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ABSTRACT

Laser cutting is a precise, powerful, and low-cost tool for cutting different sheets of metals and polymers.
The literature survey shows that the quality of cutting (surface roughness and kerf geometry) is a
sophisticated parameter and conventional approaches cannot describe the quality of cutting for thin
sheets of polymers very well. Statistical tools can help to interpret the effect of process variables. In this
article, the laser cutting of Polymethyl methacrylate (PMMA) is experimentally investigated. The effect
of process variables of laser cutting including the scanning speed, laser power, and laser beam diameter
on the kerf width and surface roughness by Response Surface Methodology design investigated. The
results revealed that increasing the laser power leads to increasing the surface roughness and decreasing
the taper angle, while the kerf width at the top and bottom surface of the sheet decreases at first, then
increases (for higher laser power than 90W). Also, increasing the scanning speed causes increasing
surface roughness while the taper angle and the kerf width at the top and bottom surface increase at first,
then it decrease. By increasing the laser beam diameter, the surface roughness will increase while the
taper angle and the kerf width at the top and bottom surface decrease at first and then increase. The
sophisticated effect of the main process variables and their interactions determines that finding the
optimum condition of process parameters is hard and multi-objective optimization approaches are

needed to find local minimum surface roughness and kerf geometry.

doi: 10.5829/ije.2024.37.03c.05

1. INTRODUCTION

Laser cutting is a non-contact process that produces
precise cutting along a defined curve with minimum heat
affected zone (HAZ) and minimum distortion of the sheet
while no external load is applied to the sheet. This
process is mostly utilized for the precise cutting of
metals, especially steel alloys. However, in recent years,
the use of low-power laser beams to cut different types of
polymers has spread. The laser cutting process can be
carried out for different purposes. Cutting and producing
a blank workpiece is the most convenient. But by
performing the cutting at low laser power, microchannel
with very low surface roughness (as low as 110 nm) can
be fabricated for microfluidic studies (1-3).

One of the most convenient polymers is Polymethyl
Methacrylate (PMMA). PMMA is one of the most
appropriate thermoplastics for laser cutting. PMMA has
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a high melting point (160°C) and high absorptivity of the
laser wavelength, 2.914 GPa elastic modulus, 79.16 MPa
tensile strength, and 0.40 strain at failure (4). Choudhury
and Shirley (5) studied the quality of surface roughness,
formation of heat affected zone (HAZ), and dimensional
accuracy during laser cutting of different materials
(polymethyl methacrylate (PMMA), polypropylene (PP),
and polycarbonate (PC)). The results show that surface
roughness is improved in laser cutting of PMMA
polymer compared to PP and PC. The width of HAZ
decreased in PMMA compared to PP and PC polymers.
Moreover, similar dimensional accuracy was achieved
despite different material properties.

Eltawahni et al. (6) studied the kerf width variation
and surface roughness variation during the laser beam
cutting of ultra-high molecular weight polyethylene
(UHMWPE) material. A design of experiments has been
done and the effect of process variables including laser
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power, cutting speed, and focal point position is
discussed by performing 17 different experiments. The
levels of laser power were very high (800-1150 W) due
to the property of UHMWRPE. The results show that the
kerf at the upper surface was reduced by decreasing the
laser power and increasing the cutting speed and the focal
position. In addition, the kerf at the bottom decreases by
decreasing the laser power and focal position and
increasing the cutting speed. Also, Eltawahni et al. (7)
discussed the advantage of CO: laser for cutting four
different thicknesses of PMMA by employing a Box-
Behnken design of the experiments.

