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A B S T R A C T

Laser processing systems provide elevated flexibility in dynamically shaping the laser beam in both space and 
time. Scientific literature indicates that such techniques represent promising solutions for improving both part 
quality and process productivity. However, methodological investigations for the processing of high thickness 
metal sheets have not been extensively reported. The wide range of possibilities enabled by novel beam-shaping 
approaches has yet to be systematically explored. The present work aims to study the effect of axial oscillations (i. 
e. along the beam propagation axis) in laser fusion cutting. By leveraging an analytical model, the power density 
distribution generated by different oscillation waveforms was explored. An experimental set up was developed to 
include a deformable mirror with the capability of generating high frequency modifications of the beam focal 
position, thus enabling experiments with axial oscillations in the 100–1500 Hz range. Successively, experiments 
were performed to demonstrate the improvements achievable in terms of part quality and productivity. While 
existing literature has primarily focused on dynamic beam shaping employing harmonic oscillations, this study 
explores the impact of various oscillation waveforms, including sinusoidal, triangular, square, ramp-up, and 
ramp-down patterns. Hence, the analytical model predicted the time-averaged laser power distribution within 
the process zone for the different oscillation waveforms. The use of axial oscillations, superimposed to the 
cutting-direction, was investigated during the processing of 20 mm thick AISI304. Experimental results 
demonstrate notable improvements in process performance, either by reducing burr defects in iso-productivity 
conditions or by increasing the speed whilst maintaining equivalent part quality.

1. Introduction

Today, laser fusion cutting of metal materials stands out as one of the 
key technologies in the sheet processing field. Conventionally, material 
separation relies on the combined action of a high-intensity laser beam 
and a coaxial high-pressure gas jet operating near the workpiece. Spe
cifically, in fusion cutting, the laser provides the thermal energy 
required to melt the material, while an inert assist gas removes the 
molten metal from the kerf [1,2]. Since its introduction into the 
metalworking industry, research has been directed toward enhancing 
laser cutting performance, with particular attention to improving cut- 
edge quality and increasing process productivity. Scientific investiga
tion demonstrated that the performance of laser cutting is strongly 

influenced by both the characteristics of the laser beam (such as wave
length, power, polarization, temporal emission, beam size, and intensity 
distribution) and the selection of process parameters, namely focal po
sition, assist gas type and pressure, and cutting speed, specific to the 
material and thickness being processed [3,4]. As a result, considerable 
attention has been devoted to investigating how these factors and their 
interactions affect cut quality, productivity, and overall process 
performance.

To date, various strategies have been explored to enhance laser 
cutting performance by tailoring laser beam characteristics, commonly 
referred to as Beam Shaping (BS) methods [5]. These strategies include 
modifications of the emission wavelength [6,7], polarization state [8,9], 
temporal emission characteristics [10,11], and spatial intensity distri
bution [12,13]. Among these, recent advancements in laser cutting 
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techniques utilizing spatial Dynamic Beam Shaping (DBS) methods have 
demonstrated substantial improvements in processing speed and part 
quality. These techniques rely on the high-speed motion of laser beam, 
superimposed to the cutting direction. Laser oscillations around the kerf 
enable to shape the interaction zone into an arbitrary geometry while 
preserving the beam intensity distribution [14,15]. Several studies have 
investigated the influence of laser beam oscillations in the XY plane (i.e. 
along the travel direction of the beam and transversally to it) on process 
performance using different dynamic beam shaping technologies. Gop
pold et al. examined the effects on the part quality of various sinusoidal 
oscillations during the cutting of thick stainless steel plates, employing 
both a high-dynamic scanner system [16,17] and a tip-tilt piezo plat
form mirror [18]. Levichev et al. reported notable improvements in the 
part quality of 12 mm thick mild and stainless steel using sinusoidal 
linear oscillations along the cutting direction [19,20]. Additionally, 
Kardan et al. implemented thermal monitoring and high-speed imaging 
to evaluate cutting process dynamics, specifically investigating how 
oscillation amplitude and frequency affect workpiece temperature and 
melt flow behaviour [21,22]. Significant improvements in process per
formance have also been reported for beam oscillation applied along the 
laser propagation direction (Z-axis). Gropp et al. and Okada et al. were 
among the first to show that the quick adaptation of the laser beam focal 
position is expected to enable an increase in processing speed and 
improvement in the quality of laser material processing [23,24]. 
Initially, vertical oscillations of the laser beam were achieved through 
electromechanical or pneumatic devices, which had strict constraints 
regarding the positioning range and oscillation frequency [25,26]. 
Recently, alternative solution that enable oscillations of the laser focal 
plane along the beam propagation direction were developed based on 
novel Fast Focusing Mirrors (FFMs). These are mirrors that can rapidly 
adjust their surface shape to change the divergence and, hence, the focus 
position of an incident light beam. A detailed analysis of the working 
principle of a FFM was first presented by Bottner et al. [27], while the 
integration of such solution into a commercial processing head for cut
ting and welding application was demonstrated by Jahn et al. [28]. In 
their study, a 3 kW fiber laser source was employed to process 10 mm 

thick stainless steel, resulting in a 60% increase in cutting speed through 
the application of sinusoidal axial oscillations. A further study by Her
wig et al. addressed the impact of harmonic axial oscillations on the 
productivity of fusion cutting process across a variety of materials and 
thicknesses [29]. Their findings revealed increases in processing speed 
for stainless steel, mild steel and aluminum alloy materials of various 
thicknesses, utilizing a 3 kW laser power.

In this context, the present work explores the effect of dynamic axial 
oscillations on laser fusion cutting, aiming to enhance process perfor
mance in terms of both productivity and part quality. Whereas existing 
literature has primarily concentrated on dynamic beam shaping based 
on harmonic sinusoidal oscillations, this study examines the influence of 
multiple oscillation waveform patterns to identify those that provide the 
greatest improvement relative to static operating conditions. In addition 
to conventional sinusoidal (SNW) oscillations, the waveforms consid
ered include triangular (TNW), square (SQW), ramp-up (RUW), and 
ramp-down (RDW) patterns. An analytical model was initially devel
oped to evaluate the time-average laser power distribution within the 
process zone under both static and dynamic conditions. Furthermore, 
the effect of axial oscillations, superimposed to the cutting direction, on 
process performance was experimentally investigated for 20 mm thick 
AISI304 stainless steel material.

2. Modelling

As highlighted by Mahrle and Beyer [30], controlled laser beam 
oscillations govern the energy delivered to the material, significantly 
influencing melt pool dynamics and, ultimately, material separation 
[31,32]. Accordingly, an analytical model was developed to evaluate the 
time-averaged laser intensity distribution within the process zone under 
both static and dynamic conditions. For the first time, the present model 
accounts for the spatial and temporal motion of the laser beam, 
considering not only oscillation amplitude and frequency but also 
different oscillation patterns.

The spatial intensity distribution under dynamic beam shaping 
conditions strictly depends on the laser beam motion, as well as the 

Nomenclature

Symbol Name (Units)
(x,y, z) Geometrical coordinates in three-dimensional space, [mm]

(x0,y0, z0) Laser focal position coordinates in three-dimensional 
space, [mm]

I(x,y, z) Laser intensity distribution in three-dimensional space, 
[
W⋅mm− 2]

Ipk Peak laser intensity, 
[
W⋅mm− 2]

I(x, y, z) Time-averaged laser intensity distribution in three- 
dimensional space, 

[
W⋅mm− 2]

Istatic
pk Peak laser intensity in static conditions, 

[
W⋅mm− 2]

Inorm Normalized laser intensity distribution in three- 
dimensional space, [ − ]

P Laser power, [kW]

λ Laser source emission wavelength, [nm]

BPP Laser source Beam Parameter Product, [mm⋅mrad]
zR Rayleigh length, [mm]

w0 Beam waist radius (at z0 axial position), [mm]

w(z) Beam radius (at z axial position), [mm]

fcol Collimator focal length, [mm]

ffoc Focusing lens focal length, [mm]

dcore Laser source fiber core diameter, [mm]

v Laser cutting process speed, [mm/min]
Pr Assistant gas pressure, [bar]

FP Laser beam focal position with respect to the head nozzle, 
[mm]

SOD Stand-off distance between the head nozzle and workpiece 
surface, [mm]

dnozzle Nozzle diameter, [mm]

t Material thickness, [mm]

