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Numerical and Experimental Study of High-Speed Laser
Cutting of Copper Current Collectors: Process Optimization
for Quality Assessment

Caterina Angeloni,* Samuele Piandoro, Erica Liverani, and Alessandro Fortunato

Ensuring high-edge quality in battery current collectors is crucial for improving
battery performance and preventing potential safety issues. Defects such as
uneven cuts, spatter, and excessive remelted zones can negatively impact the
current collectors’ electrical conductivity and mechanical integrity. Laser cut-
ting offers advantages over mechanical methods by enabling faster processing,
higher precision, and greater energy concentration. This study models and
predicts defect occurrence under varying process parameters, focusing on the
interaction between a single-mode continuous-wave (CW) laser and a copper
current collector foil. Key factors influencing edge profile defects and cutting
quality are investigated through experimental analysis and numerical simu-
lation. A Computational Fluid Dynamics (CFD) model based on the volume of
fluid method identifies parameters affecting the physical phenomena and opti-
mal cutting conditions. Model validation is achieved by comparing experimen-
tal results across a range of process parameters associated with distinct defect
formation modes. This model enables the prediction of defect types across a
wide spectrum of laser speeds (2–25 m s−1), power levels (200–1000 W), and
foil thicknesses (8–16 𝛍m). Findings serve as a guideline for selecting process
parameters when using current collectors of varying materials and thicknesses.

1. Introduction

The production and assembly of lithium-ion batteries are con-
stantly evolving to meet increasing requirements for productiv-
ity and quality. The sizing of electrodes with good edge and sur-
face quality is one of these manufacturing challenges. This pro-
cess involves trimming the current collectors and notching the
electrodes for subsequent assembly and welding of the battery
connections. Current collectors are thin, conductive metal foils
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(typically copper and aluminum)
that facilitate the transfer of elec-
trical current within the battery,
while electrodes are the coated lay-
ers that store and release energy dur-
ing charge and discharge cycles.[1]

Laser beam cutting is a state-of-the-
art technology for cutting metal foils in
both the aforementioned processes. Its
ability to concentrate the high energy
of the beam within a small spot, com-
bined with fast processing times and a
contact-free approach, makes it more vi-
able compared to traditional mechani-
cal methods.[2,3] Mechanical cutting tech-
niques, such as die cutting and rotary
knife slitting, require precise and rela-
tively expensive tooling that wears over
time. This leads to poor cut edge qual-
ity, downtime for tool repair and change,
and unstable process due to tool wear.
As a result, mechanical cutting methods
often have longer production times and
higher costs compared to laser cutting.

In contrast, laser cutting, being a contactless process, eliminates
tool wear and associated downtime, thereby improving overall
efficiency.[3] However, as a thermal process, laser cutting of thin
current collectors is inherently associated with thermal defects
on the edge profile, such as spatter deposition, dross, and heat-
affected zones that can negatively affect battery performance. The
first industrial request is to eliminate, or strongly reduce, spat-
ter and control dross formation. Dross formation is undesirable
from a technical point of view because particles may detach from
the main body and mix with the electrode slurry. If a metal parti-
cle, accidentally deposited on the electrode, has a diameter bigger
than the separator (>12 μm) it may pierce it and during the wind-
ing process the battery will be discarded.[4] Even particles smaller
than the separator are problematic, as they create a preferential
pathway for metallic deposition on the anode. When they come
into contact with lithium ions during a charging cycle, uneven
deposits can form, leading to dendrite growth. During the vari-
ous charge/discharge cycles of the battery, these dendrites grow
until they pierce the separator, causing a short circuit that can
lead to premature battery failure or even an explosion.[5,6]

The nature of these defects depends on the laser-material
interaction and, consequently, on the selected laser source
continuous-wave (CW) or pulsed-wave (PW), the material used,
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Figure 1. Defects analysis and measured parameters: m1 and m2 for dross thickness, kerf width, remelted area, and maximum distance for spatter
identification.

in terms of metal purity, foil thickness, and the specific trimming
path. Unlike laser cutting of thicker sheets, where defect forma-
tion results from a complex balance of forces, in thin foils the
process is primarily driven by recoil pressure from near-instant
material vaporization. This recoil pressure can cause molten ma-
terial to either adhere to the cut edge, forming rough dross or
burr,[7] or gain sufficient momentum to break free from the weld
pool as spatter.[8] The escape threshold for droplet ejection de-
pends on local values of surface tension, geometry, viscosity,
and gravity and is described by the Weber number (We).[9] In
cases where We ≪2, droplet formation occurs, while We ≫2
leads to a free-stream flow, where the molten material separates
from the surface as a continuous jet rather than forming discrete
droplets.[7,10] This behavior explains why changes in thickness,
material composition, and process parameters can lead to differ-
ent spatter patterns. Yule and Dunkley[11] further describe how
laminar flows in liquid films break into droplets when Reynolds
numbers are below 1000.