Response Surface Methodology (RSM) and the
Taguchi method are two of the approaches for the design
of experiments (8-10). Khoshaim et al. (11) investigated
the laser cutting of PMMA sheets by a continuous CO;
laser. A design of experiments based on Taguchi L18
design was planned and the effect of input variables
(cutting speed, laser power, sheet thickness, and assisting
gas pressure) on output variables responses has been
investigated. The output variables of the study were kerf
deviation, maximum surface roughness, heat-affected
zone (HAZ), and rough area. Regression equations were
derived according to the effectiveness of each process
input. The results show that by increasing the laser power
and gas pressure, the kerf deviation and roughness
increase. The kerf deviation increases and the roughness
decreases by increasing the cutting speed. The results
show that for obtaining the best surface roughness and
decreased HAZ, lower laser power, and higher cutting
speed were experimentally implemented. Unfortunately,
high kerf deviation is inevitable at higher cutting speeds.
Elsheikh et al. (12)studied the formation of kerf during
the cutting of PMMA by a pulsed CO; laser machine. The
effect of process variables including cutting speed, laser
power, assisted gas pressure, and sheet thickness was
investigated using Taguchi L18 orthogonal array. Using
the analysis of variance technique (ANOVA), the effect
of process variables has been determined. The results
show that the top and the bottom kerf widths decrease by
increasing the laser power, cutting speed, and gas
pressure. The kerf taper angle increases by increasing the
cutting speed. The effect of laser power and gas pressure
on the kerf taper angle is almost negligible. Increasing the
thickness leads to a decrease in the top and the bottom
kerf width and kerf taper angle. Genetic Algorithm (GA)
and random vector functional link network with
equilibrium optimizer (RVFL-EO) algorithm (13) were
used to optimize the quality of cutting. Yang et al. (14)
developed a combined strategy called the progressive
Taguchi neural network model for assessing the kerf
taper angle during laser cutting of PMMA sheets by
combining the artificial neural network and Taguchi
method. The results show that a higher precision can be
obtained by the proposed method while the number of

experiments decreased with using the L9 orthogonal
array instead of the L18 or L27 orthogonal array.

Ninikas et al. (15) studied the influence of the cutting
speed and laser power, and the position and orientation
of the samples, on the dimensional accuracy and surface
roughness of laser cutting of PMMA sheets. A mixed
fractional factorial design (36 measurements) was carried
out and the dimensional accuracy and surface roughness
were measured. The ANOVA results showed that the
cutting speed is the most influential process parameter for
both dimensional accuracy and surface roughness. Also,
the surface roughness improves and minimizes for
samples aligned in the travel direction. Also, the authors
proposed a neural network-based approach to predict the
kerf geometry in laser cutting of PMMA sheets (16) and
3D-printed Polylactic Acid (PLA) (17). Varsi and
Shaikh (18) studied the effect of process variables
(power, cutting speed, and the number of passes) on the
kerf taper angle during the drilling of cylindrical holes in
PMMA sheets by the laser beam. The full factorial
methodology was used for data analysis and the results
show that the kerf taper angle decreases by increasing the
laser power and number of passes and decreasing the
cutting speed. Several researches have been done in the
field of laser cutting. Mushtaq et al. (19) discussed the
latest advances in laser cutting of polymers.
Hashemzadeh et al. (20) also studied the effect of
workpiece vibration in the vertical direction (parallel to
the laser beam) at different frequencies. The thickness of
the PMMA sheet was 6 mm and cutting was carried out
by 70 W laser power. The results show that the laser
beam cut through the depth at lower scanning speeds (in
the range of 0.2 to 0.4 m/s) while a groove will be formed
at higher scanning speeds (0.4 to 2 m/s). the depth of cut
increases by increasing the vibration frequency. The
authors also published research about the utilization of
laser beams and their different applications in industries
(21-23).