Rz Mean peak to valley height roughness profile value, [μm]

h Mean burr height value, [mm]

HAZ Heat affected zone, [mm]

μ(wkerf ) Average kerf width, [mm]

σ(wkerf ) Kerf width variation (unevenness), [mm]

u Kerf perpendicularity, [mm]

θfront Front incident angle, [deg]
ź (t) Time-dependent axial position coordinate, [mm]

Sz(t) Axial oscillation component, [mm]

A Axial oscillation amplitude, [mm]

ω Axial angular oscillation frequency, 
[
rad s− 2]

T Axial oscillation period, [s]
ϕ Phase shift contribution, [rad]
SNW Sinusoidal waveform pattern
SQW Square waveform pattern
TNW Triangular waveform pattern
RUW Ramp-up waveform pattern
RDW Ramp-down waveform pattern
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intensity distribution of the incident beam. For a conventional laser 
beam operating in static conditions, its intensity distribution can be 
well-approximated by a Gaussian function. Considering an overall laser 
power P [W], a Rayleigh length zR [mm] and a beam waist radius w0 
[mm] in axial position z0 [mm], the analytic expression of its intensity 
distribution in 3D space, centered in (x0, y0, z0) coordinates, is defined 
by the well-known formula [33]: 

I(x, y, z) = Ipk(z)⋅exp

[

− 2⋅
(x − x0)

2
+
(
y − y0

)2

w(z)2

]

(1) 

where the laser peak intensity Ipk(z) [W mm− 2] and beam radius w(z)
[mm] at position z [mm] can be computed as: 

Ipk(z) =
2⋅P

π⋅w(z)2 (2) 

w(z) = w0⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
(z − ź (t))2

z2
R

√

(3) 

and, in turn, the beam waist radius w0 [mm] at the focus and Rayleigh 
length zR [mm] are defined in terms of the beam parameter product BPP 
[mm mrad] and the full divergence angle of the laser beam θ [rad]: 

w0 =
BPP

θ
(4) 

zR =
w2

0
BPP

(5) 

However, to account for the dynamic motion of the laser beam along its 
propagation direction (Z-axis), the time-dependent position coordinate 
ź (t) [mm] may be expressed as follows: 

ź (t) = z0 + Sz(t) (6) 

where z0 [mm] denote the initial position coordinate, and Sz(t) [mm] 
represent the oscillation component that account for the axial moving 
trajectory of the beam focus. The explicit expression of the time- 
dependent oscillation term varies according to the selected motion 
function. For harmonic oscillations, this may be simply described by a 
sinusoidal function. Here, the parameter A [mm] denotes the oscillation 
amplitude, ω [rad s− 1] is the angular frequency and ϕ [rad] represents 
the phase shift contributions, which is set to zero for a properly chosen 
time reference: 

Sz(t) = A⋅sin(ω⋅t + ϕ) (7) 

The angular frequency ω [rad s− 2] is related to the oscillation frequency 
f [Hz], or the oscillation period T [s] as: 

ω = 2π⋅f =
2π
T

(8) 

A schematic representation of time-domain sinusoidal oscillations along 

the laser beam propagation direction is reported in Fig. 1, while its 
analytical expression is reported in Equation (9).

Although existing literature has primarily focused on dynamic beam 
shaping employing harmonic sinusoidal (SNW) oscillations, alternative 
waveforms such as triangular (TNW), square (SQW), ramp-up (RUW), 
and ramp-down (RDW) can also be utilized. Schematic representations 
of the waveform patterns are reported in Fig. 2, while the analytical 
expressions are here provided [34]: 

SNW(t) = A⋅sin(ω⋅t) (9) 

TNW(t) =
8⋅A
π2 ⋅

∑n=N

n=1

{
( − 1)n

(2n ± 1)2⋅sin[ω⋅(2n − 1)⋅t ]

}

(10) 

SQW(t) =
4⋅A
π ⋅

∑n=N

n=1

{
1

2n − 1
⋅sin[ω⋅(2n − 1)⋅t ]

}

(11) 

RUW(t) =
A
2
+

2⋅A
π ⋅

∑n=N

n=1

{
( − 1)n+1

n
⋅sin[ω⋅n⋅t]

}

(12) 

RDW(t) =
A
2
−

2⋅A
π ⋅

∑n=N

n=1

{
1
n

⋅sin[ω⋅n⋅t]
}

(13) 

In theory, the exact waveform representation is obtained by evaluating 
the infinite Fourier series (N→∞). In practical implementations, how
ever, the series must be truncated to a finite number of terms (N), 
resulting in an approximate reconstruction of the target waveform. The 
fidelity of this approximation improves with increasing N, as higher- 
order harmonics contribute to a more accurate reproduction of the 
waveform shape. Nevertheless, the achievable value of N is inherently 
limited by the dynamic response of the actuation system employed to 
generate the oscillations. Specifically, the maximum realizable har
monic order depends on the device bandwidth and its capability to 
sustain the required displacement amplitude at the given oscillation 
frequency. Consequently, the selection of N represents a trade-off be
tween waveform accuracy and the physical constraints of the actuation 
hardware, and it is strongly influenced by the waveform type, operating 
frequency, and amplitude.

The time-averaged spatial intensity distribution I(x, y, z) [W mm− 2] 
under varying operating conditions can be calculated as the mean value 
of the previous expression, Equation (1), over a single oscillation period 
T [s], as: 

I(x, y, z) =
1
T

⋅
∫T

0

I(x, y, z, t)⋅dt (14) 

For better comparison, the intensity distributions associated with the 
different oscillation patterns are normalized with respect to the peak 
intensity of the static condition Ipk,static [mm], according to the following 
expression: 

Inorm =
I(x, y, z)
Ipk,static

(15) 

3. Material and methods

3.1. Material

This study investigates the fusion cutting process of 20 mm thick 
stainless steel AISI304 material. This was selected due to its industrial 
relevance in the metal-working industry. The nominal chemical 
composition is reported in Table 1 and was declared to be in accordance 
with BS EN 10088–3:2023 standard by the supplier [35].

Fig. 1. Time-domain representation of sinusoidal oscillations along the 
z direction.
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3.2. Laser cutting system

The cutting experiments were performed on a customized version of 
a commercial Arnold 3D double-head cutting system (Fraunhofer IWS 
institute, Dresden, Germany). An industrial high-power multi-mode 
fiber laser source that can deliver an approximately Gaussian beam 

profile with a nominal power up to Pnom = 12000 W at a central emission 
wavelength of λ = 1080 nm (MFMC12000M, Maxphotonics Co., Ltd, 
Shenzhen, Guangdong, China) was employed to cut the material. The 
transport fiber is a graded-index optical fiber having a core diameter of 
dcore = 0.05 mm and is coupled to a customized version of the Precitec 
HPSSL (Precitec GmbH & Co., Gaggenau, Germany) cutting head with a 

Fig. 2. Time-domain representations of different oscillation waveform patterns: (a) triangular TNW, (b) square SQW and (c) ramp-up RUW and (d) ramp-down RDW.

Table 1 
Nominal chemical composition of AISI304 stainless steel in wt% [35].

Element C Si Mn P S Cr Ni Mo Fe

wt (%) 0.02 0.52 1.50 0.01 0.01 17.30 11.40 2.46 Bal.

Fig. 3. (a) Photo and (b) Schematic representation of the novel laser cutting system to enable high-frequency oscillations along the beam propagation (axial) di
rection. Customized version of the Precitec HPSSL cutting head equipped with a Fast Focusing Mirror (Zwobble system, ROBUST AO GmbH, Jena, Germany).
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collimation and a focusing lens of fcol = 100 mm and ffoc = 200 mm focal 
length, respectively. This optical configuration results in a theoretical 
beam waist at the focal position that can be computed as follows [36]: 

w0 =
dcore

2
⋅
ffoc

fcol
= 0.05 mm (16) 

Furthermore, dynamic beam shaping functionality was achieved by 
integrating a Fast Focusing Mirror (FFM) into the conventional Precitec 
HPSSL cutting head, as schematically represented in Fig. 3. Specifically, 
a ROBUST AO [37] Zwobble scanner (ROBUST AO GmbH, Jena, Ger
many) was selected and integrated into the cutting head to enable high- 
frequency oscillations along the beam propagation direction (axial os
cillations). A photograph and schematic representation of the novel 
cutting head to enable high-frequency oscillations along the beam 
propagation direction are shown in Fig. 3.

