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Ultra-Thin Glass Hybrid Cutting by Ultrashort Pulsed Laser Robot
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We report on a hybrid cutting method of ultra-thin glass cutting using an ultrashort pulsed laser
robot system. An ultrashort pulsed laser is fixed on the elongation of one axis of a six-axes articulated
industrial robot. The laser beam is guided by mirrors along the robot axes into a 2D galvanometer
scanner with a telecentric F-Theta lens, the latter being fixed on the last robot axis. The system due
to its high flexibility expands ultrashort pulsed laser processing to a large-scale area micromachining
toll with true three-dimension capabilities. Furthermore, the combined movement of scanner and ro-
bot, here specifically referred to as hybrid cutting movement, extends the system’s overall processing
abilities. In an experimental study of cutting ultra-thin glass D263, scanner speed as well as laser
pulse duration are varied for a continuous robot movement speed at 20 mm-s'. The quality of the
ultra-thin glass cutting is evaluated in terms of minimal glass chipping and maximum flexural strength
of the cut specimen. Applying a three-line scan trajectory, both quality aspects are found to be opti-
mized for a pulse duration of 7 ps and the scan speed of 700 mm-s™'. To highlight the potential of this

new hybrid and true 3D ultra-thin glass cutting, a rectangular is cut from a bent glass sample.
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1. Introduction

Besides its fundamentally peculiar physical and chemi-
cal properties, ultra-thin glass (UTG) exhibits excellent
bending capabilities [1], making it the ultimate choice for
glass applications in modern display technologies [2], flexi-
ble electronics [3], photovoltaic [4, 5] and biomedical appli-
cations [6].

However, at the same time UTG is highly sensitive to-
wards the generation of residual stress or even breakage un-
der most processing technologies, posing challenges on
manufacturing and demanding innovative micromachining
approaches. For example, in conventional mechanical pro-
cessing, glass is scribed using a diamond tip or wheel cutter
and then broken by external force [7]. Due to the scribing
mechanism, the crack cannot be completely avoided [8]. Ad-
ditional processes such as grinding and polishing are re-
quired to achieve the desired cutting-edge quality and
strength [9]. However, problems such as large grooves and
chipping, however, result in high residual stress and reduced
bending strength.

Therefore, nowadays lasers, as a contactless high preci-
sion processing technology, are widely used in glass cut-
ting [10]. CO; lasers have been applied for glass thermal cut-
ting. Mishra et al. [11] optimized cutting parameters of a
sealed CO; laser and cut through a 75 um borosilicate glass
with multilayer thin films at both sides. Itoh et al. [12] com-
bined a CO; laser with the 150 pm beam diameter with an
elliptical beam of a larger geometry for 100 um thin glass
cutting. The process reduced the residual thermal stress in
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material and achieved a maximum flexural strength of
520 MPa.

Ultrashort pulsed (USP) lasers with a pulse duration that
is shorter than the thermal conduction timescale, minimize
the thermal effect during the process. Nonlinear interaction
mechanisms such as multiphoton absorption and avalanche
ionization enhance the strength of USP laser for the glass
processing. The common USP laser based thin glass cutting
process is laser scribing and bending. Bessel-beams as an
approximation of a non-diffracting beam improves the inten-
sity distribution along the propagation [13], which has been
applied for UTG scribing. Shin et al. [14] compared the in-
fluence of the modification interval and the relative position
of the focal plane as well as the pulse energy of the Bessel
beam for the UTG internal modification, arriving a maxi-
mum strength of 370 MPa. Luo et al. [15] developed a laser
composite processing method, in which 300 um glass was
internally modified by focusing a 2 pm laser in the middle
of the glass, followed by the scribing process with moving
the laser focus on the surface. The glass was separated by
mechanical bending and the strength of 369 MPa was
achieved by the optimal parameter.