The literature survey shows that laser cutting is a
complicated phenomenon and based on the attitude of the
researchers it can be carried out in different ways. Each
of the researchers specified some aspect of the cutting
process that was novel. Analyzing the published research
shows that some researchers only focused on the surface
quality and improving it while others explored the kerf
formation (width of the kerf, taper angle). However,
parameters improving the surface roughness lead to
higher kerfs and vice versa. The main challenge in the
laser cutting of PMMA sheets is the different behavior of
scanning speed and laser beam diameter at high and low
laser power. The design of Experiments by RSM helps to
find a second-order regression equation to assess the
effect of parameters. In this research, the authors attempt
to investigate the effect of influencing process variables
to optimize the surface roughness and kerf geometry
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simultaneously. In this article, the laser cutting of PMMA
thin sheets (2.8 mm thickness) will be investigated by
using a low power laser beam machine. A design of
experiments according to RSM has been scheduled and
the surface roughness and kerf width at the top and
bottom of the surface was measured. The effect of
process variables and their interactions will be discussed
by ANOVA. The main difference between current work
and other published research is the range of parameters
and discussion about the effect of the interaction of
process variables in laser cutting of thin sheets that has a
negligible effect in laser cutting of thick sheets. Finally,
a discussion about the optimization of parameters with
different attitudes (cost function) will be added.

In this article, firstly an experiment planning will be
carried out and the geometry of kerf due to laser cutting
will be measured. Then, the effect of —process parameters
and their interactions will be investigated by ANOVA
and statistical tools of Minitab software. Finally, the
optimization of the process variables will be carried out.

2. EXPERIMENTAL WORKS

The experimental works have been carried out on a
PMMA sheet prepared by an approved supplier. The
sheet thickness was 2.8 mm. The laser beam irradiated
the surface of the sheet. Based on the literature survey, it
was decided that the effect of three more important
process variables (laser power, scanning speed, and laser
beam diameter) will be investigated. For determining the
levels of process parameter variation, some pre-tests have
been carried out. The aim was to find proper process
parameters that melt and cut the sheet without over-
melting. In this way, the levels of process parameter
variations are determined in Table 1. It should be noted
that proper selection of the range of process variables is
very important. For example, if the sheet did not cut
under one of the designed tests, the statistical analysis
cannot be completed and the regression equations cannot
be obtained. In this circumstance, all of the implemented
tests should be repeated with new levels of process
variables which have considerable cost. So, some pre-
tests have been carried out and the levels of parameters
determined.

The important object in laser cutting is the effect of
simultaneous variation of process parameters. For this
purpose, the design of experiments (DOE) techniques
have been utilized. Because the aim is the identification
of the role of parameters, the RSM has been utilized. The
list of experiments (15 tests) is shown in Table 2. The
tests were determined according to the Box-Behnken
approach in Minitab Software.

The laser beam was produced by a Ressi laser beam
(RT1310U) machine which is a CO, source, continuous
wave machine. The PMMA sheet was placed on the table

TABLE 1. The levels of process parameters variation in laser
cutting of PMMA

Process Parameters Value Unit
Laser Power 72 90 108 w

Scanning Speed 10 20 30 mm/s
Laser Beam Diameter 02061 mm

TABLE 2. List of experiments according to RSM

Run Power Scanning speed Beam diameter
Order (W) (mm/s) (mm)
1 90 30 0.2
2 90 10 0.2
3 72 10 0.6
4 90 30 1.0
5 72 20 1.0
6 90 20 0.6
7 90 20 0.6
8 90 10 1.0
9 108 20 0.2
10 108 30 0.6
11 108 10 0.6
12 90 20 0.6
13 72 20 0.2
14 108 20 1.0
15 72 30 0.6

of the laser machine and after irradiation of the laser
beam for 40 mm length, the cutting process stopped and
after moving the laser gun laterally, the next groove with
new cutting parameters will be machined. Figure 1 shows
a schematic view of the cutting cross-section of the laser
beam. At ideal conditions, a square cross-section should
be created but due to the small angular divergence of the
laser beam, a trapezoidal cross-section will be formed.
The kerf geometry consists of two parameters: the top
kerf width (W_t) and the bottom kerf width (W_b).
Therefore, the conical angle of the kerf (o) is defined as
Equation 1.

W, —W,
a=tant| LB
(Mt ) o

where t is the thickness of the sheet.