The scanning system consisted of a single Fast-Focusing Mirror 
(FFM), i.e. a deformable mirror capable of rapidly adjusting its surface 
shape. By modifying the mirror surface curvature, the divergence of the 
incoming collimated laser beam can be controlled, thereby enabling 
precise adjustment of the focal position after the focusing optics. This 
configuration allows for the generation of fast axial oscillations of the 
laser beam along the propagation direction. With the employed scan
ning system and optical path, axial oscillations along the laser beam 
propagation direction reached a maximum amplitude of 15 mm and a 
maximum frequency of 1500 Hz. However, the maximum amplitude is 
frequency-dependent: when the system was set to operate with a 15 mm 
amplitude, the maximum operating frequency achievable in such con
dition for the different waveforms were 1000 Hz for sinusoidal and 
triangular patterns, 500 Hz for ramp-up and ramp-down waveforms and 
100 Hz for the square waveform.

The laser beam caustic and power density distribution of the novel 
cutting system under static operating conditions were characterized 
using a Primes MicroSpotMonitor (PRIMES GmbH, Pfungstadt, Ger
many), in accordance with the ISO 11146 standard. The measured beam 
characteristics were consistent with both the specifications provided by 
the laser manufacturer and the theoretical predictions obtained from the 
modelling section. In particular, the experimentally measured beam 
waist radius and Rayleigh length closely matched the theoretical values. 
A summary of the measured laser system specifications, which show 
good agreement with the theoretical parameters, is reported in Table 2.

While the Primes MicroSpotMonitor provides a reliable character
ization of the laser beam under static conditions, an Ophir BeamWatch 
(MKS Instruments Photonics Solutions Division, Wilmington, Massa
chusetts, United States) device was used to quantify key intensity dis
tribution parameters (such as beam radius and Rayleigh length) under 
dynamic processing conditions. Prior to integrating the fast focusing 
mirror into the industrial laser cutting head, real-time measurements of 
the laser beam during axial oscillation were conducted. Practical testing 
and verification of these parameters are essential to ensure that the 
analytical model accurately reflects the actual beam behaviour during 
dynamic operation.

3.3. Experimental plan

This study investigates the effect of axial oscillations on laser fusion 
cutting performance through analytical modelling and experimental 
analysis. In particular, the effect of different axial oscillation waveform 
patterns on processing speed and part quality is evaluated for 20 mm 
thick stainless steel AISI304, with the aim of identifying the pattern that 
delivers the greatest improvement in process performance.

An overview of the process parameters (namely laser power, cutting 
speed, assist gas pressure, focal position and stand-off distance) applied 
for cutting this material in static conditions is provided in Table 3. The 
fixed parameters, as well as those used for the static reference condition, 
correspond to the settings commonly adopted in industrial practice for 
cutting with a static beam. These parameters were provided by the 
machine manufacturer and validated in this study through preliminary 
experimental investigations. They represent operating conditions that 
maximize the nominal cutting speed while still ensuring an acceptable 
level of part quality, evaluated in terms of burr formation and surface 
roughness.

Subsequently, an experimental plan was designed to assess the in
fluence of various laser oscillation waveform patterns on productivity 
and part quality of 20 mm thick stainless steel AISI304. The sample 
geometry consisted of a 20 mm x 100 mm rectangle with a straight, 
incomplete cut line through the sample centre to assess cutting front and 
kerf geometry, following the approach of Bocksrocker et al. [38]. Based 
on preliminary investigations and consistent with findings from previ
ous studies [28], significant improvements in process performances 
were observed for focal positions located near the center of the material 
and for oscillation amplitudes spanning the entire thickness. Accord
ingly, two focal positions were selected, at 6 mm and 10 mm below the 
material surface, while the peak-to-peak oscillation amplitude was fixed 
at the maximum value of 15 mm enabled by the oscillating system. To 
assess the influence of oscillation frequency, cutting experiments were 
performed at three representative frequency levels (100 Hz, 500 Hz and 
1000 Hz) covering the entire usable oscillation range. The selection of 
these values was constrained by the dynamic limits of the mirror system, 
as previously noted. Hence, at the 15 mm oscillation amplitude, 
employed sinusoidal and triangular patterns could be performed up to a 
maximum frequency of 1000 Hz, whereas ramp-up and ramp-down 
waveforms were limited to 500 Hz, and the square waveform to only 
100 Hz.

To evaluate the process productivity under dynamic beam shaping 
conditions, the cutting speed was incrementally increased from the 
value obtained in the static reference condition (0.7 m/min) up to 1.0 
m/min, resulting in a total of six speed levels. To ensure statistical sig
nificance, two replicates were carried out for each processing condition. 

Table 2 
Laser system specifications of the self-developed experimental set up.

Parameters Values

Laser power, Pnom [W] 12 000
Wavelength, λ [nm] 1080
Beam Parameter Product, BPP [mm mrad] 1.62
Full divergence angle, θ [mrad] 65.69
Collimation length, fcol [mm] 100
Focal length, ffoc [mm] 200
Feeding fibre core diameter, dcore [mm] 0.05
Beam waist radius, w0 [mm] 0.05

Table 3 
Experimental plan for 20 mm thick AISI304 laser fusion cutting process under 
static and dynamic axial oscillations.

Process parameters Values

Fixed parameters ​
Laser power, P [W] 6000
Assist gas N2

Gas pressure, pr [bar] 20
Nozzle diameter, 

dnozzle [mm]

3.0

Stand-off Distance, 
SOD [mm]

0.7

​ Reference Axial oscillations
Oscillation patterns Static Sinusoidal; Triangular; Square; Ramp-up; 

Ramp-down
Focal position, FP [mm] − 12 − 6; − 10
Oscillation amplitude, A 

[mm]

n.a. 15

Oscillation frequency, f 
[Hz]

n.a. 100; 500; 1000

Cutting speed, v [m/min] 0.70 0.70; 0.80; 0.85; 0.90; 0.95; 1.00
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A stand-off distance of 0.7 mm was maintained for all experiments, 
together with the maximum assist-gas pressure allowed by the cutting 
machine (approximately 20 bar), in order to promote efficient melt 
ejection. A nozzle with a diameter of 3 mm was used, as typically 
required for processing thick materials to guarantee sufficient gas flow 
and stable kerf evacuation. The laser power was fixed at 6000 W, which 
was the maximum level admissible for safe operation of the deflector 
mirror. The fixed and variable process parameters are outlined in 
Table 3.

3.3.1. Characterisation equipment and procedures
The samples obtained from experimental investigations were visu

ally inspected and grouped under the following three categorical 
conditions: 

• Successful Cut: the molten material is ejected, leading to complete 
material separation.

• Plasma Cut: unstable laser cutting process conditions may induce 
plasma formation, resulting in complete material separation but with 
low cut-edge quality [39].

• Loss of Cut: the molten material is not ejected from the kerf but 
resolidified, preventing material separation.

Representative optical microscope images of these conditions are 
reported in Fig. 4: (a) Successful Cut and (b) Plasma Cut, both showing 
the cut kerf surface in a side view, while (c) Loss of Cut, shown in a top 
view. Loss of Cut conditions are indicated in red, while Plasma Cut and 
Successful Cut conditions are indicated in yellow and green, 
respectively.

For successful cutting conditions, process productivity was evaluated 
based on the maximum cutting speed achievable while maintaining 
acceptable cut quality [40]. As discussed by Pacher et al., part quality in 
laser cutting is traditionally assessed using several criteria, including 
burr attachment, kerf width, surface roughness, heat affected zone and 
presence of burns on the cut edge [41]. Although the relative importance 
of these indicators varies depending on the final application of the 
processed components, several studies have shown that the burr height 
[42] and the surface roughness profile [43] are the most significant 
indicators of overall cut quality and are among the most widely adopted 
metrics in industrial laser cutting of high-thickness metal materials. 
Accordingly, in the present study, part quality was primarily assessed 
through measurements of cut-edge roughness profile Rz and burr height 
h, the latter representing the most critical parameter for 20 mm thick 
stainless steel. For each axial oscillation waveform pattern, the process 
conditions that minimized burr formation and roughness were identi
fied. Under these selected conditions, the kerf geometry [44] and cutting 
front shape [45] were further characterized by the average kerf width 
μ(wkerf ), kerf with deviation (unevenness) σ(wkerf ), kerf perpendicularity 
u, and the cutting front incident angle θfront . In addition, the Heat- 

Affected Zone (HAZ) was systematically evaluated by measuring its 
width at multiple locations along the cut edge, as it represents a key 
indicator of the thermal impact of the process and reflects the extent of 
microstructural and metallurgical alterations induced by the laser- 
material interaction [46]. These parameters provide complementary 
information on the cutting performance and were therefore evaluated 
under the process conditions that yielded the lowest burr height, i.e., 
after optimization of the cut quality in terms of roughness and burr 
formation.