Furthermore, UTG is able to be cut by USP laser directly
by ablation using a galvanometer. In Ref. 16, 1.5 mm circles
were cut out from the 50 um and 100 pm thick glass by a
picosecond laser, where the movement of galvanometer
scanner were planted along a spiral track for avoiding over-
heating and cracks generated by excessive thermal stress.
Additionally, borosilicate glass with a thickness of 110 pm
was cut though by ablation in ambient air and water, in
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Fig. 1 Illustration of USPLR system and beam guidance within the setup. A USP laser is fixed on the Link3. The laser beam is guided by
mirrors across several axes and arriving to the 2D galvanometer scanner with F-Theta lens mounted on the Link6. Mirrors with piezoelectric
inertial actuator pairs and cameras are used for beam position stabilization.

which a similar cutting quality was observed in both cutting
environments [17]. Bottom-up cutting due to the reduced
damage threshold has been used for glass cutting [18, 19].
The 100 pm thin glass was cut applying a high numerical
aperture objective. Unexpected back-surface ablation was
avoided by the bottom-up cutting and resulted in an increase
in edge strength for both sides. The maximum edge strength
on the back side was 65% higher than the edge cut by the
conventional top-down process [20].

However, based on the traditional beam delivery systems
and conventional relative movement between the laser beam
and the workpiece, existing UTG cutting processes are lim-
ited in their geometry and to 2-2.5D workpiece geometries.
Recently, an ultrashort pulsed laser robot (USPLR) system
was developed and discussed in our previous research [21,
22]. The laser is guided by optical components along the ro-
bot axes arriving at a 2D galvanometer scanner and a F-
Theta lens for the material processing. By combining the
strength of USP laser and the high flexibility of a six axes
robot, this system expands USP laser processing into a large
processing dimension and into a true 3D machining ap-
proach. 100 um thin glass was cut through by this system
without showing any cracks, in an approach in which the
scanner is moved along the designed track after the robot has
arrived on the position [21]. This motivates the application
of the system in large-scale UTG processing. Additionally,
the simultaneous scanner movement and robot movement
(hybrid movement) enhances the system flexibility com-
pared to the conventional galvanometer scanner cutting,
which shows a potential for improving the UTG processing
capabilities of USPLR system.

This contribution aims to utilize the USPLR system for
hybrid cutting of UTG. The hybrid cutting approach is com-
pared with the standard cutting. A comprehensive experi-
mental study of the cutting edge quality considering various
scanner speeds and laser pulse durations is presented. A
three-point bending test is applied to determine the optimal
parameters. Last but not least, an example of hybrid cutting
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for 3D UTG processing is demonstrated to highlight the sys-
tems capabilities.

2. Experimental setup

As illustrated in Fig. 1, a 1030 nm USP laser (CB3-40W,
Light Conversion) is mounted between Axis3 and Axis4 of
a six-axis articulated industrial robot (IRB 26001D-8/2.00,
ABB). The processing unit located on the end of Link6 con-
sists of two 2D galvanometer deflectors (RTAX-A15 and RT
AY-A15, Newson) and a telecentric F-theta lens with a focal
length of 160 mm (JENar Silverline F-Theta, Jenoptik). The
laser beam is guided by mirrors, propagating along the sub-
sequent robot axes to the processing unit. In addition, a cas-
caded beam stabilization system integrated between Link3
to Link6 ensures a high overlap of the current beam propa-
gation axis to the optimal optical alignment crossing axes
during the processing. Each stage consists of two mirrors
aligned by a piezoelectrical inertial actuator (PIAKI10,
Thorlabs) pair and two cameras for the current beam posi-
tion detection, where M1, M2, Caml and Cam2 (2x DMK
37AUX250, The Imaging Source) are used for the first stage,
M5, M6, Cam3 and Cam4 (2x DMK 38UX541, The Imag-
ing Source) contribute to the beam misalignment correction

F L2

Thlckness d 6/ 6/ ﬂ Cutting edge

Span distance L

Specimen length

Fig. 2 Three-point bending test for the UTG. The specimen has
100 mm in length and 10 mm in width, with both 100 mm sides
cut using various cutting parameters.
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of second stage (for more details see [23]). A confocal sensor
and a focus camera with zoom adjustment function (DMK
39GX548-7220, The Imaging Source) are applied for the
beam focus monitoring before and during the process with a
complex system movement.