The roughness was measured by a SURFSCANZ200
surface roughness tester machine. The probe of the
roughness tester machine moves along a path on the
surface and measures the profile of the surface. The
average arithmetic roughness Ra is calculated by the
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Figure 1. Schematic of laser beam kerf

machine and reported as the result of measurement. Some
of the cutting of the PMMA sheet is shown in Figure 2(a).
In addition, the cut specimens were observed by a DP73
OLYMPUS optical microscope, and the kerf width was
measured by the calibrated software of OM. Figure 2(b)
shows some images of kerfs (50X magnification). After
that, the surface roughness was measured at three
different locations along the laser travel direction, and the
average of them is reported as the final result of the
surface roughness. Figure 3 shows the surface roughness
measurement apparatus. The resolution of the machine is
0.001 pum. The experiments were conducted in 2023 at
the Laser Processing Laboratory of Arak University of
Technology.

3. RESULTS AND DISCUSSION

3. 1. Surface Roughness Variation After
measuring the width of the kerf and surface roughness,
the analysis of results has been carried out by Minitab
software. Table 3 shows the results of ANOVA for
surface roughness designed based on response surface
methodology. The P-Value column (less than 0.05)
shows the significance or effectiveness of each process
parameter. The results show that the scanning speed and
beam diameter are influencing parameters and the power
parameter is not affecting the surface roughness.
Equation 2 shows the fitted equation for the prediction of
surface roughness. The determination factor R? for
surface roughness is 90.85 % which is a good quality
curve fitting. Figure 4 shows the main effect plot for the
roughness of the cut surface. As can be seen in Figure 4,
the beam diameter is a very important parameter of the

(b)
Figure 2. The laser cutting of PMMA sheet a) top view b)
side view (observed by OM)

Figure 3. SURFSCAN200 roughness measurement machine

quality of roughness. Minimum surface roughness is
obtained in 0.3 mm beam diameter and surface roughness
is almost constant in the range of 0.2 to 0.4 mm. The
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TABLE 3. ANOVA results for surface roughness
Adj F-  P-

Source DF AdjSS MS  Value Value
Model 7 155210 2.2173 9.93 0.004
Linear 3 124175 4.1392 18.54 0.001
Power (W) 1 0.2450 0.2450 1.10 0.330
Scanning Speed (mm/s) 1 13613 1.3613 6.10 0.043
Beam Diameter (mm) 1 10.8112 10.8112 48.42 0.000
Square 1 21910 21910 9.81 0.017

Beam Diameter (mm)*Beam

Diameter (mm) 1 21910 21910 9.81 0.017

2-Way Interaction 3 09125 0.3042 1.36 0.330

Power (W)*Scanning Speed

(mm/s) 1 02500 0.2500 1.12 0.325

Power (W)*Beam Diameter 1 5400 06400 287 0.134

(mm)

Scanning Speed

(mm/s)*Beam Diameter 1 0.0225 0.0225 0.10 0.760
(mm)

Error 7 15630 0.2233

Lack-of-Fit 5 0.6030 0.1206 0.25 0.908
Pure Error 2 0.9600 0.4800

Total 14 17.0840

Main Effects Plot for Roughness

_ Power(W) | SconningSpeed(mm/s) | Beam Diameter (mm) |
3.0
=
5 25 /
o
B
20
= ‘i
g /
% 15- - /
10 // -
e A
t 1 I 1 1 T
70 90 11010 20 30 03 0.6 09

Figure 4. Main effect plot for surface roughness

surface roughness increases rapidly for beam diameters
higher than 0.5 mm. The surface roughness increases by
increasing the scanning speed (with a constant slope
line). The laser power has the least effect on the surface
roughness. The surface roughness increases with laser
power too. Because all of the process parameters increase
the surface roughness, the interaction of process
parameters is always positive and increases the surface
roughness. More details about the ANOVA results term
can be found by Montgomery (24).