The Keyence VHX digital microscope (Keyence corporation, Osaka, 
Japan) was employed for high-resolution imaging of the samples cut- 
edges, while the burr height defect was extracted through a Python 
image processing algorithm. The coloured microscope image of the cut- 
edge profile was first converted into a grayscale image and then to a 
binary matrix by applying a thresholding operation based on pixel in
tensity. The top and bottom sample edges were identified and the matrix 
image was rotated to compensate for misalignment. Subsequently, the 
difference between the two profile edges was computed and by sub
tracting the material thickness, a reliable estimation of the burr defect h 
along the entire sample profile was identified. An example is reported in 
Fig. 5a.

The surface roughness of the cut edge was evaluated in accordance 
with the UNI EN ISO 9013:2017 and ISO 4287:1997 [Rev. ISO 
21920–2:2021] standards [47,48]. According to these standards, surface 
roughness of laser-cut parts is characterized using the Rz5 parameter, 
which is defined as the average of the five highest peak-to-valley dis
tances measured along the cut edge profile. Measurements were per
formed using a Jenoptik Waveline W20 profilometer (Jenoptik AG, 
Jena, Thüringen, Germany) equipped with an TKU-300 feeler and a 5 µm 
stylus tip. In compliance with the reference standards, the acquired 
primary profile for each sample is filtered by a frequency filter with a 
0.8 mm cut-off wavelength. The roughness profile was measured at three 
different positions along the cut-edge surface, as represented schemat
ically in Fig. 5b: at the centre of the material and 1 mm above and below 
the top and bottom surface respectively. Three measurements were 
taken at each position, and the mean and standard deviation values were 
computed.

Furthermore, kerf width was evaluated from metallographic cross- 
sections transverse to the cut direction (Fig. 5c). Samples were 
sectioned using a high-precision manual abrasive cut-off machine 
(MECATOME ST 3010, Presi, France) to minimize thermal and me
chanical damage, then mounted, ground, and polished using a semi- 
automatic polishing system (MECATECH 300 SPC, Presi, France). Pol
ished cross-sections were imaged with a Keyence VHX digital micro
scope (Keyence, Osaka, Japan). Kerf width profiles, wkerf (z), were 
extracted from high-resolution images using an image-processing 
approach similar to that applied for burr height. The colour images 
were converted to grayscale and then binarized using intensity thresh
olding. The left and right kerf edges were identified, and any 

Fig. 4. Qualitative cutting results for 20 mm thick AISI304 stainless steel: (a) Successful Cut and (b) Plasma Cut, both showing the kerf surface in a side view, while 
(c) Loss of Cut, shown in a top view. Loss of Cut conditions are indicated in red, while Plasma Cut and Successful Cut conditions are indicated in yellow and green, 
respectively.
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misalignment was corrected by image rotation. Distances between 
opposing edges were computed along the full material thickness to 
obtain the kerf width profile. The mean μ(wkerf ) and standard deviation 
σ(wkerf ) were calculated to quantify average width and variability. Kerf 
perpendicularity, u, was determined according to EN ISO 9013:2017. 
The inclination of the cutting front θfront was evaluated through image 
analysis of metallographic sections prepared along the cutting direction.

Finally, the thermal impact of the process was evaluated through 
measurements of the heat-affected-zone (HAZ). Cross-sections trans
verse to the cutting direction were mechanically polished using abrasive 
papers and polishing cloths with diamond suspensions down to a final 
grit size of 1 µm, and subsequently subjected to chemical etching. The 
etching solution consisted of 1 mL of nitric acid (65% concentration), 1 
mL of hydrochloric acid (37% concentration), and 1 mL of distilled 
water [49]. The samples were immersed in the etchant for 1 min. This 
chemical etching procedure revealed the geometry of the heat-affected- 
zone, which was then acquired by optical microscopy. The HAZ was 
systematically evaluated by measuring its width at multiple locations 
along the cut edge, equally spaced at 2 mm intervals along the material 
thickness, resulting in a total of eleven measurement positions.

4. Results

4.1. Time-average spatial intensity distribution

Based on the analytical model presented in section 2 and the avail
able experimental setup described in section 3.2, the time-averaged laser 
intensity distribution was computed as the integral over one oscillation 
period of the Gaussian beam intensity profile undergoing various axial 
oscillation waveforms, namely sinusoidal SNW, triangular TNW, ramp- 
up RUW and square SQW. The following parameters were used in the 
analysis: laser power P = 6000 W, emission wavelength λ = 1080 nm, 

beam parameter product BPP = 1.62 mm mrad, full divergence angle θ 
= 65.69 mrad, beam waist radius at the focal position w0 = 0.05 mm, 
and oscillation amplitude A = 15 mm. As previously mentioned, oscil
lations are constrained by the mirror dynamics, with square wave pat
terns reaching a maximum frequency of f = 100 Hz, which was selected 
for the evaluation of the time-averaged spatial intensity distribution to 
ensure proper implementation of all waveform patterns.

A visual comparison between the (a) static intensity distribution and 
the time-averaged spatial intensity distributions obtained under various 
axial oscillation waveforms: (b) sinusoidal SNW, (c) triangular TNW, (d) 
ramp-up RUW and (e) square SQW, all with fixed amplitude of A = 15 
mm and frequency f = 100 Hz are shown in Fig. 6. It is evident that axial 
oscillations have a significant influence on the laser power distribution. 
Specifically, for all oscillation patterns, the visible reduction in peak 
intensity is accompanied by an enlargement of the axial range over 
which a more uniform and homogeneous intensity distribution is sus
tained, extending across the entire oscillation range for sinusoidal, 
triangular, ramp-up and ramp-down waveforms. While triangular and 
ramps oscillation patterns yield beam radius and peak intensity distri
butions similar to those of sinusoidal oscillation, the square waveform 
produces a distinct profile. In particular, it generates an intensity dis
tribution along the axial propagation direction that closely resembles 
the effect of diffractive optical elements designed to produce a double 
focal point [50,51]. In this case, the highest peak intensity occurs at the 
inversion point positions (z = ±A).

For a quantitative analysis, the laser beam spot size and peak in
tensity distribution along the axial direction were determined through 
numerical calculations. Fig. 7 presents: (a) the laser beam radius w(z)
and (b) the peak intensity, Ipk(z), as a function of axial position for 
different oscillation patterns. Fixed oscillation amplitude of A = 15 mm 
and frequency f = 100 Hz. These theoretical predictions are in good 
agreement with the values obtained from dynamic measurements of key 

Fig. 5. (a) Burr estimation procedure: Original microscope image; Binary image; Detection of the top and bottom cut-edge profiles and rotation for misalignment 
compensation; Extraction of the burr profile along the sample length. (b) Surface roughness measurement. Three different positions along the cut-edge surface: the 
center of the material and 1 mm above and below the top and bottom surface. (c) Kerf width analysis: Original microscope image of the sample cross-section; 
extraction of the kerf width profile to compute the average kerf width μ(wkerf ), standard deviation σ(wkerf ), and kerf perpendicularity u.
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intensity distribution parameters performed with an Ophir BeamWatch 
(MKS Instruments Photonics Solutions Division, Wilmington, Massa
chusetts, United States). The results of this experimental 

characterization confirm that the measured parameters closely match 
the values predicted by the analytical model, demonstrating its accuracy 
in estimating the laser intensity distribution under dynamic conditions.

