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lication of surface heat treatment
for CO2 continuous laser ablation of polymeric
methyl methacrylate materials†

Song Cai,‡abc Wenhao Liu, ‡b Da Chen,d Fan Yu,e Nengru Taoa and Junfeng Man*a

Based on the influence of a filamentous laser Gaussian heat source and its movement speed on Polymeric

Methyl Methacrylate materials (PMMA sheets), the physical model of heat transfer of PMMA materials by

CO2 continuous laser ablation was established. Numerical simulation research on heat transfer in CO2

continuous laser processing of PMMA sheets was carried out by applying the heat transfer model, and

experiments on continuous laser processing of PMMA sheets were conducted on the basis of the

numerical simulation results. Theoretical and experimental research indicated that under relevant

conditions, when the laser power was 20 W, the maximum surface temperature of PMMA sheet was

approximately 520 K, which was higher than the melting temperature of the PMMA material, achieving

the transformation of the PMMA material from solid to liquid phase in the laser ablation area. When the

laser power was 40 W, the CO2 continuous laser could vaporize the PMMA material, cracking the

polymer structure of polymethyl methacrylate. When the laser power was 80 W, the maximum surface

temperature of the PMMA sheet was approximately 1300 K, and the processing efficiency of CO2

continuous laser ablation of the PMMA material was the highest. The above research provided

theoretical guidance and process optimization for the research of CO2 continuous laser ablation of

PMMA sheets. The consistency between the experimental results and the numerical simulation results

demonstrated the correctness and feasibility of the theoretical model, which has certain universality and

reference value for the optimization research of laser processing non-metallic materials and polymer

materials.
1 Introduction

As humanity enters the era of polymers, polymer materials have
become an important material type like metal materials and
inorganic non-metallic materials, playing an important role in
various elds, permeating people's clothing, food, housing, and
transportation as well as industrial and agricultural production.
Acrylic acid, also known as Polymeric Methyl Methacrylate
(referred to as PMMA), is made by polymerization of methyl
methacrylate monomers. Acrylic materials play an important
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role in replacing glass in the elds of building lighting, sanitary
appliances, and other elds with their excellent weather resis-
tance, high transmittance, low density and other advantages.1–3

However, the production of acrylic materials is difficult due to
the complex production processes and numerous restrictions,
and there is difficulty in controlling product quality during
mass production, resulting in low yield and signicantly
increased production costs. In addition, when processing
PMMA sheets by traditional mechanical methods, there are
oen shortcomings such as burrs, uneven cutting edges, and
low processing efficiency. Therefore, the current development
of PMMA sheets is mainly limited by their integrated forming
effect and the shape accuracy aer processing. The production
methods of PMMA are divided into various methods, such as
impregnation, injectionmolding, extrusion, and rolling. During
the production of PMMA materials, bubbles are prone to occur
due to factors such as high injection temperature and speed.
Uneven cooling during the production process oen leads to
process defects such as warping and deformation of PMMA
materials.4

As a new green processing technology, the laser processing
method improves the integrated processing and forming effect
of PMMA sheets signicantly due to its characteristics of high
RSC Adv., 2024, 14, 1909–1923 | 1909
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Fig. 1 Schematic diagram of physical phenomena during laser abla-
tion process.
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precision, high efficiency, and no environmental pollution,
which signicantly improves the integrated processing and
forming effect of PMMA sheets. The continuous laser has
a stable working state, that is steady state. The particle number
of each energy level in the continuous laser and the radiation
eld in the cavity have a stable distribution, which can continue
in a continuous manner for a long period of time. It is suitable
for processing non-metallic materials and polymer materials.
Hu et al.5 used a femtosecond laser to engrave point by point
Bragg gratings on PMMA bers, and researched the grating
stability at room temperature and high temperature. In order to
improve the surface energy and hydrophobicity of PMMA
materials, Amirabad et al.6 applied TiO2 on the surface of PMMA
materials and compared it with uncoated PMMAmaterials. This
research found that TiO2 could effectively improve the surface
performance of PMMA materials. Sohan Dudala et al.7 fabri-
cated the microchannels on PMMA by using a CO2 laser with
a wavelength of 10.6 mm, recorded the surface prole each of the
fabricated channel, and established parameters by analyzing
the data to obtain channels corresponding to specied width
and depth. They focused on the conclusion that acetone and
DCM affected the surface prole and features of microchannels
through experimental analysis. Shashi Prakash et al.8 discussed
the fabrication of microchannels on PMMA substrate in detail,
and found that CO2 laser machining could be utilized to create
microchannels with different cross-sections on PMMA
substrates successfully. The publicly published research works
worldwide mainly focused on the process research of contin-
uous laser processing PMMA sheets and the microscopic work
of manufacturing different structures on the surfaces. However,
there are few reports on the research on the ablation mecha-
nism of continuous laser processing PMMA materials and the
heat transfer physical models of their interaction processes.

The process of continuous laser ablation of PMMA plate is
essentially different from the mechanism of pulsed laser abla-
tion. Continuous laser can work in a continuous manner for
a long period of time, and its output power remains unchanged.
It is necessary to consider the effect of continuous accumula-
tion of serial energy during laser ablation on thermal energy.
Therefore, based on the inuence of lamentous Gaussian heat
source and its ablation movement speed on the temperature
eld of PMMA sheet during CO2 continuous laser ablation
process, a heat transfer physical model for continuous laser
ablation of PMMA sheet was established, and the model was
applied for heat transfer numerical calculation to obtain the
laser power density range for ablation of PMMA sheet under
relevant conditions. Based on the numerical results of heat
transfer, a combination of different laser output powers, defo-
cusing amount of laser, and laser beam movement speed was
constructed,7–9 and experiments for CO2 continuous laser
ablation of PMMA sheets were carried out. The topography and
surface roughness values of PMMA sheets aer laser ablation
were observed, the inuence of laser process parameters on the
processing quality of the surface of PMMA materials was
explored, and the variation law of hole diameter and depth with
defocusing amount and the change evolution of PMMAmaterial
ablation quality were obtained, both of which reached the
1910 | RSC Adv., 2024, 14, 1909–1923
minimum diameter and maximum depth values at the defo-
cusing amount of 0. The above research patterns could provide
process optimization for CO2 continuous laser processing of
PMMA materials. Theoretical and experimental studies showed
that CO2 continuous laser could process PMMA sheets effi-
ciently, and the experimental results not only veried the
correctness and feasibility of the theoretical model, but also had
certain universality and reference value for the optimization of
continuous laser processing of non-metallic and polymer
materials.
2 Physical model of heat transfer for
CO2 continuous laser ablation of
PMMA materials
2.1 Temperature eld simulation of fast moving laser
ablation with a lamentous Gaussian heat source

