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Abstract. Article investigates how laser toolpath interpolation (linear vs.
circular) affects kerf width, dimensional accuracy, and kerf taper when CO,-
cutting PMMA sheets (t = 3, 5 mm) on an ILS 3NM system (A = 10.6 um; P = 100
W). Lenses with f= 1.5" and 2.5" were assessed. At identical process settings
adopted from prior work, linear toolpaths yielded larger outer dimensions and
more pronounced kerf taper, whereas circular paths produced more stable kerf
and smaller taper angles. In all cases, the top-surface kerf exceeded the bottom-
surface kerf. Thinner sheets (3 mm) were more sensitive to focal length and heat
accumulation. The results provide practical guidance for selecting optics and
toolpaths to balance accuracy and edge quality in PMMA cutting and form an
experimental basis for future Al-assisted process optimization.

1. Introduction

In recent years, laser cutting has become a key technology in modern manufacturing due to its
high precision, efficiency, and versatility. As this field continues to advance, new trends are
emerging that are fundamentally changing the way laser cutting is implemented in various
industries.

One of the main trends is automation. Modern laser cutting systems are becoming more
autonomous, enabling faster, more efficient production with minimal human intervention. Fully
automated systems can control entire production lines, which is particularly beneficial in the
automotive and aerospace industries. [1-4]

Another significant trend is the integration of artificial intelligence (Al). Al-based
algorithms enable laser cutting machines to achieve greater precision and adaptability,
improving cutting quality and efficiency overall. [5-6]

The growing emphasis on sustainability is leading to the development of more
environmentally friendly laser cutting technologies. Modern laser systems are designed to be
more energy-efficient, thereby reducing operating costs and environmental impact. Other key
aspects of a sustainable production process include optimizing the use of materials and
reducing waste. Improved material capabilities allow laser cutting machines to process a wider
range of materials, including metals, plastics, and composites. This expands their use in various
industries, such as healthcare and electronics.

Integrating laser cutting with digital technologies and Industry 4.0 allows for more effective
monitoring and control of production processes. The use of sensors and data analytics to
optimize performance and quality is becoming increasingly common. [7-8]
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The growing demand for customized and personalized products is leading to the
development of laser cutting technologies that allow for quick and precise adjustments to
designs based on specific customer requirements.

To take full advantage of Al, it is essential to specify the data that Al can correctly process.
This data could include experimentally verified working conditions for laser equipment. [9-10]

Optimizing laser device settings for different materials involves several key steps and
parameters, such as cutting speed, laser power, material-specific focal length, and the thickness
of the material to be machined. Since each material has its own specific requirements, it is
important to experiment and modify based on specific conditions and requirements regarding
cutting width, surface finish, cutting angle, and HAZ. [11-13]

Significant experiments on laser cutting metals, composites, and alloys are already
available. However, breakthroughs have also been made in laser cutting polymer materials in the
last few decades. Nevertheless, further exploration of laser cutting of polymer materials is
needed to increase cutting efficiency.

CO; laser cutting is useful in various industries and domestic applications because the
demand for materials with low melting points, especially plastic polymers, continues to grow.
Therefore, it remains a promising area of research for which a separate guidelines document is
needed. Studies have shown that using a low-energy CO, laser can enhance cutting quality.
These lasers are precise and capable of producing fine details. They can also cut PMMA with
high edge quality and minimal heat-affected zone. [14]

This synthetic polymer is often used as an alternative to ordinary glass because of its
properties, particularly its flexibility and optical properties. It is used in roofing, covering,
fibbers optic production, telecommunications, and even the automotive and medical sectors. It is
also suitable for outdoor use due to its high resistance to long-term exposure to ultraviolet
radiation. It is produced by either block polymerization or extrusion. Both methods produce a
transparent semi-finished product. In block polymerization, the final product is usually a plate
or block. The advantage of this method is achieving a higher surface quality and better
mechanical properties than with extrusion. However, extrusion production is cheaper and has
better thickness tolerance. [15-17]

Previous studies have shown that laser cutting parameters, especially the focal length of the
objective and the cutting speed, significantly impact the cutting width and surface quality,
particularly when working with PMMA materials of different thicknesses. These parameters
affect not only cutting accuracy but also the occurrence of thermal damage, such as melting or
degradation of the material. This can lead to a change in the geometry of the cutting groove.