Borosilicate ultra-thin glass (D263, Schott) with the di-
mension of 440 mmx360 mmx100 um was initially cut into
pieces (measuring 15 mmx180 mmx100 pm) by the USPLR
system for the subsequent hybrid cutting. Theses glass sub-
strates were then further processed under various hybrid cut-
ting parameters to produce final specimens measuring
15 mm»20 mmx100 um, with the 20 mm edges cut using
the hybrid cutting parameters. The laser applied in these ex-
periments exhibits a spot diameter of 64 um (1/e%) and a rep-
etition rate of 200 kHz. Circular polarization was applied to
avoid the influence of polarization on cutting quality. A laser
scanning microscope (LSM, VK-X3000, Keyence) was used
to record images. The definitions of crack and chip follow
those reported by reported by Markauskas et. al. [17] (see
Fig. 3(a)).
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Fig. 3 Illustration of cutting edge. (a) Definition of cracks and
chippings on the cutting edge. (b) The chipping width for the
crack-free cutting edges are measured crossing 8 mm.

The cutting quality of all crack-free edges was evaluated
according to the method introduced in [17]. The width of
chipping was used as the criterion for assessing cutting edge
quality (Fig. 3(b)). Due to the high sensitivity of UTG, the
average and maximum width of chipping was measured
across an 8 mm cutting length. A z-score method for outline
detection was applied additionally. The z-score of individual
measured width was calculated with:

)]

where X; is individual width data, p is the mean of total
measured width and s is the standard deviation of the total
measured data. Defining the width with the z-score over
1.96-s as outliers.

To compare the flexural strength of the parameters gen-
erating a crack-free cutting edge, a three-point bending
test (EZ Test, Shimadzu) was applied in the experiment.
Specimens with dimensions of 100 mmx 10 mm were cut us-
ing the USPLR system, with the 100 mm edge cut under var-
ious hybrid cutting parameters. The support span distance L
was set at 70 mm and the loading rate was 5 mm-min™' (see
Fig. 2). The flexural strength, denoted by o, is calculated us-
ing equation (1):
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Fig. 4 Illustration of hybrid cutting process using the USPLR
system. Robot moves along the robot trajectory with the speed
Viob. Two deflectors align laser beam in the x and y direction.
The deflectors move along the scan trajectory with a defined
pulse overlap PO and distance HD repeatedly, during the robot
movement. The robot trajectory and direction shown in the il-
lustration are used in all experiments discussed in Section 4.
The scan trajectory shown in the inset is applied to all hybrid
cutting experiments discussed in subsequent sections.

where the F is the maximum load, b is the specimen width,
and d is the specimen thickness [24, 25].

3. Cutting methods using the USPLR system

For standard cutting using the USPLR system, the robot
follows a predefined robot trajectory while the laser is acti-
vated, and no scanner movement occurs during the robot
motion.

The hybrid cutting using the USPLR system is illustrated
in Fig. 4. Since the defocusing of laser beam leads to an in-
crease in beam diameter, in turn resulting in a decrease in
fluences, the UTG specimen is placed on a holder to ensure
the correct beam focus during the process. The low thickness
and high transmission of the UTG necessitates a gap be-
tween the holder, which avoids the influence of reflection
and wrong absorption of the holder instance. To ensure the
cutting performance, a minimum distance of 60 mm is re-
quired between the cutting plane and the table.

The movement trajectory is defined separately for the ro-
bot and the scanner. In each cutting process, the robot moves
along the trajectory in the processing area with the speed Vo1
for one time (Robot trajectory). Two galvanometer deflec-
tors align the laser beam in the x and y direction (X Deflector,
Y Deflector) along the designed hatch lines with the scan
speed Viean and jump speed Vjump, respectively, maintaining
a constant pulse overlap along the scan direction and a con-
stant hatch line distance (illustrated in the inset of Fig. 4).
The acceleration and deceleration of the robot induce, with
respect to micromachining, significant vibrations of the sys-
tem, which reduce the cutting quality. To avoid these effects,
the laser is activated behind the start of robot movement and
deactivated before the end of the robot movement. During
the activated-laser time duration, the scanner continuously
repeats the scan trajectory. The start and end offset are deter-
mined based on the robot speed, so that the laser is activated
at the beginning of the design length and deactivated at the
end of the design length. In this contribution, the beam focus
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Fig. 5 Standard cutting and hybrid cutting using USPLR system. The robot speed is 20 mm-s™!. During the robot movement (a) the laser is
activated in the standard cutting without scanner movement and (b) scanner moves along the scanner trajectory repetitively in the hybrid
cutting (solid line for scan direction, dotted line for jump direction). The cutting results are compared for (¢) 120 uJ and (d) 140 pJ. (e)
shows an incompletely cut, (f, g) show a cutting edge with cracks, and (h, 1) highlight crack-free cutting edges. The applied parameters for
(e-i) are shown in (c). Please note that, for the appearance of large crack, the cutting edge shown in (f) was rotated, and the surface was not

cleaned.

was set on the processing surface and adjusted using a con-
focal sensor before the process begins.