During the process of CO2 continuous laser ablation of PMMA
sheets, the sheets were xed on the operating table, and the
laser could move on the XY plane, which had a linear velocity of
movement. Due to the Gaussian distribution of incident laser
energy,10–12 the laser energy density corresponding to the
continuous laser action on various points on the surface of
PMMA material is different. Unlike pulsed lasers that only
release laser energy within a single pulse width, CO2 continuous
lasers have continuous laser energy during the process of
ablation of PMMA materials.13,14 The velocity of laser beam
translation directly affects the amount of energy absorbed by
a certain ablation point on the surface of the material, and
ultimately affects the ablation threshold of PMMA materials.
Therefore, for the temperature eld simulation of CO2 contin-
uous laser ablation of PMMA sheets, it was necessary to modify
the heat source term to a lamentous Gaussian heat source, as
shown in Fig. 1.

The energy of a CO2 continuous laser beam exhibits
a Gaussian distribution in both time and space, and the laser
energy density is higher in the center of the laser beam and
gradually decreases along the Gaussian contour as the laser
beam radius increases.15–17 If the ablation distance of the
continuous laser on the PMMA sheet was set to L, its linear
velocity of movement was v, and the diffusion and transfer
distance of thermal energy on the ablation surface of the sheet
could be regarded as innite. Therefore, the thermal energy
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05391a


Table 1 Parameter table

Parameter content Name Symbol/unit
Numerical
value Name Symbol/unit

Numerical
value

Thermophysical
parameters of the PMMA

Atomic mass m/kg 1.661 × 10−25 Specic heat capacity l/(J kg−1 K−1) 1420
Density rs/(kg m−3) 1180 Melting temperature Tm/K 403.15–413.5
Thermal conductivity ks/(W m−1 K−1) 0.189 Gasication temperature Tv/K 543.15
Thermal diffusivity g/(m2 s−1) 11 × 108 Absorption coefficient b 0.92

Calculation parameters Laser wavelength l/nm 1064 Spot diameter D/mm 562
Electron mass me/kg 9.1 × 10−31 Laser output power P/W 100
Table stroke l/mm 1300 × 900 Lighting time t/s−1 0.5
Atmospheric pressure — 50% Lighting mode — Spotting/ablation
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absorbed by the sheet surface was equal to the total heat output
by the laser under this condition. It can be inferred that the
expression for the laser energy density of CO2 continuous laser
beam is: (see Appendix A)

qðrÞ ¼ Pffiffiffiffiffiffi
2p

p
sv

exp

 
� ðr� s=2Þ2

2s2

!
(1)

2.2 Heat transfer physical model

Considering the interaction process between CO2 continuous
laser and PMMA material, based on the Fourier heat transfer
basic model,18–20 a lamentous Gaussian heat source term was
introduced, and the inuence of laser beam horizontal
displacement line velocity was considered to establish a heat
transfer physical model for CO2 continuous laser ablation of
PMMA material. The initial condition was set to approximately
300 K at room temperature, the heat energy transmission at the
surface of PMMA plate was the absorption of laser energy by the
material surface, and there was no further heat energy trans-
mission at the maximum ablation depth of the sheet.21–23 The
nite-difference time-domain method was used to study the
heat transfer physical model and boundary conditions,24,25 and
establishing a grid Fourier number, the heat transfer physical
model of CO2 continuous laser ablation of PMMA material was
established as follows:26,27 (see Appendix A)

Ti
jþ1 ¼ F01Tiþ1

j þ ð1� 2F01ÞTi
j

þF01Ti�1
j þ Dt

rc

bPffiffiffiffiffiffi
2p

p
sv

expð�biDlÞexp
 

� ðjDt� s=2Þ2
2s2

!
(2)

2.3 Numerical simulation and analysis

The mentioned above heat transfer difference eqn (2) was used
to perform numerical simulation. Combined with the thermo-
physical parameters of PMMA material (Table 1) and related
calculation parameters (Table 1), the temperature evolution law
of CO2 continuous laser ablation of PMMA material could be
obtained by setting the laser beammovement velocity to 90 mm
s−1 and keeping it constant, and the laser power to 20 W, 40 W,
60 W, and 80 W, respectively, as shown in Fig. 2.

The temperature change of CO2 continuous laser ablation of
PMMA material is shown in Fig. 2(a). When the laser beam
© 2024 The Author(s). Published by the Royal Society of Chemistry
moved at velocity of 90 mm s−1 and the laser power reached
20 W, the maximum temperature of PMMA material was
approximately 520 K, which was higher than the melting
temperature of PMMA material (413.5 K), but could not reach
the gasication temperature (543.15 K). It indicated that when
the laser was at a low power of 20 W, the PMMA sheet in the
ablation area could be locally melted, enabling it to complete
the transition from solid to liquid phase, and producing abla-
tion effect on the material surface. Fig. 2(b) and (c) show that
when the laser power was gradually increased to 40W and 60W,
and the moving velocity of the laser beam was kept constant at
90 mm s−1, the surface temperature of PMMA sheet was
approximately 815 K and 1080 K, respectively, which were much
higher than the gasication temperature at this time. These
results showed that under this laser power, CO2 continuous
laser could vaporize PMMA material, cracked the polymer
structure of polymethyl methacrylate, so as to separate from the
surface of the plate, and achieved the ablation effect. Fig. 2(d)
shows that when the laser beam moved at velocity of 90 mm s−1

and the laser power reached 80 W, the maximum surface
temperature of PMMA sheet was approximately 1300 K. Under
this process condition, the CO2 continuous laser ablation of
PMMA sheet had the highest processing efficiency. Moreover,
due to the high laser beammovement velocity, the surface effect
of PMMA sheet was the smallest due to the thermal accumu-
lation effect of the laser beam and the CO2 continuous laser
ablation effect was the best.