Based on these findings, this experiment focuses on a detailed comparison of the cross-
sections of laser cuts made with different interpolated trajectories - specifically, circular and
linear - using PMMA material. The goal is to evaluate how changes in trajectory affect cut quality,
groove width, and the degree of thermal influence while maintaining the same working
conditions as in the previous study. These results could contribute to optimizing cutting
parameters for applications requiring high accuracy and minimal thermal influence on the
material. [12]

2. Sample preparation for experiment

The samples were made using the ILS 3NM laser device, which is suitable for engraving PMMA,
glass, rubber, textiles, plastic sheets, marble, and surface-treated metals. It can also cut the
aforementioned materials, except glass, marble, and metals. When engraving, the maximum
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cutting speed is 1524 mm/s, the maximum power is 100 W, and the following PPI settings are
available: 166, 200, 250, 333, 500, and 1000.

For producing the samples, 3- and 5-mm-thick PMMA material was used. The samples were
cut into 30-by-30-mm squares to compare the effect of the laser beam path on the cutting width.
Lenses with focal lengths fof 38.1 mm (1.5" and 63.5 mm (2.5") were used. In a previous study,
the gap was examined on a circular sample [12]. The working conditions used to cut the
material through the entire thickness of the sample represented a maximum device power (P) of
100 watts. (100 percent) and a minimum cutting speed (vr) of 45.72 mm/s, as well as a pulse per
inch (PPI) of 1000, as shown in Table 1 for Figure 1.

Table 1. Working conditions for creating samples.

Sample groups 1 2 3 4

t (mm) 3 3 5 5

f (mm/") 38.1/1.5 63.5/25 38.1/1.5 63.5/25
vr(mm-s1) 45.72

P (W/%) 100

‘e AV

: P=100W 3] 5
Vf_:4'55;72 mms* ve=45.72 mms-!
F=1. f=25"

Figure 1. Sample preparation.

The testing of suitable cutting speeds was based on a previous study that focused on the
effect of the laser beam on the width of a circular cut [12]. To compare the effects of cross-
sectional trajectories (circle versus straight line), the working conditions were taken from the
previous study. Using a 1.5" (38.1 mm) focal length lens, the 3 mm plate could be cut at all tested
speeds. On the 5 mm board, cut-through occurred at a speed of 45.72 mm/s (which is 3 % of
maximal speed), while lower speeds resulted in burning without cutting through the material.
Similar behavior was exhibited by the 2.5" (63.5 mm) lens. Low speeds (15.24 mm/s and 30.48
mm/s) were not used for the 3 mm plate due to incomplete cuts. Higher speeds for the 5 mm
plate were not applied because they led to material degradation. A 5 mm plate was only cut
using a 4" (127.0 mm) lens at the lowest speed of 15.24 mm-s™* (1 %). This cut resulted in
significant surface melting, creating a wide cutting groove with rounded edges. [12]

3. Cutting width measurement

The measurement was taken with a Carl Zeiss workshop microscope (Figure 2) using a 10x
magnification lens. This device allows for measurements with a resolution of 0.001 mm, and a
measuring range of 200 mm longitudinally and 100 mmm transversely.
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Measurements were performed on internal and external square samples made with lenses
of 11.5" (38.1 mm) and 2.5" (63.5 mm) focal lengths on a 3-millimeter-thick plate with 100-watt
power and a 45.72-millimeter-per-second cutting speed. Cutting along straight lines into the
material was performed in unclosed square objects, which allowed for measurement of the
internal and external dimensions of the square samples. All dimensions were measured on the
upper and lower surfaces of the machined material in the vertical and horizontal directions (see
Figure 3).

The interpretation and detailed description of the data in Figure 3 can be found in Section 4,
"Results."

