm < 0.45 mm for a 3-mm plates, b 4-mm plates, and c 5-mm plates
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results that will facilitate industrial applications and sup-
port decision-making in practice.
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