3 Experimental equipment and
methods

Fig. 3 shows the experiment process ow chart of CO2 contin-
uous laser ablation PMMAmaterial. The size of the PMMA sheet
in the experiment was: 200 mm (long) × 150 mm (width) ×
2 mm (thick). The average laser output power was 10–100W, the
scanning velocity was 0–100 mm s−1, and the laser wavelength
was 1064 nm. Fig. 3 showed that the high-energy laser beamwas
focused by the internal lens of the laser ablation head and then
vertically incident to the surface of PMMA sheet, PMMA sheet
was xed on the operatingmachine, the programwas set to scan
and move the laser on the two-dimensional moving plane of the
X and Y axes to complete the pitting and engraving operations.
During the ablation process, the laser systemwas equipped with
RSC Adv., 2024, 14, 1909–1923 | 1911

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05391a


Fig. 3 Experiment process flow chart of continuous laser ablation of
PMMA material.

Fig. 4 Comparison of ultrasonic cleaning effects.

Fig. 2 Temperature changes in the CO2 continuous laser dressing
PMMA material. (a) Laser power: 20 W, velocity: 90 mm s−1; (b) laser
power: 40 W, velocity: 90 mm s−1; (c) laser power: 60 W, velocity:
90 mm s−1; (d) laser power: 80 W, velocity: 90 mm s−1.

Table 2 Parameters of laser ablation processing

Name Numerical values

Laser wavelength l/
nm

1064

Laser power P/W 100
Workbench stroke l/
mm

1300 × 900

Light output time t/s 0.5
Air pressure 50%
Luminous mode Spotting
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View Article Online
an air extraction device to discharge the generated toxic gas to
prevent environmental pollution.

Aer ultrasonic cleaning of PMMA sheets aer CO2 contin-
uous laser ablation, the impurity particles attached to the pit
surface of PMMA sheets by laser falled off and entered the
water, making the liquid turbid. The cleaning effect is shown in
Fig. 4. Aer the dirt on the surface of the board was thoroughly
removed, it was dried to ensure that there were no water stains
on the surface. Finally, low-pressure mercury/sodium lamp with
1912 | RSC Adv., 2024, 14, 1909–1923
optical microscope and system of three-dimensional ultra-
depth-of-eld were used to observe the topographic and
geomorphic characteristics of PMMAmaterial surface aer CO2

continuous laser ablation, and the data such as pit diameter
and depth were obtained by computer.

4 Results and discussion
4.1 Change evolution law of small hole diameter with
defocusing amount

The laser parameter settings for continuous laser processing of
PMMA sheets are shown in Table 2. Based on the regulation of
the upper scale of the Z-axis focusing device of the laser ablation
head, the starting point was the “1.6 cm” of the middle scale of
the focusing device. The defocusing amount was 16 mm, and
the distance between each movement was 2 mm. Repeat the
experiment 12 times to cover three situations: positive defocus,
zero defocus, and negative defocus. The CO2 continuous laser
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 PMMA sheet after CO2 continuous laser shot where the defo-
cusing distance is (a) 14mm; (b) 12mm; (c) 10mm; (d) 8mm; (e) 6mm; (f)
4 mm; (g) 2 mm; (h) 0 mm; (i)−2 mm; (j)−4 mm; (k) −6 mm; (l) −8 mm.

Table 3 The diameter of the small hole after laser engraving d1 and d2

Defocusing amount
x/mm Diameter d1/mm Diameter d2/mm

12 2013 � 201 1948 � 195
10 1857 � 186 1950 � 195
8 1744 � 174 1704 � 170
6 1667 � 167 1615 � 162
4 1351 � 135 1399 � 140
2 1140 � 114 1111 � 111
0 1066 � 107 1024 � 102
−2 1154 � 115 1157 � 116
−4 1667 � 167 1544 � 154
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spotting operation on PMMA sheets was completed under
different parameters, with light output time of 0.5 s. Based on
the experimental parameters in Table 2, the PMMA sheet aer
CO2 continuous laser irradiation is shown in Fig. 5.

The topography of surface of PMMA sheets aer ablation
were observed by the system of three-dimensional ultra-depth-
of-eld (×50 times), and the diameter of the small hole on the
surface of PMMA sheets was measured with defocusing
amounts of 12 mm, 10 mm, 8 mm, 6 mm, 4 mm, 2 mm, 0 mm,
−2 mm, and −4 mm, respectively.

Due to the inuence of equipment processing accuracy, the
laser equipment did not engrave a regular circular shape on the
PMMA sheets, as shown in Fig. 5. Therefore, selecting the
diameter in any direction of the ablation circular hole cannot
effectively represent the aperture size. In order to ensure the
accuracy of data measurement and reduce aperture measure-
ment errors, it is necessary to measure multiple sets of data to
obtain an average value to represent the size of the surface
diameter of the ablation hole. Based on the above consider-
ations, the scale d1 of the engraving hole aperture from the top
le direction to the bottom right direction, and the scale d2
from the bottom le direction to the top right direction were
selected to measure, as shown in Fig. 6.

The PMMA sheet aer continuous laser ablation was placed
on the observation platform of the three-dimensional ultra deep
microscopy system, and the ablation holes were adjusted to be
placed in the center of the eld of view. The three-dimensional
Fig. 6 Method for measuring circular small holes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
ultrasound microscopy system could take photos of them and
display them through a computer. Aer determining the
endpoints to be measured for d1 and d2, the surface diameter of
each ablation pit could be read from the computer and display
the scale. The specic data is shown in Table 3.

The average diameter of the approximate circle of the small
hole was obtained from eqn (3):

davg ¼ 1

2
ðd1 þ d2Þ (3)

Through calculation, the numerical results were as follows:
1980± 198 mm, 1903± 190 mm, 1724± 172 mm, 1641± 164 mm,
1375 ± 138 mm, 1125 ± 113 mm, 1045 ± 105 mm, 1155 ± 116 mm
and 1606 ± 161 mm, respectively. The error was approximately
10%, mainly caused by experimental instrument error, envi-
ronmental error, and measurement error. The variation law of
the average diameter of small holes with defocusing amount is
shown in Fig. 7, and the vertical axis represents the aperture, in
units of mm, and the horizontal axis represents the defocusing
amount, in units of mm.

From the evolution law of the average diameter (davg) of the
small hole with the defocusing amount, it could be seen that
when the defocusing amount gradually decreased from 12 mm
to 2 mm, that is when the defocus position changed from
Fig. 7 Variation law of the diameter of the small hole with the defo-
cusing amount.