Measures (0. Imm

Measures 0.001mm

Measures 1 mm

Figure 2. Measurement microscope Carl Zeiss.
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Figure 3. Scheme of measurement for determination width groove a, groove angle f3 for square sample.
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As an example, the data for sample group 3, a material with a thickness (t) of 5 millimetres
and a focal length of 1.5 inches (38.1 millimetres), are shown in Table 2.

Table 2. Measured data for sample group 3.

Sample 1 2 3 4 5
Vertical direction (mm)

A 0 0 0 0 0

B 0.394 0.285 0.271 0.384 0.355
C 29.959 29911 29.971 29.957 29.939
D 30.245 30.213 30.291 30.226 30.296
B-A 0.394 0.285 0.271 0.384 0.355
D-C 0.386 0.302 0.320 0.269 0.357
aC-B 29.565 29.626 29.700 29.573 29.584
bD-A 30.245 30.213 30.291 30.226 30.296
¢(B-A)+(D-C) 0.680 0.587 0.591 0.653 0.712

Horizontal direction (mm)

E 0 0 0 0 0

F 0.276 0.300 0.264 0.318 0.297
G 29.921 29.978 29.958 29.921 29.893
H 30.251 30.284 30.240 30.206 30.242
E-F 0.276 0.300 0.264 0.318 0.297
H-G 0.330 0.306 0.282 0.285 0.349
dG-F 29.645 29.678 29.694 29.603 29.596
eH-E 30.251 30.284 30.240 30.206 30.242
f(F-E)+(H-G) 0.606 0.606 0.546 0.603 0.646

Sy, * STy, c2ary, STH, ¢ STH, "2aTH.

4. Results

The evaluation focused on the dimensions of the samples, the width of the cutting grooves, and
the chamfers formed by the laser beam as it travelled along a square path.
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4.1 Dimensions of Squares

For each combination of parameters, the average of the measured values was calculated for the
dimensions of the inner square on the top (S7) and bottom (Sg) surfaces, the outer square on the
top (sr) and bottom (sg) surfaces, and the groove on the top (ar) and bottom (ap) surfaces
(Table 3, Figure 4).

The largest dimensions were achieved by applying a focal length of 2.5 inches (63.5 mm) to the
upper surface of the sample. Differences in internal dimensions were less pronounced because
the change in focal length did not significantly affect the volume of material removed by
ablation. This effect was more evident in external dimensions. The greatest deviations were
observed in samples with a sheet thickness of 3 millimeters. However, in most cases, the
resulting values did not differ substantially from the external diameter measurements. The
discrepancies observed can be attributed to the groove's predominant orientation towards the
outer perimeter of the sample, which influenced material distribution.

Table 3. Dimensions of squares for different thicknesses and different focal lengths.

" (mm) " (mm)
f 1.5(38.1) 2.5 (63.5)
mm mm mm mm mm mm mm mm
t 3 St.dev. 5 St.dev. 3 St.dev. 5 St.dev
Stv 29.467 0.078 29.610 0.056 29.342 0.064 29.567 0.056
Spv 29.506 0.037 29.685 0.040 29.513 0.056 29.712 0.064
STH 29.423 0.075 29.643 0.044 29.299 0.020 29.560 0.049
SBH 29.521 0.066 29.738 0.021 29.568 0.062 29.900 0.171
Stv 30.319 0.059 30.123 0.038 30.410 0.049 30.257 0.055
Sy 30.390 0.124 30.294 0.045 30.338 0.046 30.069 0.097
St 30.368 0.027 30.245 0.028 30.445 0.018 30.271 0.035
Sen 30.283 0.643 30.133 0.022 30.232 0.069 30.257 0.213
299 305
£ o g
g s £ 303
ST LT
5 293 g 301
3 292 £ 300
29.1
29.0 15 , 25 | 15 . 25 t[fr(n"n]l) 209 3 . | 15 5 25 r{nan:]
"o " % "5 .5,

Figure 4. Dimension comparison for square samples.