Roughness =-0.27 +0.0042P +0.178S -7.46D

+4.79D?-0.00139P xS (2)
+0.0556 P x D -0.0188S x D

A similar study was implemented by Huang et al.
(3)on PMMA material. The thickness was 2 mm which is
near the thickness of the current study. The surface
roughness was reported in the range of 0.75 to 3 Ra
surface roughness. The laser power was very low (15-45
W) and the surface roughness increased by increasing the
laser power. However, the results of the current study
show that better surface roughness can be obtained at
higher laser power. The surface roughness also was in the
range of 0.55 to 2.5 for scanning speed varying from 10
to 50 mm/s and the surface roughness increased by
increasing the scanning speed linearly. However, the
results of the current study show that better surface
roughness can be obtained at higher scanning speeds. As
can be seen, the trends are similar, but this study shows
that laser beam diameter is a key factor (most influencing
factor) on the surface roughness and a good quality
surface can be obtained by decreasing the laser beam
diameter. Huang et al. (3) studied the effect of process
parameters (laser power and scanning speed) by varying
one factor at a time and keeping constant the other
parameters while RSM helps to better interpret the effect
of main process parameters and their interactions.

3. 2. Kerf Width Variation The kerf width at the
top and bottom surface behaves a little differently. Tables
4 and 5 show the ANOVA results for kerf width at the
top (Kerf-up) and bottom (Kerf-down) surfaces. The
results of ANOVA were illustrated as a graphical image
in Figure 5 (Pareto chart). It is evident that the laser
power and laser beam diameter are the influential process
parameters and scanning speed is an unimportant
parameter on the kerf width at the top surface. All of the
square terms of process parameters influence process
variables. The interaction of laser power with laser beam
diameter and scanning speed with laser beam diameter
are also important in process parameters on the kerf width
of the top surface. As can be seen, the only insignificant
process parameters are scanning speed and the
interaction of scanning speed with laser power. The
Pareto chart for the kerf width of the bottom surface
shows that the square of laser power is the only
significant process parameter and other process
parameters, interactions, and squares are insignificant.
Equations 3 and 4 show the regression equation for Kerf-
up and Kerf-down width as a full quadratic equation. The
determination factor R2 for Kerf-up and Kerf-down
width is 98.72 and 82.32 % which shows that the
equations can predict the kerf width at the top and bottom
surface with adequate precision.
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Kerf —up =3830 —67.96 P +22.64S —2137D

+0.3375P% ~0.467452 +608.1D? (3)
~0.1079P xS +13.48Px D +7.34Sx D

Kerf — Down =1953-36.3P +11.6S —810D
+0.1880 P2 —0.505S2 +342D?
+0.049P xS +2.76Px D
+5.00SxD

)

The main effect plot for Kerf-up and Kerf-down width is
shown in Figure 6. The Kkerf width at the top surface
decreases by increasing the laser power at first, then it
increases such that the local minimum happens at about
90 W laser power and 0.6 mm beam diameter. The kerf
width increases by increasing the scanning speed at first,
then it decreases. The minimum kerf width at the top
surface happens at 30 mm/s scanning speed. Similar

TABLE 4. ANOVA results for Kerf-up

. . P-

Source DF AdjSS AdjMS F-Value value
Model 9 138877 15430.8 42.97 0.000
Linear 3 8650 2883.5 8.03  0.023
Power (W) 1 4248 42477  11.83 0.018
Scanning Speed 4 y4e9 14889 415  0.097
(mm/s)
Beam Diameter
(mm) 1 2914 2913.9 8.11 0.036
Square 3 87616 292053 81.32 0.000

*
(P\f’v‘;’er (W)*Power ) 44151 441512 122.94 0000
Scanning Speed
(mm/s)*Scanning 1 8066 8066.0 2246 0.005
Speed (mm/s)
Beam Diameter
(mm)*Beam 1 34953  34953.2 97.32 0.000
Diameter (mm)
2-Way Interaction 3 42611  14203.7 39.55 0.001
Power
(W)*Scanning 1 1509 1509.3 420  0.096
Speed (mm/s)
Power (W)*Beam
Diameter (mm) 1 37652 376515 104.84 0.000
Scanning Speed
(mm/s)*Beam 1 3450 34504 9.61 0.027
Diameter (mm)
Error 5 1796 359.1
Lack-of-Fit 3 1499 499.6 337 0237
Pure Error 2 297 148.4
Total 14 140673