To minimize thermal effects and improve cutting quality many
studies have been conducted using PW ultrashort laser beams.
Hartmann et al.[12] employed a PW picosecond laser to fabricate
high-quality hole arrays on 15 μm thick aluminum foil, achiev-
ing precise cuts with minimal thermal influence. Similarly, Zhu
et al.[13] investigated the drilling of sub-10 μm holes in various
metals with thicknesses ranging from 1.5 to 50 μm using a PW
femtosecond laser. The study aimed to analyze the effects of laser
parameters and material properties and ultimately proposed a
simple model to predict the ablation rate for a range of met-
als. However, such ultra-short, PW lasers are not widely used
in industry because of their limitations such as low productiv-
ity, high-cost investment, and difficulties in the system handling.
Therefore, research has increasingly focused on commercial PW
nanosecond and CW lasers to address these limitations in metal
foil cutting. In a previous study conducted by Angeloni et al.,[14]

the authors drew a comparison of cutting quality using CW and

PW sources. A correlation has been established between cut qual-
ity, process parameters, and laser source used, and the main
outcome was that CW single-mode fiber lasers enable higher
cut quality.

Numerous models[7,15–18] have been developed to describe melt
flow dynamics and kerf evolution during CW laser cutting, pri-
marily focusing on thick sheets. These studies provide insights
into how processing parameters influence melt behavior and the
resulting cut quality. For example, Yilbas and Aleem[17] proposed
a model to predict the size of ejected melt droplets based on melt
flow dynamics and laser parameters during CO2 laser cutting
with assistance gas. While such models have been valuable for
understanding laser cutting of high-thickness materials, they fall
short when addressing the unique challenges of thin foil process-
ing, particularly for current collectors and electrodes. In this con-
text, Lee et al.[19] is, to the authors’ knowledge, the only existing
application of a numerical model for laser cutting of current col-
lectors and electrodes. In their work (extended in Ref. [20]) they
applied a 3D-Self consistent mathematical model developed by
Ki et al.[21] using the set level method to study the penetration
time, depth, and thresholds of pure copper and aluminum foils,
with thicknesses of 10 and 15 μm respectively. They also corre-
lated spatter and dross appearance to the formation of a crest of
molten material, which, when expelled from the keyhole, either
solidifies as dross or becomes spatter. Therefore, such unwanted
defects can be prevented by controlling the magnitude of the melt
pool flow through laser parameters. Their study, however, was
limited to relatively low speed and power, reaching a maximum
of 5 m s−1 and 300 W.

In this research, we developed a Computational Fluid Dy-
namics (CFD) framework for laser-material interaction simula-
tions using the well-known volume of fluid method. In this con-
text, the present paper aims to develop a model for the predic-
tion of physical phenomena and defects occurring during laser
cutting of copper current collectors. The model was tuned and
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Figure 2. Laser Source and Optics Set-up.

validated against multiple experimental results using different
process parameters, demonstrating its ability to predict defect
formation under various laser-material interactions. It was then
used to analyze and compare the outcomes of laser cutting on
copper current collectors of different thicknesses using a wide
range of process parameters. As a result, a power-speed graph
shows the optimal cut area identified for medium-to-high speeds
and a laser-material physical explanation has been proposed to
explain the different cut qualities, both for the 8 and 16 μm
foils.

2. Experimental Procedure

2.1. Material, Laser Source, and Cutting Set-Up

A simple metal foil geometry and linear cutting path were con-
sidered to characterize and optimize the laser trimming process
used for current collectors (see Figure 1).