RSC Adv., 2024, 14, 1909–1923 | 1913
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Table 4 Laser power density corresponding to different laser spot
diametersa

Defocusing
amount (x)/mm

Diameter of the
laser spot (d)/mm

Laser power density
(I0)/(W mm−2)

12 1980 32.5
10 1903 35.1
8 1724 42.8
6 1641 47.2
4 1375 67.3
2 1125 100.4
0 1045 116.5
−2 1155 95.3
−4 1606 49.3

a The laser power is all 100 W.
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positive to zero, the diameter reduced from 1980 mm to 1125
mm. When the defocusing amount decreased to 0 mm, the
diameter was the smallest, approximately 1045 mm. It could be
approximated as the diameter of the laser beam focal spot. In
the negative out-of-focus area, as the defocusing amount
increased from zero defocus position to 4 mm, the diameter
increased again from 1155 mm to 1606 mm. Considering the
calculation formula for laser power density:

I0 ¼ 4P

pd2
(4)

In the formula, I0 is the power density of CO2 continuous
laser, W mm−2; P is the laser power, W; d is the diameter of the
laser spot, mm. When the laser power was 100 W and the laser
spot diameter were 1980 ± 198 mm, 1903 ± 190 mm, 1724 ± 172
mm, 1641± 164 mm, 1375± 138 mm, 1125± 113 mm, 1045± 105
mm, 1155± 116 mm and 1606± 161 mm, the corresponding laser
power density values were shown in Table 4.

From Table 4, it could be seen that as the diameter of the
laser spot (d) decreased from 1980 mm to 1125 mm, the laser
power density (I0) gradually increased from 32.5 W mm−2 to
100.4 W mm−2, and the maximum laser power density (I0max)
was obtained at the minimum spot diameter of 1045 mm, with
a value of 116.5 W mm−2. When the diameter of the laser spot
increased to 1606 mm, the laser power density decreased to
49.3 W mm−2. Therefore, when the laser power is constant, the
laser power density is inversely proportional to the diameter of
the laser spot, and the maximum laser power density can be
obtained when the diameter of the laser spot is the smallest. In
summary, in order to improve laser energy utilization and
processing efficiency and avoid laser energy waste, the
minimum laser spot should be selected, which is the diameter
of the laser beam focal spot (approximately 1045 mm). At this
point, the Z-axis adjustment distance was 3.2 cm.
Fig. 8 Surface topography map of continuous laser ablation of PMMA
material where the defocusing distance is (a) 14 mm; (b) 12 mm; (c) 10
mm; (d) 8mm; (e) 6mm; (f) 4mm; (g) 2mm; (h) 0mm; (i)−2mm; (j)−4
mm; (k) −6 mm; (l) −8 mm.
4.2 Change evolution law of hole depth with defocusing
amount

To obtain the change evolution law of hole depth with defo-
cusing amount, the same experimental steps as shown in
1914 | RSC Adv., 2024, 14, 1909–1923 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Section 4.1 can be performed. The CO2 continuous laser spot-
ting operation on PMMA sheets under different parameters was
completed, with a laser output time of 0.5 s. The topographic
and geomorphological characteristics of the surface of PMMA
sheets were observed by the system of three-dimensional ultra-
depth-of-eld (×50 times), and the depths of the holes were
measured. The measurement error was approximately 10%, due
to the fact that the acrylic plate is a transparent material and
was limited by laser experimental equipment and the accuracy
of the system of three-dimensional ultra-depth-of-eld, result-
ing in instrument errors. Fig. 8(a–l) shows the surface topog-
raphy of PMMA materials with defocusing amounts (x) of 14
mm, 12mm, 10mm, 8mm, 6mm, 4mm, 2mm, 0mm,−2mm,
−4 mm, −6 mm, and −8 mm, respectively. In the topographic
map of PMMA material surface captured under the system of
three-dimensional ultra-depth-of-eld, there were a certain
degree of uctuation around the holes, due to factors such as
dust scattering in the air on the test sample.

When the defocusing amount (x) was 14 mm, 12 mm, 10
mm, 8 mm, 6 mm, 4 mm, 2 mm, 0 mm, −2 mm, −4 mm, −6
mm, and −8 mm, respectively, the depth of the surface pits was
1000± 100 mm, 1003± 103 mm, 1372± 137 mm, 1577± 158 mm,
1636± 164 mm, 1758± 176 mm, 1807± 181 mm, 1908± 191 mm,
1766± 177 mm, 1719± 172 mm, 1479± 148 mm, and 1435± 144
mm, respectively. The variation law is shown in Fig. 9.

The hole depth of PMMA material ablate CO2 continuous
laser is: H = H(d,v,P). The relationship indicates that the
parameters that affect the depth of surface hole erosion of
PMMA materials are laser spot diameter (d), continuous laser
Fig. 9 Variation law of the hole depth with the defocus amount.

Table 5 Laser process parameters

Name Unit Numerical value

Laser wavelength l/nm 1064
Defocusing amount x/mm 0
Laser beam movement velocity v/(mm s−1) 20/40/60/80/100
Target graphic dimensions l/mm 70 × 28

© 2024 The Author(s). Published by the Royal Society of Chemistry
scanning velocity (v), and laser power (P). As shown in Fig. 9,
when the laser power and laser beam scanning velocity were
constant, the diameter of the laser spot gradually decreased
with the decrease of defocusing amount, and the overall hole
depth showed an increasing trend. When the defocusing
amount (x) decreased from 14 mm to 2 mm, the depth of the
small hole increased gradually from 1000 mm to 1807 mm.When
the defocusing amount (x) decreased to 0 mm, the depth of the
small hole reached its maximum, approximately 1908 mm. Its
depth was close to the thickness of PMMA sheet, and the laser
was about to penetrate the sheet. In the negative out-of-focus
are, as the defocusing amount increased from zero defocus
position to 8 mm, the depth of the small hole reduced again,
approximately from 1766 mm to 1435 mm.
4.3 Change evolution law of PMMAmaterial ablation quality

Based on the above experimental conclusions, in order to
improve the processing accuracy of CO2 continuous laser abla-
tion of PMMA materials and the utilization of laser energy, the
Z-axis offset was selected as 3.2 cm, the defocusing amount was
0 mm, and the laser spot diameter was the smallest, approxi-
mately 1045 mm. The calculation formula for laser power
density is shown in eqn (4), when the laser power of 20 W, 40 W,
60 W, 80 W, and 100 W were selected, the corresponding laser
power densities were 23.3 W mm−2, 46.6 W mm−2, 69.9 W
mm−2, and 93.2 W mm−2, respectively. Repetitive experiments
of CO2 continuous laser ablation on PMMA sheets under cor-
responding parameters were carried out, as shown in experi-
ment 2 in Fig. 3. The laser process parameters were set as shown
in Table 5.