Axial oscillations lead to a reduction in laser peak intensity, as 
observable in Fig. 6 and confirmed in Fig. 7b, while simultaneously 
enlarging the overall beam dimension at the focal position, which is 
maintained over a broader axial range, as shown in Fig. 7a. For sinu
soidal oscillations, the beam waist radius increases from 0.05 mm under 
static conditions to approximately 0.2 mm, and this expanded radius is 
preserved across the entire oscillation range, from –7 mm to +7 mm 
around the focal plane. As a consequence, the Rayleigh length increases 
substantially, from 1.54 mm under static conditions to about 11 mm 
under axial sinusoidal oscillations. Regarding the intensity distribution, 
numerical calculations reported in Fig. 7b confirm the visual observa
tions from Fig. 6. Under sinusoidal oscillations, the peak intensity di
minishes, but correspondingly, the high-intensity region widens, 
resulting in a nearly uniform intensity level across the oscillation range. 
A slightly higher intensity peak can be observed at the extremes of the 
oscillation range (z = ±A), which can be attributed to the presence of 
turning points, where the oscillatory velocity of the laser beam 
momentarily reaches zero due to the sinusoidal scan pattern. Beyond the 
oscillation range, however, the beam radius follows the same behaviour 
as in static conditions, maintaining a constant divergence, peak intensity 
and beam dimensions. For triangular and ramp oscillations, the intensity 
distribution behaves in a similar way, with a slightly higher intensity in 
the oscillation center position and without the localized peaks at the 
turning points. This is due to the sharper directional changes charac
teristics of triangular and ramp-up oscillations compared to sinusoidal 
ones. In addition, the beam waist expands up to 0.18 mm (slightly lower 
than in the sinusoidal case) yet still remains stable across the full 
oscillation range, with the Rayleigh length reaching a similar value of 
approximately 11 mm. It is worth noting that triangular and ramp 

Fig. 6. Visual comparison between: (a) static intensity distribution and time-averaged intensity distributions obtained under various axial oscillation waveforms: (b) 
sinusoidal SNW, (c) triangular TNW, (d) ramp-up RUW and (e) square SQW. The following parameters were used in the analysis: laser power P = 6000 W, emission 
wavelength λ = 1080 nm, beam parameter product BPP = 1.62 mm mrad, full divergence angle θ = 65.69 mrad, beam waist radius at the focal position w0 = 0.05 
mm, oscillation amplitude A = 15 mm and frequency f = 100 Hz.

Fig. 7. (a) Laser beam radius w(z) [mm] and (b) peak intensity Ipk(z) [W 
mm− 2] along laser propagation direction for different waveforms: Static, Si
nusoidal SNW, Triangular TNW, Square SQW and Ramp-up RUW. The 
following parameters were used in the analysis: laser power P = 6000 W, 
emission wavelength λ = 1080 nm, beam parameter product BPP = 1.62 mm 
mrad, full divergence angle θ = 65.69 mrad, beam waist radius at the focal 
position w0 = 0.05 mm, oscillation amplitude A = 15 mm and frequency f =
100 Hz.
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oscillations exhibit nearly identical simulated behaviour. This outcome 
is explained by the fact that the simulations consider oscillations along 
axial direction for a stationary beam (translational speed set to zero). 
Consequently, differences between triangular, ramp-up and ramp-down 
oscillations do not manifest under these conditions but become relevant 
once beam translation is introduced, as will be demonstrated in the 
experimental results presented in the following sections. Finally, for 
square oscillations, the beam exhibits a markedly different behaviour: at 
the theoretical focal position, the beam radius reaches a value of about 
0.25 mm, which is maintained only over a shorter axial distance 
compared to the oscillation range. At the extremes of the oscillation 
range, the beam radius decreases to approximately 0.15 mm while 
reaching the highest peak intensity. This behaviour resembles that of a 
laser beam with two distinct focal positions, leading to a more complex 
intensity distribution within the process zone.

The more homogeneous intensity distribution along the laser beam 
propagation direction, combined with the increased Rayleigh length, 
promotes a more uniform absorption of laser power throughout the 
thickness of the material, as discussed by Mahrle et al. [52,53]. Axial 
oscillations allow shaping of the interaction zone between the laser and 
the material, which is expected to improve process efficiency and enable 
higher processing speeds. Moreover, the modified geometry of the in
tensity profile has been shown to significant influence the resulting 
cutting kerf [54], potentially facilitating better coupling of the assist gas 
to the kerf and thereby improving gas flow. This enhanced flow can 
promote more efficient removal of molten material, thereby positively 
affecting the quality of the cut samples as shown in the simulations of 
the laser-gas interaction using CFD analysis performed by Borkmann 
et al. [55].

These effects, namely the higher processing speeds, along with 
improved part quality, will be experimentally verified in the following 
sections. In particular, the influence of different oscillation waveform 

patterns at varying frequencies will be investigated, with the corre
sponding results presented and discussed in detail. The current model 
for estimating the time-averaged laser intensity distribution focuses 
solely on the spatial distribution of laser intensity and does not account 
for oscillation frequency. However, when combined with the cutting 
motion, oscillation frequency may have a significant impact on overall 
process performance. Therefore, its effect will be evaluated 
experimentally.

4.2. Experimental results

The samples resulting from the experimental plan presented in sec
tion 3.3 were visually inspected and classified as Loss of Cut, Plasma Cut, 
or Successful Cut conditions (see Fig. 4). The resulting feasibility maps 
for the two distinct focal positions, (a) FP = -6 mm and (b) FP = -10 mm, 
are presented in Fig. 8, where Loss of Cut, Plasma Cut, and Successful 
Cut conditions are indicated in red, yellow, and green, respectively. The 
maps are shown as a function of cutting speed (v = 0.70 m/min, 0.80 m/ 
min, 0.85 m/min, 0.90 m/min and 0.95 m/min) and oscillation fre
quency (f = 100 Hz, 500 Hz and 1000 Hz) for different waveform pat
terns: sinusoidal (SNW), triangular (TNW), square (SQW), ramp-up 
(RUW), and ramp-down (RDW). The oscillation amplitude was fixed at 
A = 15 mm.

According to Fig. 8, laser fusion cutting with dynamic beam shaping 
enables a notable increase in processing speed across a range of condi
tions, with maximum values reaching 0.90 m/min compared to the 
static reference of 0.70 m/min, corresponding to a 28% increase. Spe
cifically, for sinusoidal oscillations, a cutting speed comparable to the 
reference (0.70 m/min) was achieved at FP = -10 mm and f = 100 Hz, 
while higher speeds of up to 0.80 m/min were reached at the same focal 
position for f = 500 Hz and f = 1000 Hz. At FP = -6 mm, speeds of 0.80 
m/min were observed for f = 100 Hz and f = 500 Hz, with a maximum 

Fig. 8. Feasibility maps for the processing of 20 mm thick AISI304 stainless steel material. Two distinct focal positions, (a) FP = -6 mm and (b) FP = -10 mm. Loss of 
Cut, Plasma Cut, and Successful Cut conditions are indicated in red, yellow, and green, respectively. Different combinations of processing speed (v = 0.70 m/min, 
0.80 m/min, 0.85 m/min, 0.90 m/min and 0.95 m/min) and oscillation frequency (f = 100 Hz, 500 Hz and 1000 Hz) for different waveform patterns: sinusoidal 
(SNW), triangular (TNW), square (SQW), ramp-up (RUW), and ramp-down (RDW). The oscillation amplitude was fixed at A = 15 mm.
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increase to 0.90 m/min at f = 1000 Hz. This clearly indicates that 
increasing oscillation frequency enhances cutting speed for sinusoidal 
oscillations, particularly at focal position FP = -6 mm. The triangular 
oscillation pattern exhibited a similar trend to sinusoidal oscillations. At 
FP = -10 mm, the reference speed of 0.70 m/min was matched at f =
100 Hz, while speeds up to 0.80 m/min were obtained for f = 500 Hz 
and f = 1000 Hz. At FP = -6 mm, the cutting speed reached 0.80 m/min 
at f = 100 Hz and increased to 0.85 m/min and 0.90 m/min for f = 500 
Hz and f = 1000 Hz, respectively. This confirms that triangular and si
nusoidal oscillations similarly influence cutting speed, with higher fre
quencies promoting faster processing, particularly at focal position FP =
-6 mm. For the square oscillation pattern, cutting performance was more 
limited. No successful cuts were achieved at FP = -6 mm, while the 
reference speed of 0.70 m/min was matched at FP = -10 mm and f =

100 Hz. The ramp-up waveform resulted in moderate speed increases. At 
FP = -6 mm, speeds up to 0.80 m/min were achieved for f = 100 Hz and 
f = 500 Hz, whereas at FP = -10 mm, 0.80 m/min was obtained only at f 
= 500 Hz, with the reference speed of 0.70 m/min maintained at f =
100 Hz. Finally, ramp-down oscillations exhibited a similar behaviour. 
At FP = -10 mm, a cutting speed of 0.80 m/min was obtained at f = 500 
Hz, decreasing to 0.70 m/min at f = 100 Hz. At FP = -6 mm, the speed 
was 0.80 m/min at f = 100 Hz, increasing to 0.85 m/min at f = 500 Hz. 
Overall, ramp-down oscillations enabled higher cutting speeds than 
ramp-up, although the improvements remained less pronounced than 
those achieved with sinusoidal and triangular oscillations.