Current collectors of pure copper 8 μm thick were cut from
rolls and kept in a clamping system to maintain the foils stretched
out in the focal plane. Linear and parallel laser cuts 20 mm in
length were performed considering a distance between adjacent
cuts of 5 mm. The laser system is shown in Figure 2a, where
a CW nLight 1200 W single-mode laser source (nLight, Wash-
ington, US) was employed. The laser system was equipped with
a 14 μm optical fiber and a scanning head (Scanlab IntelliS-
can 20) equipped with a 340 mm f-theta lens for beam move-
ment. The theoretical spot size was calculated as dspot = dfc ⋅

Ff

Fc
,

where dfc is the diameter of the beam when it exits the fiber
(14 μm), and Ff and Fc are the collimation and focal lengths, re-
spectively. To compare the theoretical spot size of 40 μm with
the real one, a beam profiler (BeamWatch, Ophir, Germany) was
used in accordance with the standard measurement method es-
tablished in ISO 11146, and it was found to be 65 μm. Using
the same equipment, the BPP was measured as 0.56 [mm·rad]
from which the real beam quality factor was calculated as M2 =
BPP⋅𝜋

𝜆
accounting for 1.65. The parameter M2 represents the de-

gree of variation of the beam from an ideal Gaussian profile
(M2 = 1).

To avoid heat accumulation within the current collectors, the
laser cutting process was designed to account for galvo-mirror
acceleration and deceleration, excluding these from the analysis
(see Figure 2c). The laser beam was only turned on in the central
part of the path, while the extension over which the laser beam
was turned off was determined with a preliminary experimental
campaign. As noted previously, both foils were held in the focal
plane during all tests. All the technical specifications are reported
in Figure 2b.

The process parameters selected for experimental analysis,
model tuning, and sequential model validation are reported in
Table 1. They were defined following a previous study[14] and
each cut was chosen to highlight a specific defect (cuts A, C, D
in Table 1) or an optimized result (B). In particular, the following
defects were looked for: i) spatter, ii) bubble-shape recast on the
cut edge, and iii) burn cut with extremely wide kerf. Cuts A, B,
and C were used for model tuning (see Section 3.3), while Cut
D and Cut E were chosen for model validation. The irradiance
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Table 1. Process parameters employed for laser cutting tests.

P [W] Laser Speed [m s−1] I [MW cm−2] F [J cm−1] Model

A 200 2 6.0 195.9 Tuning

B 600 10 18.1 117.5 Tuning

C 1000 25 30.1 78.4 Tuning

D 1000 2 30.1 979.4 Validation

E 200 5 6.0 78.4 Validation

(I) and the fluence (F), reported in Table 1, were calculated as
follows:

I = P
Aspot

[MW
cm2

]
(1)

F = I ⋅ 𝜏 = I
dspot

Speed

[
J

cm2

]
(2)

Where 𝜏 is the interaction time and dspot is the spot diameter.

2.2. Characterization of Cut Quality

Optical microscopy (OM, Nikon Optiphot-100) and SEM-FEG mi-
croscopy (SEM, Tescan Mira3 with a Schottky emitter) were used
for cutting quality evaluation. Defects classification and quan-
tification were carried out considering the cut edge geometry.
Four parameters were analyzed, as summarized in Figure 1: i)
dross thickness (front m1 and back m2), ii) remelted area, iii)
spatter max distance, and iv) kerf width. Dross thickness repre-
sents the amount of resolidified material accumulated along the
laser beam axis. The remelted area quantifies the portion of the
molten material that did not exit the kerf but instead splashed
on the surface (blue area in Figure 1). Spatter max distance mea-
sures how far ejected molten droplets travel from the cut edge
before solidifying. The kerf width reflects the amount of mate-
rial removed by the laser, directly reflecting the extent of abla-
tion. OM was initially used to provide a preliminary assessment
of cut quality. Hence, high-quality images for spatter quantifica-
tion and kerf measurements were carried out with SEM on the
same surfaces. Two different methods were used to quantify the
remelted area after experimental and simulation cuts. The exper-
imental images were processed with Trainable Weka Segmenta-
tion, a Fiji plugin.[22] The Fast Random Forrest machine learning
algorithm was applied as the classifier to be trained on one SEM
image given as input. Three classes were therefore selected for
input labeling: kerf, surface, and remelted area. Once the model
was confirmed to make accurate predictions, the area with an
80–100% probability of belonging to the spatter class was mea-
sured (Figure 1). Instead, simulated cut images were processed
by applying the Threshold Color function in ImageJ.[23] The area
obtained was then doubled since the cutting process was sup-
posed to be symmetric. The simulation results were then com-
pared with the experimental measurements. The spatter max-
imum distance was defined as the greatest distance measured
from the cut edge to the furthest melted metal finger lying on
the copper foil. Data was collected through SEM image analy-
sis, with three SEM images acquired from the front and three

from the back of the cut. For each image analyzed, three mea-
surements were taken, and the maximum value, along with the
standard deviation of these measurements, was calculated. The
same images were used for average kerf width comparisons, both
on the top and back of the surface, and the mean value was calcu-
lated considering five measurements for each picture. After non-
destructive cut analysis, the current collectors were sectioned and
embedded in resins for dross height measurements (m1 and m2
in Figure 1). After polishing the samples twenty measurements
were taken for each cut type (A, B, C, D) at both sides, for a to-
tal of 160 measurements. Hence, it was possible to calculate the
mean dross thickness in the middle section of the cut and the
respective standard deviation (see Figure 6).