4.3.1 Experiment on low-pressure mercury/sodium lamp
with optical microscope. In the process of CO2 continuous laser
ablation of PMMA sheet, polymethyl methacrylate was heated
and decomposed into methyl methacrylate monomer under the
action of high-energy laser beam. Its monomers were scattered
on the surface of PMMA sheets, and methyl methacrylate
monomers aggregated to form white solid powder and adhered
to the surface of the ablation holes due to the high temperature
effect, causing uctuations in the surface contour of the holes
and affecting the surface quality of PMMA sheets. The low-
pressure mercury/sodium lamp is an electrical light source
that utilizes visible light generated by low-pressure sodium
vapor discharge, with a luminous rate of up to 200 lm per W,
making it the highest luminous rate among point light sources.
The low-pressure mercury/sodium lamp lighting system can
emit strong monochromatic yellow light, and the sodium lamp
source can penetrate the white powder generated at the ablation
Name Unit Numerical value

Laser power P/W 20/40/60/80
Laser power density I0/(W mm−2) 23.3/46.6/69.9/93.2
Atmospheric pressure — 50%
Light output method — Engraving

RSC Adv., 2024, 14, 1909–1923 | 1915
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Fig. 10 Surface morphology of PMMA sheet observed under low-
pressure mercury/sodium lamp with optical microscope.

Fig. 11 Schematic diagram of surface roughness measuring device.

Fig. 12 Variation law of surface roughness value (Ra) with laser power
density and laser beam movement velocity.
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site without color difference in the eyes. It has high resolution
and good contrast, providing a good observation environment
for optical microscopes. The magnication of the optical
microscope ranges from ×20 times to ×40 times, and the
appropriate observation position is adjusted by manually
adjusting the focusing knob. Therefore, the low-pressure
mercury/sodium lamp lighting system and optical microscope
(Model: Hangzhou Optical Electronic Instrument
Corporation, M STAR GP20-II) were used to observe the surface
morphology of PMMA sheets aer CO2 continuous laser abla-
tion. The surface morphology of PMMA sheets observed by an
optical microscope is shown in Fig. 10 (see Appendix C).

Fig. 10(a)–(d) shows the surface morphology of the interior
and edges of PMMA sheets corresponding to laser power density
of 23.3, 46.6, 69.9, and 93.2 Wmm−2 and laser beammovement
velocity of 30, 60, and 90 mm s−1, respectively. As shown in
Fig. 10, when the laser power density was constant, as the laser
beam movement velocity increased from 30 mm s−1 to 60 mm
s−1, the surface of the PMMA sheet had a smooth matte texture
inside the holes, gradually improving its transparency, and the
Table 6 Surface roughness values under different laser process parame

Laser power density
(I0)/(W mm−2)

Laser beam moving
velocity (v)/(mm s−1)

Surface roughness

Measurement
point 1

23.3 90 4.46
46.6 90 5.00
69.9 90 6.09
93.2 90 4.25

1916 | RSC Adv., 2024, 14, 1909–1923
serrated phenomenon at the edges became more obvious. As
the laser beam movement velocity further increased to 90 mm
s−1, the surface transparency of PMMA sheets decreased again,
and the internal texture of the surface gradually became clear
under low-pressure mercury/sodium lamp with optical micro-
scope. The overlap of the light path during the laser beam
bidirectional engraving increased, the edge serration decreased,
and the curve gradually tended to be smooth. The moving
velocity of the laser beam was controlled at a certain velocity.
With the increase of the laser power density from 23.3 Wmm−2

to 93.2 W mm−2, the internal texture of the holes on the surface
of the PMMA sheet changed from shallow to deep and then to
shallow again. It could be seen that when the laser power
density was small or large, the interior of the holes was relatively
smooth, and the edge curve was relatively at. When the laser
power density was 46.6 W mm−2 or 69.9 W mm−2, the surface
texture caused by the laser beam engraving along the optical
path was obvious and rough, with strong serration at the edges.

4.3.2 Change evolution law of surface ablation quality of
PMMA materials. Due to the difference between the processing
method and material, the depth, density, shape and texture of
the traces le on the surface are different. Therefore, the surface
roughness is one of the important evaluation indicators of the
surface quality of CO2 continuous laser ablation PMMA mate-
rials. Surface roughness refers to the unevenness of the pro-
cessing surface with small spacing and small peaks and valleys,
usually represented by Ra. The smaller the surface roughness,
the smoother the surface. The laser wavelength of CO2 contin-
uous laser was 1064 nm, which belongs to infrared laser.
Thermal depolymerization effect is the main mechanism of
infrared laser ablation of PMMA sheet. Due to the release of
heat under the action of PMMA sheets and lasers, most of the
energy absorbed by photons was converted into heat, and the
ters

values (Ra)/mm

Measurement
point 2

Measurement
point 3

Measurement
point 4

Average
value

4.29 4.55 4.65 4.49
2.85 2.78 4.00 3.66
4.47 3.51 4.90 4.74
3.76 2.41 3.33 3.43

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05391a


Table 7 Calculated value of data stability

Laser power density
(I0)/(W mm−2)

Laser beam moving
velocity (v)/(mm s−1)

Data stability
(S)/(%)

23.3 30 33.58
60 65.77
90 8.02

46.6 30 56.25
60 74.11
90 60.66

69.9 30 35.05
60 88.39
90 54.43

93.2 30 47.24
60 88.52
90 53.64

Fig. 14 CO2 continuous laser ablation of PMMA material process
samples.
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accumulation of heat caused an increase in temperature,
resulting in thermal decomposition and aggregation.28,29During
the interaction between PMMA sheet and laser, the thermal
depolymerization effect should have a certain degree of impact
on the processing quality, including the roughness of the
ablated surface.