34th Development of Materials Science in Research and Education (DMSRE-34 2025) IOP Publishing
Journal of Physics: Conference Series 3157 (2025) 012027 doi:10.1088/1742-6596/3157/1/012027

4.2 Cutting width
Since the cross-section of the material varies depending on its thickness, it was expected that
the geometry of the cut would vary over the depth of the materials [12].

The location and orientation of the grooves is defined by the designation of the width of the
cut: ary is cutting width measured vertically on the top surface, agv is cutting width measured
vertically on the bottom surface, aru is cutting width measured horizontally on the top surface,
agn is cutting width measured horizontally on the bottom surface. The measured cutting widths
are summarized in Table 4 and Figure 5.

Table 4. Cutting width for different thickness and focal lengths.

" (mm) " (mm)
F 1.5 (38.19) 2.5 (63.59)
mm mm mm mm mm mm mm mm
T 3 St. dev. 5 St. dev. 3 St. dev. 5 St. dev
arv 0.426 0.062 0.322 0.047 0,534 0.050 0.345 0.057
asv 0.392 0.034 0.219 0.023 0.412 0.069 0.179 0.044
dTh 0.473 0.075 0.301 0.026 0.573 0.042 0,336 0.054
asy 0.381 0.046 0.198 0.130 0.342 0.046 0.178 0.040
dry- dpy 0.034 0.103 0.122 0.166
dTH- dBH 0.092 0.103 0.231 0.158
s @/(mm) = a, (mm)
0.25
& 015
$ o1
& 005 ‘
$ 0
1.5 1.5 2.5 2.5 (%)
3 5 3 5 t(mm)

Figure 5. Dependence of widths on focal length and material thickness.

In all cases, the groove formed on the top surface of the material is wider than the groove
formed on its bottom surface.For a material that is 3 millimeters thick, the difference in the
width of the cut between the vertical and horizontal directions is more pronounced when using
focal lengths of 1.5 inches (38.1 mm) and 2.5 inches (63.5 mm). For a material that is 5
millimeters thick, there is a slight difference in width between the horizontal and vertical
directions when using the 1.5-inch focal length. A slight difference in groove width is also
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achieved with a 5-millimeter-thick material when using the 2.5-inch focal length, but in this

case, the groove width in the vertical direction was larger.

This difference is very small and could be caused by manufacturing inaccuracies. The size of
the grooves is not symmetrically distributed along the cutting path. The graphics software
defined this geometry as 30 millimeters. Table 5 shows the groove width in relation to the inner
and outer squares. Therefore, the interface for the width distribution is the set sample geometry
or the assumed laser beam trajectory.

Table 5. Areas of the width of the cut for square samples of 30 mm.

" (mm) " (mm)
f 1.5 (38.1) 2.5 (63.5)
mm mm mm mm
t 3 5 3 5

ary 0.426 0.345 0,534 0.345
stv / Stv (%) 62.6 /37.4 60.6 / 39.4 61.6 / 38.4 62.8/37.2

apy 0,322 0.179 0.413 0.179
sev / Sav (%) 49.5 /50.5 71.8 /28.2 59.1 / 40.9 80.6 / 19.4

ary 0.472 0.336 0.573 0,336
st / St (%) 61.1/38.9 58.3 / 40.7 61.2 /38.8 61.9/38.1

Qs 0.291 0.178 0.342 0.1782
sen / Ser (%) 62.8/37.2 66.2 /338 65.1 /34.9 27.9 /721

Figure 3 and 6 show the achieved cutting widths relative to the defined path of the laser
beam (dashed square). The displacement from the designed trajectory shows how the formed
groove extends into the outer square S and the inner square s. The cuts' trajectory deviates
significantly from the designed center. Positive values indicate an increase in the inner square,
and negative values indicate an increase in the outer square.

1.5
0.3

0.2

Sy(mm)

sv (mm)

0.4

Measured in vertical direction

{3

0.1
0
-0.2
-0.2

3
t (mm)

2.5

0.3

0.2

Su(mm)

0.1

-0.2
-0.2

su (mm)

-0.3
-0.4

1.5

2.5

3 5
t (mm)

Measured in horizontal direction

Figure 6. Groove width variance.
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In the horizontal direction, the groove width was only slightly larger than that measured in
the vertical direction. As the material thickness increased, deviations from the defined nominal
dimension (30 mm) decreased slightly. This indicates the influence of the lenses used in the
process.