3. Numerical Investigation

The commercial CFD software FLOW-3D (v12.0 Update 3) with
the laser module FLOW-3D WELD (release 7 Update 3) was
employed for the simulation of the laser cut process. Material
properties for pure copper were obtained from the literature.[24]

Constant values were summarized in Table 2, while all the
temperature-dependent properties, including the laser absorp-
tion rate[25] are plotted in Figure 3 with a red dashed line rep-
resenting the melting temperature.

3.1. CFD Model

Based on the finite volume method, FLOW-3D implements the
most advanced Volume of Fluid algorithm, called TruVoF©, to
track all the interfaces between different fluids or phases. By
modeling the material as a fluid region, it is possible to track
the dynamics of the melting front interface generated during the
laser interaction. Like the original VoF method, the TruVoF© cal-
culates a scalar function Fi (x,y,z,t) defined as the ratio of the vol-
ume occupied by the fluid or phase i and the total volume of the
grid cell. The function follows the conservation equation:

𝜕Fi

𝜕t
+ u

𝜕Fi

𝜕x
+ v

𝜕Fi

𝜕y
+ w

𝜕Fi

𝜕z
= 0 (3)

Within each grid cell, the sum of all the Fi must equal 1. In the
laser cutting model proposed, the fluids considered are only the
metal and surrounding air which reduces the model to:

⎧⎪⎨⎪⎩
F = 0 Air
0 < F < 1 Air and metal interface
F = 1 Metal

(4)

Table 2. Pure copper properties.

Property Value

Solidus temperature 1357.45 K

Liquidus temperature 1357.85 K

Boiling temperature 2835 K

Latent heat of fusion 2.087e + 05 J kg−1

Latent heat of vaporization 5.23e + 06 J kg−1

Vapor specific heat ratio 1.6
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Figure 3. Temperature-dependent properties of pure copper used for simulations.

The air region was considered a void area, with uniform pres-
sure and temperature fields, reducing the computational time.
The following physical phenomena were considered in the laser
cutting model: viscous flow, heat transfer, energy conservation,
phase change with evaporation and solidification, volumetric
thermal expansion, surface tension with Marangoni forces, mul-
tiple laser reflections with temperature-dependent absorption,
and gravity. The viscous flow follows the non-stationary mass and
momentum conservation (Equation 5 and Equation 6) for a lam-
inar flow.

𝜕𝜌

𝜕t
+ ∇ ⋅ (𝜌u) = 0 (5)

𝜌
Du
Dt

= 𝜌

(
𝜕u
𝜕t

+ (u ⋅ ∇)u
)
= −∇p

+ ∇ ⋅
{
𝜇

[
∇u + (∇u)T − 2

3
(∇ ⋅ u)I

]}
+ f (6)

Where 𝜌 is the density, u the velocity vector (u, v, w), p the
pressure, 𝜇 the dynamic viscosity and f is the sum of all exter-
nal body forces (for example the gravity). As previously men-
tioned, the metal region is modeled as a fluid and to account for
the differences in behavior between the solid and liquid phases,
a viscosity near infinity was defined for the solid phase. (T <

Tsolidus: u = 0) Energy conservation is solved using the following
equation:

𝜕𝜌e
𝜕t

+ ∇ ⋅ (𝜌eu) = −∇q − p ⋅ ∇ ⋅ u (7)

Where e is the internal energy per unit mass and q is the conduc-
tive heat flux vector. The laser-cutting process of such thin foils
is mainly driven by the evaporation of material. Hence, particu-
lar attention must be given to the evaporation and recoil pressure

model. The evaporation is modeled as a mass transfer from the
fluid type to the void type, proportional to the difference between
the saturation pressure and the void external pressure:

Qeva = 𝛼√
2𝜋RT

(Psat − Pvap) (8)

Where R is the gas constant (8.314 J

K⋅mol
) and 𝛼 a dimensionless

coefficient called accommodation. The saturation vapor pressure
is given by the Clapeyron equation:

Psat = Pv exp

⎧⎪⎨⎪⎩
1

(𝛾 − 1) cv

ΔHv

(
1
Tv

− 1
T

)⎫⎪⎬⎪⎭ (9)