Overall, dynamic beam shaping through axial oscillations demon
strates a substantial enhancement of cutting performance compared to 
the static reference case in terms of maximum achievable processing 

Fig. 9. Microscope images of the 20 mm thick AISI304 stainless steel samples cut-edges retrieved from experimental investigation for (a) FP = -6 mm and (b) FP =
-10 mm. Different combinations of processing speed (v = 0.70 m/min, 0.80 m/min, 0.85 m/min and 0.90 m/min) and oscillation frequency (f = 100 Hz, 500 Hz and 
1000 Hz) for different waveform patterns: sinusoidal (SNW), triangular (TNW), square (SQW), ramp-up (RUW), and ramp-down (RDW). The oscillation amplitude 
was fixed at A = 15 mm.
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speed. However, the effect depends strongly on the oscillation wave
form, frequency, and focal position, with sinusoidal and triangular 
patterns providing the most consistent speed improvements (up to 0.90 
m/min).

Furthermore, the samples obtained under the various processing 
conditions were qualitatively assessed via observation of the cut-edge 
profiles. The corresponding optical microscope images are shown in 
Fig. 9, specifically for (a) FP = -6 mm and (b) FP = -10 mm. The images 
are presented as a function of processing speed (v = 0.70 m/min, 0.80 
m/min, 0.85 m/min and 0.90 m/min) and oscillation frequency (f =
100 Hz, 500 Hz and 1000 Hz) for different waveform patterns: sinu
soidal (SNW), triangular (TNW), square (SQW), ramp-up (RUW), and 
ramp-down (RDW). The oscillation amplitude was fixed at A = 15 mm. 
Visual inspection of the cut-edge samples indicates that dynamic beam 
shaping through axial oscillations strongly influences both processing 
speed and burr defect formation. While higher oscillation frequencies 
(especially at FP = -6 mm) lead to increased cutting speeds, they are also 
associated with larger burr heights.

To provide a quantitatively assessment of the processed samples’ 
quality, burr height and roughness profile were evaluated as the key 
indicators commonly adopted in both industrial and scientific contexts 
for assessing part quality in laser cutting [41]. The measurement pro
cedures for burr height and roughness followed the methodology 
described in section 3.3.1. Pronounced variations in burr height were 
observed across the different processing conditions, with oscillation 
pattern, frequency, focal position, and cutting speed all influencing burr 
formation. In contrast, surface roughness was affected primarily by the 
transition from static to dynamic (axial oscillation) cutting conditions. 
Once oscillations were introduced, no statistically significant variations 

in roughness were detected as a result of changes in focal position, 
oscillation frequency, or cutting speed within the same waveform 
pattern. Specifically, the Rz values under different axial oscillation 
conditions remained comparable to the static reference at the upper 
measurement position, with values around 0.04 mm. For the static 
condition, roughness increased significantly at the middle and lower 
positions, reaching approximately 0.20 mm and 0.27 mm, respectively. 
Under dynamic conditions, roughness at these two positions also 
increased relative to the top surface but remained consistently lower 
than in the static case, with values in the range of approximately 
0.05–––0.10 mm at the middle position and 0.10–0.15 mm at the lower 
position.

Furthermore, the burr height results are presented graphically in 
Fig. 10, with (a) showing results for FP = -6 mm and (b) FP = -10 mm. 
Mean values and one standard deviation error bars are shown as a 
function of processing speed (v = 0.70 m/min, 0.80 m/min, 0.85 m/min 
and 0.90 m/min) and oscillation frequency (f = 100 Hz, 500 Hz and 
1000 Hz) for different waveform patterns: sinusoidal (SNW), triangular 
(TNW), square (SQW), ramp-up (RUW), and ramp-down (RDW). The 
oscillation amplitude was fixed at A = 15 mm. Additionally, the static 
reference condition is indicated by a grey dashed line, with the adjacent 
grey area representing its standard deviation.

The static reference condition at a processing speed of 0.70 m/min 
exhibited a burr height of approximately 2.0 mm. In comparison, axial 
oscillations yielded operating conditions in which a significant reduc
tion in burr formation occurred, while the processing speed was main
tained or even increased. For sinusoidal oscillations, burr heights at f =
1000 Hz were comparable to the static condition and worsened as cut
ting speed increased for both focal positions. In contrast, oscillations at f 

Fig. 10. Burr height retrieved from the microscope image analysis of the 20 mm thick AISI304 stainless steel samples cut-edges for (a) FP = -6 mm and (b) FP = -10 
mm. Different combinations of processing speed (v = 0.70 m/min, 0.80 m/min, 0.85 m/min and 0.90 m/min) and oscillation frequency (f = 100 Hz, 500 Hz and 
1000 Hz) for different waveform patterns: sinusoidal (SNW), triangular (TNW), square (SQW), ramp-up (RUW), and ramp-down (RDW). The oscillation amplitude 
was fixed at A = 15 mm. Mean values and one standard deviation error bars are shown. The static reference condition is indicated by a grey dashed line, with the 
adjacent grey area representing its standard deviation.
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= 500 Hz and f = 100 Hz consistently yielded burr heights below the 
reference, with the lowest value of approximately 1.1 mm obtained at 
FP = -6 mm and f = 100 Hz for both 0.70 m/min and 0.80 m/min, 
representing a substantial improvement over the static case. A similar 
trend was observed for triangular oscillations. At f = 1000 Hz, the burr 
height remained comparable to the static condition, with a noticeable 
deterioration at higher cutting speeds. In contrast, f = 500 Hz and f =
100 Hz consistently resulted in reduced burr levels. The minimum burr 
height, approximately 1.3 mm, was obtained at FP = -6 mm for both f =
100 Hz and f = 500 Hz, regardless of the applied cutting speed. Notably, 
a burr height of 1.3 mm was also measured at FP = –6 mm and f = 500 
Hz at a significantly higher cutting speed (v = 0.85 m/min) compared 
with the static case. For square oscillations, the only available process
ing speed produced a burr height of approximately 1.2 mm, significantly 
lower than the reference case. Finally, for ramp-up and ramp-down 
waveforms at FP = -10 mm, burr heights were respectively slightly 
above and below the reference. At FP = -6 mm, burr values remained 
comparable to the reference at f = 500 Hz, whereas the lowest burr 
heights were achieved at f = 100 Hz, with values of approximately 1.4 
mm for ramp-up and 1.2 mm for ramp-down oscillations.

4.3. Discussion

Experimental results demonstrate notable improvements in process 
performance through dynamic beam shaping via axial oscillation, either 
by reducing burr and roughness defects at the same cutting speed or by 
increasing productivity while maintaining equivalent part quality.

The results provided in Fig. 8 clearly indicate that the cutting speed 
can be significantly increased by applying high-frequency axial oscilla
tions. Only for the square waveforms no significant improvements could 
be observed (since they maintained a processing speed of 0.70 m/min). 
By contrast, ramp-up and ramp-down oscillations increased the speed to 
0.80 m/min and 0.85 m/min, respectively, at FP = -6 mm, f = 500 Hz 
and A = 15 mm. The highest values, up to 0.90 m/min compared to 0.70 
m/min under static reference conditions, were achieved using sinusoidal 
and triangular oscillations with a focal position of FP = -6 mm, an 
oscillation frequency of f = 1000 Hz, and an amplitude of A = 15 mm. 
These improvements in cutting speed can be attributed to enhanced 
process efficiency, resulting from a more favourable interaction between 
the laser radiation and the material when axial oscillations are applied. 
Simulations of the time-averaged intensity distributions for the different 
oscillation patterns indicate that axial oscillations substantially modify 
the effective intensity distribution delivered to the workpiece. In 
particular, the oscillations reduce the local peak intensity while main
taining a more homogeneous energy delivery over an extended axial 
range (see section 4.1). This more uniform distribution along the beam 
propagation direction, is expected to promote a steadier absorption of 
laser power throughout the material thickness. Such conditions enhance 
the overall process efficiency and consequently enable higher cutting 
speeds, as experimentally demonstrated in the present study. In partic
ular, higher oscillation frequencies were shown to support higher cut
ting speeds. This behaviour is attributed to the ability of high-frequency 
axial oscillations to generate a more homogeneous intensity distribution 
compared to low-frequency oscillations, which in turn increases ab
sorptivity and improves cutting performance.