489
TABLE 5. ANOVA results for Kerf-down
. Adj  F- P-

Source DF AdjSS MS  Value Value
Model 9 441102 49011 259 0.154
Linear 3 47175 15725 0.83 0.532
Power (W) 1 986 986 005 0.829
Scanning Speed (mm/s) 1 1291.3 12913 0.68 0.447
Beam Diameter (mm) 1 33276 33276 176 0.242
Square 3 35900.7 11966.9 6.31 0.037
Power (W)*Power (W) 1 13703.1 13703.1 7.23 0.043
Scanning Speed
(mm/s)*Scanning Speed 1 94275 94275 497 0.076
(mm/s)
Beam Diameter
(mm)*Beam Diameter 1 11051.8 11051.8 5.83 0.061
(mm)
2-Way Interaction 3 34919 11640 0.61 0.635
Power (W)*Scanning
Speed (mmis) 1 306.3 3063 0.16 0.704
Power (W)*Beam Diameter 1 15654 15824 0.83 0403
(mm)
Scanning Speed
(mm/s)*Beam Diameter 1 1603.2 1603.2 0.85 0.400
(mm)
Error 5 9476.2 1895.2
Lack-of-Fit 3 77477 25826 2.99 0.261
Pure Error 2 17285 864.2
Total 14 53586.4

Pareto Chart of the Standardized Effects
(response is Kerf-up, 0.= 0.05)

Standardized Effect

@

Pareto Chart of the Standardized Effects
(tesponse is Kerf-Down, o= 0.05)

2571

00 05 10 15 20 25 30

Standardized Effect

(b)
Figure 5. The Pareto chart for Kerf width at (a) top and (b)

bottom surface

Name
Power (W)

Scannin Speed (mms)
Beam Diameter (mm)

Name

Pover (W)

Scanning Speed (mas)
Beam Diameter (mm)
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trends have been observed for kerf width at the bottom
surface. The vertical axis of Figure 6 (a) and (b) is the
magnitude of kerf width. As can be seen, the kerf-up
width value is higher than the kerf-down value which
shows the formation of kerf taper angle as shown in
Figure 1.

Figure 7 shows the contour plot and surface plot of
kerf width at the top surface. The interaction of process
parameters shows that the kerf-up width decreases by
increasing the laser power at constant scanning speed,
then it increases and a saddle shape was observed as the
surface response. The interaction of laser beam diameter
with laser power shows that the kerf-up width decreases
by simultaneously decreasing both the laser beam
diameter and laser power and then it increases as shown
in Figure 7 (c). The response surface is like a bowl-
shaped surface which determines a local minimum at 90
W laser power and 0.6 mm laser beam diameter. The
interaction of scanning speed with laser beam diameter
shows that the effect of scanning speed is almost constant
at low and high levels of laser beam diameter (0.2 mm
and 1mm) while the kerf-up width increases at first and
then decreases at 0.6 mm laser beam diameter. The shape
of the response surface of the kerf-down width is similar
to the kerf-up width. The formation of kerf at the top and
bottom surfaces of the sheet are unwanted phenomena

Main Effects Plot for Kerf-up

Power (W) Scanning Speed (mm/s) Beam Diameter (mm)

400

350

300

Mean of Kerf-up

250

200

70 90 110 10 20 30 03 06 09

(a)
Main Effects Plot for Kerf-Down

Power (W) Scanning Speed (mm/s) Beam Diameter (mm)

260

240

220

200

180

160

Mean of Kerf-Down

140

120

100

70 90 110 10 20 30 03 0.6 0.9

(b)
Figure 6. Main effect plot for kerf width at a) top and b)
bottom surface

and finding the behavior of the process output is very
difficult. The statistical analysis of kerf width helps to
determine this sophisticated phenomenon.