In order to explore the inuence of laser process parameters
on the ablation quality, a combination of different laser power
and laser movement velocity was constructed. During the
experiment, 12 different laser parameters were selected for
combination, including three different laser power densities
and four different laser beam moving velocity. The selection of
these variables was based on a certain gradient and interval,
and covered the entire range of laser power density and laser
beam moving velocity that could be selected for continuous
laser equipment as much as possible. Due to the fact that the
laser used in the experiment can be moved on a three-
dimensional displacement platform, the PMMA board was
xed on the operating platform. Each PMMA sheet selected in
the experiment has a size of 150 mm × 200 mm. To ensure that
Fig. 13 Variation law of data stability with laser power density and laser
beam movement velocity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
surface roughness detection equipment can measure the
surface of PMMA sheets aer laser ablation and maximize the
utilization of each experimental sample, our research team
engraved 14 rectangular planes on a complete PMMA sheet,
each of which has the same size as 70 mm × 28 mm.

The portable surface roughness measuring instrument
(Model: Taylor Hobson Surtronic DUO, UK) was used to
measure the surface roughness value of PMMA material aer
CO2 continuous laser ablation. In actual measurement, the
more measurement points there are, the more accurate Ra is.
Therefore, four points in each ablation area, namely bottom
le, bottom right, top right, and top le, were selected as
measurement points 1, 2, 3, and 4, as shown in Fig. 11. The
roughness measuring instrument was placed vertically within
each measuring point, with points 1 and 2 measuring from le
to right, and points 3 and 4 measuring from right to le. The
different surface roughness values within 4 measurement
points were obtained, and then the average surface roughness
value was calculated to reduce the impact of errors.

The laser power density of 23.3 W mm−2, 46.6 W mm−2,
69.9 W mm−2 and 93.2 W mm−2 and the moving velocity of the
laser beam of 30 mm s−1, 60 mm s−1 and 90 mm s−1 were
selected respectively for combination. Based on different
process parameters, CO2 continuous laser ablation of PMMA
materials was carried out. Aer ultrasonic cleaning and drying
(see Appendix B), the surface roughness value was obtained by
measuring instrument as shown in Table 6.

As shown in Table 6, when the laser beammovement velocity
was constant, the change in laser power density did not cause
signicant changes in surface roughness values, and their
uctuations were within the error range. By controlling the laser
power density to a certain extent, the minimum surface
roughness value of approximately 3.43 mm could be obtained at
a laser beam movement velocity of 90 mm s−1, and the
maximum value of approximately 9.27 mm could be reached at
60 mm s−1. Moreover, the change of the laser beam movement
RSC Adv., 2024, 14, 1909–1923 | 1917
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Fig. 15 Ultrasonic cleaning effect under different laser process
parameters.

Fig. 16 Surface morphology of PMMA sheet observed under low-
pressure mercury/sodium lamp with optical microscope.
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velocity could effectively reduce the surface roughness value.
The surface roughness decreased by approximately 39.73%,
60.52%, 48.59%, and 62.84% for the four laser power densities
corresponding to different moving velocities, respectively. The
above conclusion indicated that as the moving velocity of the
laser beam increased, the residence time of the laser beam at
any point in the hole became shorter, resulting in less laser
energy accumulation and smaller thermal effect. The evolution
of surface roughness value (Ra) with laser power density and
laser beam movement velocity is shown in Fig. 12.

During the process of laser ablation, with the increase of
incident laser energy, the temperature increased, and the
inuence component of pyrolytic polymerization effect
increased. When the laser power density was 23.3 Wmm−2, the
surface of the holes was relatively smooth and the trans-
parency was poor. The reason is that the incident laser power
1918 | RSC Adv., 2024, 14, 1909–1923
density was small, and the thermal depolymerization compo-
nent caused by temperature was lower. When the laser power
densities were 46.601 and 69.9 W mm−2, respectively, the laser
energy further increased, the temperature of the processed
surface increased, and the proportion of thermal depolymer-
ization during the ablation process increased. During the
pyrolysis polymerization process, the surface temperature of
PMMA board was relatively high, and the decomposed methyl
methacrylate monomer powder splashed, resulting in a rough
machined surface with a relatively high average surface
roughness (Raavg). The surface temperature of materials
increased with the increase of laser energy density, and the
proportion of thermal depolymerization effect in the ablation
process further increased. When the laser power density was
93.2 W mm−2, the PMMA in a molten state was formed, and it
solidied to form a PMMA glass body aer cooling. Therefore,
the surface of materials was smoother, and the average surface
© 2024 The Author(s). Published by the Royal Society of Chemistry
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roughness (Raavg) decreased compared to lower laser power
density.

The proportion of thermal depolymerization effect in the
ablation process increased with the increase of laser power
density. When the laser power density was high, PMMA mate-
rials in a molten state could be formed and condensed into
PMMA glass body. Under this condition, the ablation surface
roughness value of PMMA sheets was relatively small. In addi-
tion, the moving velocity of the laser beam directly affected the
residence time of the laser beam on the surface of PMMA sheet,
therefore affecting the size of the heat affected area. When the
moving velocity of the laser beam was 60 mm s−1, the PMMA
sheet was irradiated by the laser for a long time, resulting in an
increase in the heat affected area of the surface, uneven laser
energy absorbed by the surface, uneven material removal,
resulting in surface undulation and large surface roughness.
When the moving velocity of the laser beam was 90 mm s−1, the
heat affected area of the PMMA sheet surface was smaller, the
material surface was removed more smoothly, and the surface
roughness was lower.