Increases in processing speed were observed for sinusoidal, trian
gular, and ramps oscillations, all of which maintained a relatively ho
mogeneous time-averaged intensity distribution across the oscillation 
range. Among these, sinusoidal and triangular oscillations achieved the 
highest maximum cutting speed of 0.90 m/min, while ramp-down and 
ramp-up oscillations showed a reduced cutting speed of 0.85 m/min and 
0.8 m/min respectively. Although the time-averaged intensity distri
bution for ramp oscillations is similar in shape to that of sinusoidal and 
triangular oscillations, the difference in cutting speeds is attributed to 
the effect of oscillation frequency. Specifically, the maximum cutting 
speed for sinusoidal and triangular oscillations was achieved at 1000 Hz, 

a frequency unattainable for ramp oscillations due to the dynamic lim
itations of the mirror, as described in section 3.2. This highlights the 
critical role of oscillation frequency in determining process perfor
mance. In contrast, square oscillations did not provide significant im
provements, likely due to their less homogeneous and more variable 
time-averaged intensity distribution, which reduced process efficiency 
and resulted in performance comparable to the static reference 
condition.

For the selected productivity-oriented conditions, the resulting part 
quality under dynamic operation was generally lower, or at best com
parable, to that achieved under the static reference condition. Specif
ically, although axial oscillations reduced the cut-edge roughness, this 
improvement was accompanied by an increase in burr formation. Burr 
heights reached approximately 2.3 ± 0.3 mm for sinusoidal and trian
gular oscillations, 2.1 ± 0.2 mm for ramp-up oscillations, and 2.0 ± 0.2 
mm for ramp-down oscillations, compared to 2.0 ± 0.2 mm observed in 
the reference case (see Fig. 10).

Conversely, from both scientific and industrial perspectives, the 
primary objective is to optimize part quality while maintaining the 
highest possible processing speed. As previously discussed, burr height 
and surface roughness are the key indicators commonly used to evaluate 
part quality in the laser cutting of high-thickness metallic materials. 
Axial oscillations with different waveform patterns were found to pro
duce only minor variations in surface roughness, while exerting a pro
nounced influence on burr formation. Therefore, for each oscillation 
waveform, the samples exhibiting the lowest burr defects, while main
taining or even increasing the cutting rate, were identified. The corre
sponding process parameters (focal position, cutting speed, oscillation 
amplitude, and frequency) associated with these selected conditions are 
summarized in Table 4. Microscope images of the (a) cut-edges and (b) 
cross-sections obtained under these selected process conditions for each 
oscillation pattern are shown in Fig. 11. The nominal cutting speed is 
explicitly reported.

For the selected conditions, part quality was assessed not only 
through the primary quality indicators (burr height and surface rough
ness) but also through the kerf geometry, evaluated in terms of the 
average value and deviation of the kerf width and kerf perpendicularity. 
The measurement procedures followed the methodology described in 
section 3.3.1. The part quality results obtained under static and dynamic 
beam shaping conditions for these selected cases are presented in Fig. 12
for comparison. Specifically, Fig. 12a shows the measured burr height, 
while Fig. 12b reports the surface roughness evaluated at the upper, 
central and lower regions of the material thickness. Kerf width and kerf 
perpendicularity are shown in Fig. 12c and Fig. 12d, respectively. Mean 
values are shown together with error bars representing one standard 
deviation.

Under static conditions, a cutting speed of 0.70 m/min was achieved 
with the focal position set 12 mm below the material surface. The 
resulting burr height was approximately 2.0 mm, while the cut-edge 
roughness measured about 0.04 mm at the upper position and 
increased substantially with depth, reaching about 0.20 mm at the 
middle position and about 0.27 mm at the lower position. The kerf width 
was approximately 0.5 mm, and the kerf perpendicularity was about 
0.15 mm. Conversely, for dynamic conditions, the roughness at the 

Table 4 
Laser fusion cutting process parameters for 20 mm thick AISI304 stainless steel 
under static and dynamic beam shaping conditions. Different axial oscillation 
patterns: Sinusoidal SNW, Triangular TNW, Square SQW, Ramp-up RUW and 
Ramp-down RDW.

Oscillation patterns Static SNW TNW SQW RUW RDW

Focal position, FP [mm] − 12 − 6 − 6 − 10 − 6 − 6
Oscillation amplitude, A 

[mm]
n.a. 15 15 15 15 15

Oscillation frequency, f [Hz] n.a. 100 500 100 100 100
Cutting speed, v [m/min] 0.70 0.80 0.85 0.70 0.80 0.80
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upper position remained comparable to the static reference for all 
oscillation waveforms. At the middle and lower positions, the roughness 
increased relative to the top surface but remained consistently lower 
than in the static case, with values in the range of 0.05 mm to 0.10 mm at 
the middle position and 0.10 mm to 0.15 mm at the lower position. The 
kerf width remained within 0.4 mm − 0.5 mm across all cutting con
ditions, showing no significant dependence on oscillation pattern. A 
slight increase in kerf perpendicularity was observed under dynamic 
conditions compared to the static case, with values around 0.20 mm. 
While the average kerf width is not significantly affected by axial os
cillations, the kerf geometry is strongly influenced by the modified in
tensity distribution induced by the oscillatory beam motion. Static 
cutting conditions exhibit a relatively small inlet kerf width that pro
gressively increases toward the bottom of the material thickness. In 
contrast, the oscillating waveforms produce a larger inlet kerf width that 
is either maintained or slightly reduced along the thickness. Such an 
altered kerf geometry is known to facilitate improved coupling of the 
assist gas into the kerf, thereby enhancing gas flow. This enhanced flow 
promotes more efficient removal of molten material, ultimately leading 
to improved cut quality, as also reported by Thomas et al. [56].

In addition, cutting front geometry was extracted from microscope 
images of the sample cross-sections taken longitudinally with respect to 
the cutting direction, as shown in Fig. 13a for the selected different axial 
oscillation patterns. A first qualitative inspection of the cut samples 
indicated that dynamic beam shaping via axial oscillations has only a 
minor influence on the overall cutting front geometry. However, direct 
visual comparison across processing conditions is limited; therefore, the 
cutting front inclination angle was quantitatively evaluated, as reported 
in Fig. 13b. The measured cutting front incident angles range between 
86◦ and 89◦. The static condition and the square waveform exhibit 
slightly higher incident angles compared to sinusoidal, triangular, ramp- 
up, and ramp-down oscillations. These results are consistent with the 
discussion by Mahrle et al. [52], who reported that lower cutting front 
incident angles are expected to enhance the absorptivity coefficient, 
thereby positively affecting overall process efficiency and enabling 

higher cutting speeds. In the present study, the more homogeneous in
tensity distributions associated with sinusoidal, triangular, ramp-up, 
and ramp-down oscillations lead to a slight reduction in the cutting 
front incident angle, which correlates with the marginally higher cutting 
speeds observed under these conditions.

While no significant variations in the roughness profile and only 
slight variations in kerf and cutting front geometry were observed across 
the different process conditions or oscillation patterns, a notable 
reduction in burr formation was achieved under all dynamic beam- 
shaping strategies. When applying sinusoidal axial oscillations, the 
burr height was reduced to 1.1 mm, accompanied by a slight increase in 
cutting speed to 0.80 m/min. This condition corresponded to a focal 
position oscillating around 6 mm below the upper material surface, with 
an amplitude of A = 15 mm and frequency f = 100 Hz. The same pro
cessing speed of 0.80 m/min was also achieved with ramp-up and ramp- 
down waveforms at identical amplitude, frequency and focal position, 
although the burr height differed slightly: approximately 1.5 mm for 
ramp-up oscillations and 1.2 mm for ramp-down. Triangular oscillations 
provided further improvements in processing speed, reaching up to 0.85 
m/min. However, the burr height was slightly higher than in the sinu
soidal case, though still significantly lower than under static conditions. 
These results were obtained with a focal position oscillating around 6 
mm below the surface, an amplitude of A = 15 mm, and a frequency of f 
= 500 Hz. In contrast, square-wave oscillations did not provide benefits 
in terms of productivity. A cutting speed of 0.70 m/min, equivalent to 
the static reference, was recorded with a focal position centered at 10 
mm below the surface, an amplitude of A = 15 mm, and a frequency of f 
= 100 Hz. In this case, the burr height was reduced to 1.2 mm.