Contour Plot of Kerf-up vs Scanning Speed (mm/s), Power (W)
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Contour Plot of Kerf-up vs Beam Diameter (mm), Scanning Speed (mm/s)

1.0
Kerf-up

09 [ ] < 240
W 240 - 270
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E 300 — 330
- 07 W 330 - 360
2 W 360 - 390
E 06 B 30
505 Hold Vaiues
- 04 Power (W) 90
03
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10 135 20 25 30
Secanning Speed (mm/s)
(e)

Surface Plot of Kerf-up vs Beam Diameter (mm), Scanning Speed (mm/s)

Hold Values
Power (W) 90

0e

!} “ s
10 03 Beam Diameter (mn

Scanning Speed (mm/s)

®
Figure 7. Contour plot and surface plot of kerf width at the

top surface for the interaction of a, b) scanning speed with
laser power, c, d) laser beam diameter with laser power, e, f)
laser beam diameter with scanning speed

3. 3. Taper Angle Variation Analysis of variance
had been carried out and the effect of process variables
was determined. The taper angle can be predicted by
Equation 5. Based on ANOVA results, the main effect
plot is shown in Figure 8. The taper angle decreases by
increasing the laser power. The taper angle increases at
first and then it decreases by increasing the scanning
speed. The taper angle decreases at first and then it
increases by increasing the beam diameter. Comparing
Figure 6 with Figure 8, that shows the scanning speed and
laser beam diameter have similar trends in kerf width at
the top and bottom surface and taper angle. But the laser
power is different. Despite increasing the kerf width at
the top and bottom surface, the taper angle decreases.
Increasing the laser power causes a higher material
removal rate (higher melting and evaporating rate) and in
this condition, the surface roughness will increase due to
higher energy absorption.

Taper Angle =11.39-0.146 P +0.112S —12.93D
+0.000382 P2 —0.00332 52

+2.20D% —0.00000P x S
+0.1095P x D +0.0239S x D

(®)

Main Effects Plot for Taper Angle

9 Power (W) Scanning Speed (mm/'s) | Beam Diameter (mm)
13 \ \ [
s M
El A \
Z 16 kN \
:= 13 \\ pu S
Z 14 7
3 \
= 13 A
!
12
11
10 — 1 1
T0 20 110 10 20 30 03 0.6 09

Figure 8. Main effect plot for taper angle

Figure 9 shows the contour plot and surface plot of
the kerf taper angle. The results show that the taper angle
increases at first then it decreases at different scanning
speeds. Also, the taper angle decreases slightly by
increasing the laser power. Maximum taper angle
obtained at low laser power and moderate scanning
speed. The taper angle decreases by increasing the laser
power at a low beam diameter, but the taper angle
increases by increasing the laser power at a high beam
diameter. Minimum taper angle obtained at high laser
power and low beam diameter. The interaction of laser
beam diameter and scanning speed forms a saddle-
shaped surface. Increasing the scanning speed increases
at first, then it decreases. By increasing the beam
diameter, the taper angle decreases at first, then it
increases. Minimum taper angle obtained at high
scanning speed and moderate beam diameter. The
contour plot and surface plot show the complex
interaction of the process variables and the minimum
should be determined by optimization. Optimization by
the Minitab software shows that the minimum bending
angle will be obtained at high laser power (108W), high
scanning speed (30 mm/s), and low beam diameter (0.2
mm) if the taper angle is the only target of optimization.
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Figure 9. Contour plot and surface plot of kerf taper angle
by a, b) scanning speed with laser power, c, d) laser beam
diameter with laser power, e, f) laser beam diameter with
scanning speed

At last, it should be noted that using RSM helps to
interpret the results of statistical analysis better than the
full-factorial design of experiments. In the full-factorial
data analysis, the trend of variation should always be
positive or negative (increasing or decreasing functions).
But, as we can see in Figures 4, 6, and 8, the process
output mostly increases at first, then it decreases or vice
versa. So, using RSM can better predict the variation of
the process output. While the number of experiments (15
experiments) is also lower than the full-factorial design
(27 experiments). It should be noted that the data analysis
by statistical tools helps the researchers to introduce a
semi-empirical semi-analytical equation that is reliable in
the range of the process parameters variation. In other
words, regardless of the non-linear behavior of the
process output, a quadratic equation can describe the
trends of output change.