4. Results and discussion
4.1 Standard cutting and hybrid cutting

The USPLR system exhibits stable movement with a low
vibration during acceleration and deceleration process at the
robot speed of 20 mm-s™!, which therefore was used for both
cutting methods in this contribution. The robot trajectory
length was set as 100 mm, including a start offset of 30 mm.
Please note that robot follows the robot trajectory only once
in both standard and hybrid cutting methods. A pulse dura-
tion from 0.239 to 9 ps as well as pulse energies of 120 pJ
and 140 pJ (corresponding to peak fluences of 7.46 J/cm?
and 8.70 J/cm?, respectively), were compared for both meth-
ods. The standard and hybrid cutting processes are illus-
trated in Fig. 5(a) and Fig. 5(b). For hybrid cutting, the scan
trajectory consists of three hatch lines with HD = 16 um and
HL = 4 mm. The scan speed is 700 mm's"' and the jump
speed is 1000 mm-s™!. Since the pulse overlap along the scan
lines differs from the pulse overlap between scan lines and
robot moves continuously, a bi-directional scan was applied
to reduce an inhomogeneous energy distribution across the
entire cutting trajectory.

The results are summarized in Fig. 5(c-d). Cracks were
frequently observed at higher pulse energies for both cutting
methods. In the hybrid cutting, the glass was cut through
with cracks within the 0.239 to 7 ps pulse duration range us-
ing 140 pJ, whereas a crack-free cut edge was achieved be-
tween 7 ps and 8 ps when using 120 pJ. Notably, a high
pulse energy induces high thermal stresses and leads to the
crack formation [16]. Please note that, the 100 um UTG
could not be fully cut through using standard cutting across
the entire pulse duration range for both pulse energies. The
ablation depth increases with a higher number of laser passes,
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while maintaining constant pulse energy [16, 26]. In turn,
the applied pulse energy is too low to cut through the 100 pm
glass in the standard cutting method. In contract to standard
cutting, the UTG was cut through successfully using the hy-
brid cutting approach in the picosecond pulse regime. The
specimen was semi-cut-through with the pulse duration of
239 fs and 9 ps, meaning the glass did not separate immedi-
ately after process but fractured due to a slight external force
such as touching or handling during transport. The scan
movement along the robot movement direction reduces the
pulse overlap at each pass, leading to a lower residual heat
in the material. Simultaneously, the movement of laser spot
before and behind the base position realizes a comparable
multi-passes along the cutting trajectory. This avoids the
buildup of extremely high temperature in the processing vol-
ume and suppresses crack formation [27].

The cutting edges produced by both methods are illus-
trated in Fig. 5(e-f). The glass was not fully cut through us-
ing standard cutting (in Fig. 5(e)). In the hybrid process,
cracks appeared on the cutting edge using the pulse duration
of 1 ps and 2 ps (Fig. 5(f, g)), while a crack-free cutting edge
was observed at 7 ps and 8 ps (Fig. 5(h-i)). One assumption
is the damage threshold increases at longer pulse dura-
tions [28]. Additionally, no significant morphological differ-
ence on the cutting edge was observed by microscopy at 7 ps
and 8 ps in the hybrid cutting. Overall, the movement of the
scanner enhances processing capability in comparison to the
standard cutting.

4.2 TImpact of scan speed on UTG hybrid cutting per-
formance

Based on the cutting results in Fig. 5, scan speeds rang-
ing from 300 mm-s™! to 900 mm-s~! were compared for the
pulse durations between 6 ps and 8 ps at the pulse energy of
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Table 1 Comparison of mean and maximum chipping width of crack-free cutting edges.

Scan speed / mm-s™! Max. / pm Max. Outlier / pm Mean / pm

Pulse duration / ps 7 8 7 8 7 8
600 17.80 39.58 5.74
700 13.24 17.07 19.68 27.07 5.34 8.77
800 16.80 39.06 7.26

120 pJ, while remaining the same scan trajectory, jump
speed as well as robot speed applied in section 4.1.