The surface roughness values of measurement point 1 and
measurement point 4 under 12 different conditions were
generally greater than those of measurement point 2 and
measurement point 3. The reason is that when obtaining
surface roughness data at measurement point 1 and measure-
ment point 4, the roughness measuring instrument measured
the roughness value of the edge of the sample hole, which is
severely affected by thermal effects caused by laser action. Data
stability (S) is an indicator that measures the volatility and
discreteness of data. The smaller the uctuation and dispersion
of data, the higher the stability. Considering the inuence of the
larger edge roughness value on the overall surface roughness,
the data stability (S) should be taken as the basis for judging the
quality of PMMA materials ablated by CO2 continuous laser.
The maximum difference method was selected as a method to
measure the stability of surface roughness data, which is
determined by analyzing the percentage of the maximum and
minimum roughness values to the average roughness value.
Table 8 Surface roughness values under different laser process parame

Laser power density
(I0)/(W mm−2)

Laser beam moving
velocity (v)/(mm s−1)

Surface roughness

Measurement
point 1

23.3 30 5.79
60 9.89
90 4.46

46.6 30 5.98
60 12.41
90 5.00

69.9 30 5.98
60 11.44
90 6.09

93.2 30 5.84
60 12.05
90 4.25

© 2024 The Author(s). Published by the Royal Society of Chemistry
The calculation is simple and can visually observe the volatility
of surface roughness data. The calculation formula is:

S ¼ Ramax �Ramin

Raavg
� 100% (5)

In the formula, Ramax, Ramin, and Raavg are the maximum,
minimum, and average surface roughness values, respectively.
The calculated values are shown in Table 7, and the variation
law of data stability with laser power density and laser beam
movement velocity is shown in Fig. 13.

As shown in Fig. 13, when the laser beam movement velocity
(v) was 60 mm s−1, the data stability (S2) at any laser power
density was greater than 60%, higher than S1 and S3. The
maximum value of data stability occurred at a laser power
density (I0) of 93.2 W mm−2, which was approximately 88.52%.
When the laser power density (I0) was 23.3 W mm−2 and the
laser beammovement velocity (v) was 90 mm s−1, the minimum
data stability value of 8.02% was obtained, which had the
optimal data stability, minimal data uctuation and dispersion.
Under the composite pattern of laser process parameters, the
surface of the engraved PMMA sheet had little uctuation and
relatively stable, and at terrain could be obtained.
4.4 Application of laser processing technology

Based on the above change evolution law of diameter and depth
of the hole with defocusing amount, it is found that in the
process of CO2 continuous laser processing of PMMAmaterials,
adjusting the defocusing amount to 0 mm can ensure the
utilization of laser energy, minimize the cutting seam, and
improve the shape accuracy of PMMA materials. Based on the
change evolution law of PMMA material ablation quality, when
the laser power density of 23.3 W mm−2 and the laser move-
ment velocity of 90 mm s−1 were selected, the CO2 continuous
laser processing of PMMA material ablation quality was ideal.
Fig. 14 shows the PMMA material process sample processed by
using this laser process parameter combination. As shown in
Fig. 14, the concave surface of PMMA material uctuates stably
ters

values (Ra)/mm

Measurement
point 2

Measurement
point 3

Measurement
point 4

Average
value

5.22 4.21 5.99 5.30
5.02 4.99 9.89 7.45
4.29 4.55 4.65 4.49
3.74 4.16 6.62 5.12
5.54 9.82 9.33 9.27
2.85 2.78 4.00 3.66
4.21 4.34 5.67 5.05
8.33 4.48 12.63 9.22
4.47 3.51 4.90 4.74
4.80 3.95 6.43 5.25
6.59 5.06 13.23 9.23
3.76 2.41 3.33 3.43

RSC Adv., 2024, 14, 1909–1923 | 1919
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and the roughness was not high. Ablating PMMA material in
this composite pattern of laser process parameters could obtain
the most ideal laser processing.
5 Conclusion

In the paper, the physical process of CO2 continuous laser
ablation of Polymeric Methyl Methacrylate materials from both
theoretical and experimental perspectives, and the factors that
affect the quality of laser processing were analyzed. The specic
conclusions were as follows:

(1) based on the theoretical model and simulation analysis, it
could be concluded that under the condition of a constant laser
beammovement speed of 90 mm s−1, when the laser power was
20 W, the transformation of PMMA materials from solid to
liquid phase in the laser ablation area was achieved. When the
laser power was 40 W, the polymer structure of polymethyl
methacrylate would be cracked. When the laser power was 80W,
its processing efficiency was the highest. The theoretical anal-
ysis was consistent with actual physical processes.

(2) Experimental researches showed that during the process
of selecting a 100 W CO2 continuous laser ablation of PMMA
materials, irregular conical small holes were generated on the
surface. The diameter and depth of the holes showed a pattern
of rst decreasing and then increasing, and rst increasing and
then decreasing with the decrease of the defocusing amount,
respectively. When the defocusing amount of the laser beam
was 0 mm, the minimum diameter and the deepest apertures
could be generated on the surface of PMMA material, with
values of approximately 1045 mm and 1908 mm, respectively.

(3) Aer determining the size of the laser spot, it could be
seen that when the laser power density of 23.3 Wmm−2 and the
laser movement velocity of 90 mm s−1 were selected, the CO2

continuous laser processing of PMMA material ablation quality
was ideal, which had a smaller surface roughness and the best
data stability, approximately 4.49 mm and 8.02%, respectively.
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Appendices
Appendix A

The derivation process of heat transfer physical model for
carbon dioxide continuous laser processing of PMMA materials
1920 | RSC Adv., 2024, 14, 1909–1923
If the ablation length of a continuous laser was set to L and
its linear velocity of movement was v, the time for CO2 contin-
uous laser ablation of PMMA sheets was expressed as:

t = L/v (6)

The total heat output (QZ) during laser ablation of PMMA
sheets was expressed as:

QZ ¼ tP ¼ LP

v
(7)

The energy of a CO2 continuous laser beam exhibits
a Gaussian distribution in both time and space, and the laser
energy density is higher in the center of the laser beam and
gradually decreases along the Gaussian contour as the laser
beam radius increases.14–16 The specic expression was:

I0ðtÞ ¼ I0 exp

 
� ðt� s=2Þ2

2s2

!
(8)

qðrÞ ¼ qm exp

 
� ðr� s=2Þ2

2s2

!
(9)

The ablation distance of the laser beam on the PMMA sheet
was L, and the diffusion and transfer distance of thermal energy
on the ablation surface of the plate could be regarded as
innite. Therefore, when the laser beam performed L-length
ablation on the PMMA sheet, the thermal energy absorbed by
the plate surface was equal to the total heat output by the laser.
It could be expressed as:ðL

0

ðN
�N

qmexp

 
� ðy� s=2Þ2

2s2

!
dxdy ¼ LP

v
(10)

2

ðL
0

ðN
0

qm exp

 
� ðy� s=2Þ2

2s2

!
dxdy ¼ LP

v
(11)