3. 4. Optimized Process Conditions The effect
of process variables is complicated in laser cutting. The
effect of each variable and the interaction of the process
variables is discussed in the previous section. Finding the
optimum condition needs special considerations. The
taper angle is calculated according to the value of kerf
width at the top and bottom surfaces. So, the minimum
taper angle will not happen at the minimum kerf width at
the top surface (kerf-up) and kerf width at the bottom
surface (kerf-down). Figure 10 shows the condition of
minimum kerf-up and kerf-down width. The results show
that if the laser power was 88 W, the scanning speed was
30 mm/s, and the beam diameter was 1 mm, the minimum
kerf-up and kerf-down width would be obtained. In these
conditions, the kerf-up, kerf-down width, and kerf taper
angle will be 215.7 pm, 109.5 pum, and 1.07 °,
respectively. The average surface roughness Ra will be
1.23 um which is a coarse surface roughness. The taper
angle of the kerf will not be the minimum. Figure 11
shows the optimized condition for obtaining minimum
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surface roughness and minimum Kkerf taper angle
simultaneously. The optimized condition for minimum
surface roughness and minimum kerf taper angle is 106.5
W laser power, 10 mm/s scanning speed, and 0.2 mm
beam diameter. The surface roughness and kerf taper
angle at optimized conditions will be 0.38 um and 0.809
° respectively. In this situation, the kerf-up and kerf-
down width will be 383.7 and 258.8, respectively.
Different attitudes can be selected in the optimization
of process variables. Minimizing all four parameters
leads to a narrow kerf but the surface roughness will be
coarse comparatively. One of the best choices for
optimization is minimizing the kerf-up and kerf-down
width and minimizing the surface roughness (Figure 12).
The results show that the process variables should be set
as 87 W laser power, 10 mm/s scanning speed and 0.54
mm beam diameter to optimize the surface roughness
(0.570 um), kerf-up width (250 um) and kerf-down width
(143 pum). In this condition, the taper angle will be 1.25°.
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Figure 10. Optimized condition of kerf width at the top and
bottom surfaces
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Figure 11. Optimized condition of surface roughness and
kerf taper angle
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At the end, it should be noted that the attitude of this
research was to find a regression equation between the
process parameters and output parameters. ANOVA
helps to identify the trend of variation and this was a
cognitive process. So, no improvement existed to be
discussed quantitatively. The main achievement of this
article is finding the equations of output variables and
determining the effect of the main and interactions of the
process variables.

4. CONCLUSION

In this study, the laser cutting of thin PMMA sheets has
been investigated using RSM. The analysis of variance
has been utilized to investigate the effect of process
variables and their interactions on surface roughness, kerf
width, and taper angle. The results show that the beam
diameter is the most influential process variable on
surface roughness and minimum surface roughness will
be obtained at 0.3 mm beam diameter. The minimum
kerf-up and kerf-down width were obtained at about 90W
laser power, 0.6 mm beam diameter, and 30 mm/s
scanning speed. Increasing the laser power reduces the
kerf taper angle of the cut surface and the minimum taper
angle can be obtained at 0.6 mm beam diameter and 30
mm/s scanning speed. The surface roughness decreases
by decreasing the laser power and scanning speed. Multi-
objective optimization shows that the optimized
condition for minimum surface roughness, kerf-up, and
kerf-down width was obtained by setting the process
parameters as 87 W laser power, 10 mm/s scanning
speed, and 0.54 mm beam diameter.
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