Finally, the thermal impact of the process was evaluated through 
measurements of the heat-affected zone (HAZ). The measurement pro
cedure followed the methodology described in section 3.3.1. Fig. 14a 
shows an image of the polished sample cross-section taken transverse to 
the cutting direction, while the corresponding microstructures obtained 
after chemical etching are reported for three different sections along the 
sample thickness. The geometry of the heat-affected-zone was 

Fig. 11. Microscope images of the (a) cut edges and (b) cross-sections corresponding to the selected process conditions for each axial oscillation waveform. The 
nominal cutting speed associated with each condition is explicitly indicated.
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systematically quantified by measuring its width at multiple locations 
along the cut edge, equally spaced at 2 mm intervals along the material 

thickness, resulting in a total of eleven measurement positions, as re
ported in Fig. 14e.

Fig. 12. Part quality for the selected process conditions of 20 mm thick stainless steel AISI304. Different oscillation patterns: Sinusoidal SNW, Triangular TNW, 
Square SQW, Ramp-up RUW and Ramp-down RDW. The figure reports: (a) burr height; (b) roughness profile measured at the top, middle and bottom positions along 
the material thickness; (c) average kerf width and its deviation; and (d) kerf perpendicularity. Mean values are shown, with error bars representing three stan
dard deviations.

Fig. 13. (a) Microscope images of the sample cross-sections taken longitudinally with respect to the cutting direction and (b) cutting front inclination angle for the 
selected different axial oscillation patterns.
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From the optical micrographs reported in Fig. 14, the heat-affected 
zone (HAZ) is clearly distinguishable as the region adjacent to the cut
ting kerf where the microstructural features deviate from those of the 
base material. In this region, the grains exhibit a marked increase in size 
and a pronounced elongation oriented transverse to the cutting kerf, 
indicating localized thermal exposure and microstructural evolution 
induced by the laser cutting process. In contrast, the base material re
tains an equiaxed grain morphology characteristic of the unaffected bulk 
material. Moreover, a consistent trend in the HAZ distribution is 
observed for all oscillation waveform conditions. The HAZ is minimal, 
and in some cases nearly negligible, near the upper surface of the ma
terial. Its width progressively increases with depth, reaching a maximum 
approximately at mid-thickness, before slightly decreasing toward the 
bottom surface of the sample. Nevertheless, the HAZ in the lower region 
remains non-negligible and consistently larger than that measured near 
the upper surface. This behaviour is observed for all oscillation patterns; 
however, sinusoidal, triangular, ramp-up, and ramp-down oscillations 
that produce a more homogeneous intensity distribution exhibit a lower 
maximum HAZ width compared to the other conditions. In addition, 
these patterns result in a slightly more uniform HAZ along the material 
thickness, with reduced variation in the measured HAZ relative to the 
other oscillation modes.

Overall, the experimental results demonstrate that these dynamic 
beam shaping strategies may led to a significant reduction in burr for
mation and roughness profile compared to the static reference condi
tion, while simultaneously enabling higher processing speeds. 
Simulations of the time-averaged intensity distributions for different 
oscillation patterns revealed that axial oscillations substantially modify 
the intensity profile within the workpiece. This modified geometry en
ables better control of the interaction zone between the laser radiation 
and the material, thereby increasing process absorptivity and leading to 
higher cutting speeds. In addition, it enhances the coupling of the assist 
gas into the kerf, promoting more efficient removal of molten material. 
As a result, cut quality is improved, as experimentally confirmed in the 
present study. Moreover, although the effect of frequency is not 

captured by the time-averaged intensity distributions presented in sec
tion 4.1, the present study demonstrates that it strongly influences both 
productivity and part quality. Specifically, low oscillation frequencies 
promote the most efficient melt ejection, resulting in minimal burr 
formation at high amplitudes while still increasing cutting speed due to 
the enhanced process efficiency associated with a more homogeneous 
intensity distribution. This observation is consistent with previous study 
by Borkmann et al. [55] reporting that specific oscillation frequencies 
can improve cut quality without necessarily requiring very high fre
quencies. This behaviour is likely due to the role of axial oscillations in 
actively assisting the expulsion of molten material from the kerf. 
Controlled beam movement along the propagation direction at an 
appropriate oscillation frequency improves melt flow dynamics, 
enabling more efficient melt ejection compared with static or quasi- 
static conditions. In contrast, higher frequencies reduce melt removal 
efficiency and increase burr formation, but produce an even more uni
form intensity profile, which enhances absorptivity and improves 
overall process productivity by enabling significantly higher cutting 
speeds.

5. Conclusions

The present work explores the impact of various axial oscillation 
waveforms, namely sinusoidal (SNW), triangular (TNW), square (SQW), 
ramp-up (RUW), and ramp-down (RDW) patterns, on the laser fusion 
cutting process through analytical modelling and experimental 
investigations.

The main outcomes and original contributions of the work can be 
listed as follows: 

• An analytical model was developed, for the first time, to evaluate the 
laser intensity distribution within the process zone for different axial 
oscillation waveforms beyond the conventional sinusoidal pattern. 
Simulations revealed that axial oscillations substantially influence 
both intensity distribution and shape geometry, leading to a more 

Fig. 14. (a) Optical microscope image of the polished sample cross-section acquired transverse to the cutting direction. (b–d) Optical micrographs of the etched 
microstructure at three representative locations along the sample thickness. (e) Heat-affected zone (HAZ) width measured at multiple locations along the cut edge for 
the different oscillation patterns.
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homogeneous profile along the beam propagation direction and 
extended Rayleigh length.

• The effect of axial oscillations superimposed on the cutting direction 
was experimentally investigated in the processing of 20 mm thick 
AISI304 stainless steel. Experimental results demonstrate notable 
improvements in process performance through axial oscillation, 
either by reducing burr height and roughness profile defects at the 
same processing speed or by increasing productivity while main
taining equivalent part quality.

• Specifically, while employing square waveform axial oscillation 
improves part quality at the same processing speed as the reference 
static condition, all other waveform patterns yield significant im
provements in both part quality and processing speed. The best 
process performances were obtained using sinusoidal and triangular 
axial oscillations.

• The experimental results are consistent with theoretical findings. A 
more homogeneous intensity profile promotes more uniform laser 
absorption across the material thickness, enhancing process effi
ciency and enabling higher cutting speeds. In parallel, the altered 
intensity profile influence kerf geometry and may improve assistant 
gas coupling and molten material removal, which ultimately benefits 
cut quality. In addition, the oscillation frequency has been shown to 
play a crucial role in process performance, as it actively assists in 
expelling molten material from the kerf. Among the tested patterns, 
triangular oscillations yielded slightly better performance than si
nusoidal oscillations, likely due to the more uniform intensity dis
tribution resulting from the absence of inversion points.

While this study provided a first methodological investigation into 
the effect of different axial oscillation patterns on process productivity 
and part quality through experimental analysis and analytical model
ling, future work will focus on a more in-depth analysis of the underlying 
mechanisms. In particular, these studies will aim to better understand 
how oscillation motion affects the microscopic interaction between laser 
radiation and the material, with a focus on the influence of oscillation 
amplitude and frequency on workpiece temperature and melt flow dy
namics. This will be pursued through thermal monitoring and high- 
speed imaging of the cutting process to capture and evaluate transient 
process phenomena. Additionally, future work will target specific 
oscillation patterns to quantitatively validate qualitative insights from 
the modelling. In particular, the direct relationship between the dy
namic laser beam intensity profile, process efficiency, and kerf geometry 
will be examined for sinusoidal oscillations, which demonstrated the 
most promising results in terms of both increased cutting speed and 
reduced burr formation.
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