2Lqm

ðN
0

exp

 
� ðy� s=2Þ2

2s2

!
dy ¼ LP

v
(12)

2
ffiffiffi
2

p
Lqms

ðN
0

exp

 
� ðy� s=2Þ2

2s2

!
d

�ðy� s=2Þffiffiffi
2

p
s

�
¼ LP

v
(13)

ffiffiffi
2

p
Lqms

ðþN

�N
exp

 
� ðy� s=2Þ2ffiffiffi

2
p

s2

!
d

�ðy� s=2Þffiffiffi
2

p
s

�
¼ LP

v
(14)

Lqm

ðþN

�N
exp

 
� ðy� s=2Þ2

2s2

!
dðy� s=2Þ ¼ LP

v
(15)

ðþN

�N
exp

 
� ðy� s=2Þ2

2s2

!
dðy� s=2Þ ¼

ffiffiffiffiffiffiffiffiffiffiffi
2ps2

p
(16)

ffiffiffiffiffiffi
2p

p
sLqm ¼ LP

v
(17)
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qm ¼ Pffiffiffiffiffiffi
2p

p
sv

(18)

By substituting the peak expression qm (17) into eqn (9), we
can obtain:

qðrÞ ¼ Pffiffiffiffiffiffi
2p

p
sv

exp

 
� ðr� s=2Þ2

2s2

!
(19)

In the process of CO2 continuous laser ablation of PMMA
sheets, a lamentous Gaussian heat source term was intro-
duced, and the inuence of the linear velocity of laser beam
translation was considered. Based on the coupled Fourier heat
transfer basic model, a physical heat transfer model for CO2

continuous laser ablation of PMMA sheets was established as
follows:17–19

rc

�
vT

vt

�
¼ v

vl

�
k
vT

vl

�
þ b e�bl

Pffiffiffiffiffiffi
2p

p
sv

exp

 
� ðr� s=2Þ2

2s2

!
(20)

In the formula, b is the absorption rate of PMMA sheet; L is
the distance between the incident laser and the surface of
PMMA sheet.

The Initial condition was set to approximately 300 K at room
temperature, the heat energy transmission at the surface of
PMMA plate was the absorption of laser energy by the material
surface, and there was no further heat energy transmission at
the maximum ablation depth of the plate.20–22 The initial
condition and the boundary conditions were established as
follows:

T(l,t) = T0, t = 0 (21)

�k vT
vl

����
l¼0

¼ bPffiffiffiffiffiffi
2p

p
sv

exp

�
� s2

8s2

�
(22)

�k vT
vl

����
l¼d

¼ 0 (23)

The nite-difference time-domain method is a numerical
method for solving differential equations, which can be used to
solve ordinary differential equation and partial differential eqn
(24) and (25). Therefore, the nite difference equations for the
heat transfer physical model (20) and boundary conditions
(17)–(19) were established as follows:

rc
Ti

jþ1 � Ti
j

Dt
¼ k

Tiþ1
j � 2Ti

j þ Ti�1
j

ðDlÞ2

þ bPffiffiffiffiffiffi
2p

p
sv

expð�biDlÞ exp
 

� ðjDt� s=2Þ2
2s2

!
(24)

�k T1
j � T0

j

Dl
¼ bPffiffiffiffiffiffi

2p
p

sv
exp

 
� ðjDt� s=2Þ2

2s2

!
(25)
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Td
j = 0 (26)

Ti
0 = 300 K (27)

Aer organizing eqn (24), we could obtain:

Ti
jþ1 ¼ kDt

rcðDlÞ2Tiþ1
j þ
 
1� 2kDt

rcðDlÞ2
!
Ti

j þ kDt

rcðDlÞ2Ti�1
j

þDt

rc

bPffiffiffiffiffiffi
2p

p
sv

expð�biDlÞ exp
 

� ðjDt� s=2Þ2
2s2

! (28)

Aer establishing the grid Fourier number F01 ¼ kDt

rcðDlÞ2,
eqn (28) could be transformed into the following form:25,26

Ti
jþ1 ¼ F01Tiþ1

j þ ð1� 2F01ÞTi
j

þF01Ti�1
j þ Dt

rc

bPffiffiffiffiffiffi
2p

p
sv

expð�biDlÞ exp
 

� ðjDt� s=2Þ2
2s2

!
(29)
Appendix B

Experiment for ultrasonic cleaning. In order to reduce the
inuence of impurities such as droplets and dust on the
observation results, the experimental acrylic sheets were
placed in the ultrasonic cleaner and cleaned with puried
water before laser ablation of PMMA materials and surface
topography detection. The experimental ultrasonic cleaning
machine (Model: Yujie AK-100SD) has an ultrasonic power of
900 W, a heating power of 600 W, and a working frequency of
40 kHz. During the process of cleaning acrylic sheets, the
machine heating switch was turned on, the cleaning
temperature and the cleaning time was set to 30 °C and 10
minutes, respectively, and the cleaning ultrasonic power was
adjusted to ve levels, approximately 900 W. In the process of
CO2 continuous laser ablation of PMMA sheet, polymethyl
methacrylate was heated and decomposed into methyl
methacrylate monomer under the action of high-energy laser
beam. Methyl methacrylate monomer is slightly soluble in
water,30 therefore during the ultrasonic vibration process of
the ultrasonic cleaning equipment, the monomer powder fell
off the surface of PMMA sheet and entered the water due to
vibration, causing the water to become turbid, and most of it
condensed into blocks and oated on the surface of the water.
It can be seen from Fig. 9 that aer ultrasonic cleaning of
PMMA sheet aer CO2 continuous laser ablation, the impurity
particles attached to the surface of the hole of PMMA sheet
due to laser action were cleaned, and laser ablation marks
were exposed. Aer the dirt on the surface of the board was
thoroughly removed, it was dried to ensure that there were no
water stains on the surface.

(a) Laser power density of 23.3 W mm−2

(b) Laser power density of 46.6 W mm−2

(c) Laser power density of 69.9 W mm−2

(d) Laser power density of 93.2 W mm−2 (Fig. 15).
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Appendix C

Complete data and images. (a) Laser power density of 23.3 W
mm−2

(b) Laser power density of 46.6 W mm−2

(c) Laser power density of 69.9 W mm−2

(d) Laser power density of 93.2Wmm−2 (Fig. 16 and Table 8).
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