4.3 Cutting chamfer

The groove widths in the horizontal direction were only slightly greater than those in the
vertical direction, while the maximum angle of inclination occurred at a material thickness of 3
millimetres. For this material, the angles of apv (Table 6, Figure 3, 7) are considerably larger in
the case of the inner diameter and the angles of aav of the outer diameter. This corresponds to
the total angle ay, which was formed by the cutting groove. A larger angle of chamfer on thinner
material is caused to greater edge melting.

In the horizontal direction, the chamfer angles (fu)of the cuts were very similar to those
observed angle (fSv) in the vertical direction. The maximum chamfer angles were achieved when
cutting 3 mm thick material using a focusing lens with a focal length of 2.5 inches. This effect
may be attributed to the efficient beam penetration into the material, which facilitates melting of
the cut surface and contributes to the formation of steeper chamfers.

Table 6. Chamfer of the cut for square 30 mm sample.

" (mm) " (mm)
f 1.5/38.1 2.5 /635
mm mm mm mm
t 3 5 3 5
) (") (") ")
SBsv 5.079 2.394 6.257 2.481
Ssv 3.040 1.557 3.910 1.470
Sy 8.119 3.951 10.168 3.951
Ssu 5.491 2.243 6.667 2.382
SSsu 3.502 1.567 4,238 1.466
Su 8.993 3.810 10.905 3.849
= By By Sy n Ba Bsu = Sy
12 12
10 10
~— 8 { TR
— = 8
@ 6 %
2
H ﬂ :
. 1.5 1.5 2.5 2.5 1.5 1.5 2.5 2.5
3 5 3 5 JT o N £0)
Measured in vertical position t (mm) Measured in horizontal position t (mm)

Figure 7. Comparison of cutting angle for square samples.
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On the outer squares (fSsv, Ssu), the kerf taper (angle of the cut edge) was greater than on
the inner squares (fSsv, Ssu), in both feed directions - horizontal and vertical. This suggests
that beam divergence, cutting speed, and thermal load distribution may vary depending on the
position within the cutting object.

4.4 Comparison of trajectories
To analyze the influence of the laser beam trajectory on cut quality, test objects in the shapes of
circles and squares were used. These shapes allowed us to assess differences in inner and outer
dimensions, kerf width, edge chamfer, and cutting angle. The objective was to determine how
the laser's path - whether linear or circular - affects dimensional accuracy and edge quality.

The difference in dimensions when cutting along the circle's trajectory (d, D) and the line's
trajectory (s, S) is evident. Larger values were achieved in all monitored parameters when
cutting in straight lines (Figure 8).

® brv—bsv " qrv-asv bt - ben ® qTH - QBy

0,
0,35
03
0,2
0,15
0,1
0,05
0
1.5 1.5 2.5 5 £

A 2.:
3 5 3 5

brv - bsv, bti— bes, atv— asv, ats — ass (mm)
;J
N
(92}

t (mm)

Figure 8. Comparison of cutting width in circular and linear trajectory.

The groove widths (a) produced by the square cut, specifically the differences arv - asrand
aru — asu, demonstrate greater variability depending on changes in focal length (f) and material
thickness (t). The conditions are most pronounced at a focal length of 5 millimeters and a
material thickness of 5 millimeters, which means that parameter a is sensitive to the optical
process. Vertical differences (arv — asv) are generally higher than horizontal differences (ary -
agy), suggesting that the vertical direction may influence cut width more than the horizontal
direction.

On the other hand, the groove widths (b) created by cutting along the circle, i.e., the
differences br - bgy and btu — bes, show smaller values and greater stability across all
combinations of focal length and thickness [12]. In the horizontal direction, the differences (bru-
bpn) remain nearly constant, see Figure 8.