The cutting result is shown in Fig. 6(a). Cracks were ob-
served for all pulse durations when using scan speeds below
600 mm-s'. Here, the time interval between two subsequent
pulses is shorter than the thermal diffusion time of borosili-
cate glass (~10 us [29]) at the repetition rate of 200 kHz,
causing heat accumulation that contributed to the process.
However, the extremely high pulse overlap nonetheless in-
duces thermal damage and leads to crack formation [27], as
shown in Fig. 6(b). Pulse overlap decreases with increasing
scan speed, which prevents excessive temperature buildup
in the processing region. No cracks appeared at the scan
speeds higher than 800 mm-s™'. However, the low accumu-
lated pulse energies at high speeds resulted in semi-cut-
through edges. In addition, the scan speed required for
crack-free cutting edges decreases at long pulse durations.
The crack-free cutting edge pretended firstly at 600 mm-s™!
using the pulse duration of 8 ps, while the minimum scan
speed for crack-free edges was 700 mm-s~! for the pulse du-
ration of 7 ps.

As shown in Fig. 5(h, i) and Fig. 6(c), chipping is ob-
served on the crack-free cutting edges. The mean and maxi-
mum chipping width as well as the maximum width of out-
liers are shown in Table. 1. The mean chipping width in-
creases at high scan speeds for both pulse durations. The
minimum mean chipping width of 5.34 pm is observed at
700 mm-s~! with the pulse duration of 7 ps. A slightly higher
mean chipping width is shown at the scan speed of
600 mm-s~'and the pulse duration of 8 ps. Notably, lower
maximum chipping widths are observed at 700 mm-s~! for
both pulse durations. The maximum chipping width at
700 mm-s ! and 7 ps is 13.24 um, which is approximately
21% lower than the width at 800 mm-s™'. The maximum
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Fig. 6 Influence of scan speed and pulse duration on the cutting
edge. (a) Processing range. NC: no crack, C: crack. (b) Cutting
edge at 7 ps with scan speed of 300 mm-s™'. (c) Cutting edge at
7 ps with scan speed of 800 mm-s-!.
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width for outliers at this speed is half of the width at
800 mm-s'.

A three-point bending test was applied to evaluate and
compare the cutting quality in the scan speed range of
500 mm-s~! to 800 mm-s ! at the pulse duration of 7 ps and
8 ps, while maintaining the pulse energy of 120 pJ (in Fig.
7). Please note that the same scan trajectory, jump speed as
well as robot speed applied in section 4.1 were used for the
test specimen fabrication. On the one hand, a beam defocus-
ing could not be completely avoided during the movement
crossing large area due to the system structure. On the other
hand, glass processing is sensitive to the deviations in the
processing condition considering the glass producing tech-
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Fig. 7 Three-point bending test for the scan speeds from
500 mm-s™! to 800 mm-s™!. The line in the box indicates the me-
dian value. Please note that the large specimen was not com-
pletely cut through at 750 mm-s™! and 800 mm-s™', 8 ps. Please
note that PD is pulse duration.

nology. For example, the acceptable beam focus offset range
decreases because low pulse overlaps. To minimize the in-
fluence of variations, three specimens were processed for
each parameter. Cracks appeared at low scan speeds for both
pulse durations. A minimum scan speed of 600 mm-s™' is re-
quired for a crack-free cutting at 8 ps, while a speed of
650 mm-s~! for 7 ps. Cracks reduce the flexural stress sig-
nificantly, the flexural stress of the crack-free cutting edge is
9.8% higher than the edge with crack at 600 mm-s™!. The
maximum median stress of 76.33 MPa for all crack-free cut-
ting edges is achieved at 700 mm-s~! and 7 ps, where a lower
mean chipping width is observed (in Table 1). A high maxi-
mum chipping width not only contributes to reduced flexural
strength but also increases the deviation of processing qual-
ity. At the pulse duration of 7 ps, a high chipping width ob-
served at 800 mm-s! leads to a decrease in flexural stress as
compared to the value at 700 mm-s™'. The maximum stress
deviation is shown at the speed of 750 mm-s™. The same
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trend is noted at 8 ps, where a lower deviation is shown at
600 mm-'s! compared to the value at 700 mm-s!. The
higher deviation shown for the 8 ps is attributed to the in-
creased chipping width compared to the 7 ps at the scan
speed of 700 mm-s™'. Compared to 8 ps, a broader pro-
cessing range is achieved using the pulse duration of 7 ps. A
lower average chipping width combined with a low maxi-
mum chipping width contributes to higher flexural stress, in-
dicating improving the cutting quality.

4.3 Demonstration of real 3D hybrid cutting

Apparently, hybrid cutting reduces the heat induced
stress in the material compared to the standard cutting pro-
cess using USPLR system. The movement of the deflectors
enlarged the acceptable beam focus offset range compared
to the standard cutting. These realize a real 3D cutting of ul-
tra-thin glass.

The 3D processing of UTG is exemplified in Fig. 8(a-c).
A 167 mmx26 mm glass specimen was cut out from a large
glass substrate by the USPLR system using 2D hybrid cut-
ting method. The specimen then is bent and clamped be-
tween two holders with the distance of 163.2 mm, resulting
in a radius of 225.2 mm. A 90 mmx5 mm rectangle is de-
signed for the real 3D hybrid cutting. The robot trajectory is
defined to follow the curved surface of the specimen, ensur-
ing that the laser propagation axis after the F-Theta lens re-
mains parallel to the surface normal along the entire trajec-
tory. The highest position of surface is determined by confo-
cal sensor, the translation and rotation of the TCP at this po-
sition is loaded from robot controller. Three points are re-
quired for a curve trajectory in robot control. The start, cen-
ter and end points of robot trajectory are calculated using the
measured specimen length and holder distance, the defined
robot speed, the specified cutting length, and the top point
coordinates. Each point consists of translation and rotation
information.

During the robot movement, the deflectors start the
movement as soon as the robot reaches the start position of
designed length and then follow the defined scanner trajec-
tory repetitively until the robot arrives at the end position
(Fig. 8(a-c)). The scanner trajectory introduced in sec-
tion 4.1 as well as the pulse duration of 7 ps and the scan
speed of 700 mm-s™! were applied in the 3D cutting. The ro-
bot speed was 20 mm-s™! along the surface. Fig. 8(d-f)
shows the processed UTG sample. A rectangle was cut from
the UTG sample, with both long edges processed using the
hybrid cutting method. The short edges were cut by deflector
movement along, after the system positioned the laser beam
at the respective locations. The hybrid cutting in 3D results
a cutting edge without cracks, which is comparable to the
cutting edge shown in the Ref. [7].

5. Conclusion

A cutting method combining scanner and robot move-
ment was developed on an ultrashort pulsed laser robot sys-
tem. A scanner fixed at the end of the last axis of the robot
enhances the flexibility of the entire laser optic system. The
robot motion along a robot trajectory and the bi-directional
movement of the scanner along a scan trajectory during the
robot movement, denoted as hybrid movement, was applied
for ultra-thin glass cutting. Under identical robot speeds and
pulse energies, the hybrid movement successfully achieved
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Fig. 8 Image of the excellent 3D UTG processing results with
the USPLR system. (a) The glass sample is bent and clamped
between two holders. System aligns the scanner and F-Theta
lens orientation to the surface normal direction at the start posi-
tion. (b) The system moves along the curved surface, maintain-
ing the beam focus position on the surface and the beam propa-
gating axis behind F-Theta lens remains parallel to the normal
of surface. The deflectors follow the scanner trajectory repeti-
tively during the robot movement. (c) The laser is deactivated
as the system reaches the end position. The processed glass sam-
ple in (d) top, (e) side, (f) detailed view, the microscopic image
of the cutting edge is shown in the inset for better visualization.

full-through cutting of the ultra-thin glass, while the stand-
ard cutting method failed. Crack-free cutting edges were ob-
served using the pulse duration of 7 ps and 8 ps, where the
maximum median flexural stress of 76 MPa was achieved
using the scan speed of 700 mm-s! and a pulse duration of
7 ps. To highlight the unique potential of the hybrid cutting
approach, it was applied to real 3D ultra-thin glass cutting
crossing a large area, in which a rectangle was cut from the
bent glass sample.

Particularly, the scanner movement improves the flexi-
bility of the system and expands the processing capabilities
of the ultrashort pulsed laser robot system. The successful
realization of both 2D and 3D cutting of ultra-thin glass
demonstrates the system's suitability for precision pro-
cessing and highlights its potential as an alternative to stand-
ard laser machines for industrial applications.
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