In the vertical direction, using a lens with a focal length (f) of 1.5 inches and a material
thickness (t) of 3 millimetres, the cutting groove angle (av) generated along a circular trajectory
was smaller than the groove angle (fv) created along a linear trajectory. At a larger material
thickness (t) of 5 millimetres, both angles decreased; however, in this case, the angle (ay)
resulting from the circular trajectory was larger than the angle produced by the linear path.

In this vertical direction, using a lens with a focal length (f) of 2.5 inches for a material with
a thickness of 3 millimetres, the cutting angle formed by a circular trajectory (av) is larger than

10
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the angle formed by a straight line (fv). The effect of thickness on the cutting angle is a
significant difference for the trajectory along a circle. The effect of thickness, using a focal length
of 2.5 inches, was not observed for the trajectory.

In the horizontal direction, for a material with a thickness of 3 millimetres, the cutting angle
was larger using a direct trajectory than a circular trajectory at both focal lengths. For a material
with a thickness of 5 millimetres, the cutting angle was larger using a circular trajectory at the
same focal lengths.

In the external shapes in the vertical direction (aav, fsv), larger chamfer values were
achieved for the straight trajectory, for both focal lengths and for both material thicknesses. For
the external dimensions in the vertical direction (apv, Ssv), larger cutting-edge chamfers were
achieved for the circular trajectory with a material thickness of 3 millimetres at a focal length
setting of 2.5 inches, where there was a slight difference in the value of the larger chamfer when
using the direct trajectory.

m Qyy  m Sy Ay By wmay ufy Ay By mapy = By ay B

12
' 1.5 1.5 2.5 2.5 ()
3 5 3 5 t (mm)

Figure 9. Comparison of angles.

In the horizontal direction, the internal shapes (apn, fBsu) produced larger chamfer in
straight paths for the 3 millimetres material thickness using both focal lengths. For the 5
millimetres material, larger chamfer was produced along the circular trajectory, but of
significantly smaller values, for both shapes, inner (D, S) and outer (d, s) than for the 3
millimetres material, as shown for Figure 9.

5. Conclusion

Experimental research has shown that the trajectory of the laser beam is critical to the quality
and dimensional accuracy of PMMA CO, sheet metal cutting. While linear trajectories generally
resulted in larger outer dimensions, smaller kerf widths, and more pronounced edge bevels -
especially in the vertical direction - circular trajectories provided more stable results, smaller
cutting angles, and, in many cases, higher dimensional regularity throughout the beam path. The
influence of focal length and material thickness was also evident: thinner samples (3 mm) were
more sensitive to beam divergence and heat accumulation, while thicker samples (5 mm)
produced more consistent kerf widths and smaller bevel angles.

11
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A key observation is that the kerf width on the top surface is consistently larger than on the
bottom surface. This confirms the effects of beam convergence and thermal energy distribution
throughout the material thickness. Additionally, the results suggest that a larger focal length
(2.5“) tends to increase the bevel angle for thinner samples; however, this effect is less
pronounced for thicker sheets. These findings underscore the importance of carefully selecting
laser optics and process parameters according to material thickness and desired edge quality.

From a practical perspective, the study provides clear guidelines for optimizing laser
cutting of PMMA, a material widely used in optics, telecommunications, automotive, and medical
applications. Industries requiring high edge quality and precise dimensional tolerances can
benefit from circular trajectories, especially when consistent geometry and smaller bevel angles
are critical. Conversely, linear trajectories may be preferable when faster cutting and higher
material removal are priorities, albeit at the expense of uniformity throughout the cutting path.

The presented results contribute to a deeper understanding of how laser beam
interpolation strategies affect machining results. They also form the basis for the further
integration of process optimization into digital manufacturing environments. In the context of
Industry 4.0 and the emerging Industry 5.0 paradigm, in which artificial intelligence and
adaptive process control are becoming increasingly important, experimentally validated
datasets like this one are essential for developing predictive models and intelligent decision
support systems. Future research should focus on expanding the material portfolio, exploring
more complex geometries, and applying Al-based algorithms to optimize trajectory planning for
sustainable, highly efficient laser manufacturing.
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