Where Pv and Tv identify a point in the saturated curve, 𝛾 is
the vapor’s specific heat ratio, cv is the vapor’s specific heat
at constant volume, and ΔHv is the latent heat of vaporiza-
tion. Finally, the recoil pressure Precoil, which exerts a force on
the material surfaces through the term f in Equation (6), is
derived from the saturated vapor pressure using an empirical
equation.[26]

Precoil = P1 exp
{

P2
(

1− Tv
T

)}
(10)

The two parameters, P1 and P2, must be calibrated through ex-
perimental results. During the laser-material interaction, the in-
cident beam is discretized into a finite number of rays originating
from the focal point and propagating in the laser beam irradia-
tion direction (z-axis). The number of rays propagated through
the domain depends on the cell size. Therefore, a small cell size
is required to ensure a sufficient number of rays, enabling an ac-
curate representation of the laser beam and its interaction with
the material. Upon contact with the surface, a ray with direction
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 2365709x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202401905 by A
rea Sistem

i D
ipart &

 D
oc, W

iley O
nline L

ibrary on [07/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Figure 4. Computational domain.

I transfers a portion of its energy proportional to the material’s
absorption rate and is reflected toward the opposite side with di-
rection R calculated as:[27]

R = I − 2(I ⋅ n̂)n̂ (11)

Where n̂ is the material surface normal vector calculated as
∇F/|∇F|. The reflections stop either when the ray energy is be-
low a threshold, or the ray exits the computational domain. The
last force considered is the Marangoni force acting on the melt-
ing metal. As a result of temperature variations, a surface tension
gradient is formed at the liquid–solid interface, producing a force
SM directed along the normal direction of the interface and equal
to:

SM = ∇t𝜎 (12)

Where ∇t indicates the gradient evaluated along the tangent di-
rection of the melting interface. The plasma plume that rises
for the material evaporation was not directly considered in
the investigation except for the definition of the laser absorp-
tion rate as used in previous works.[28,29] Lastly, an automatic
time-step control is employed to stabilize the simulation while
keeping the time step as large as possible. The time step is
dynamically adjusted based on several conditions related to
the primary physics models, including fluid advection, pres-
sure at the free surface, heat transfer, and surface tension.
These conditions ensure that fluid does not cross more than
one computational cell per time step and that pressure and
temperature residuals are sufficiently minimized within each
time step.

3.2. Simulation Domain

Experimental cuts are not always symmetric in the x-axis direc-
tion, as highlighted in Figures 6 and 7), however, both their edge
geometry follows a consistent trend. Since the model aim to pre-
dict the overall quality, only one cut edge is sufficient to assess the
final quality trend. Therefore, only half of the domain was con-
sidered (see Figure 4), reducing the total number of cells and the
computational time. Spatial discretization was performed using
a staggered Cartesian grid and the domain was divided into two
parts: a main region in which the laser-current collector interac-

tion occurs and needs a finer discretization and a thermal diffu-
sion region that considers the heat transfer in the material. The
dimension of the main region is 1 mm × 0.15 mm × 0.1 mm on
the x, y, and z-axis respectively. These dimensions were defined
considering the minimum cutting length necessary to achieve
a stationary condition (x direction), the maximum expected kerf
width (y direction), and dross height (z direction). The size of the
thermal diffusion region in the x and y directions was calculated
using Equation (13)

x̄ = 2

√
2 k
𝜌cp

tend (13)

Where tend is the simulation end time calculated as the ra-
tio between the main region x length and the laser veloc-
ity. While the size in z was kept fixed. Looking at the Carte-
sian coordinates of Figure 4, the following constraints were de-
fined: symmetry of one zx surface, constant atmospheric pres-
sure (101325 Pa) in both xy surfaces, and fixed walls on the
remaining sides.

A mesh convergence study was carried out to find the optimal
cell dimension for the main region. It was found that a mini-
mum of 5 cells in thickness for the 8 μm foil were required for
capturing the spatter and the melting behavior for high velocity.
For this reason, the domain was discretized into a mesh of fixed

Figure 5. Simulated cut conditions. The red dots and back squares cor-
respond, respectively, to the cut parameters used for model tuning and
validation.
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Figure 6. Characterization of edge profile of cuts a) A (2 m s−1, 200 W), B (10 m s−1, 600 W), C (25 m s−1, 1000 W), and D (2 m s−1, 1000 W) and b) E
(5 m s−1, 200 W).

rectangular cells with a minimum dimension equal to 1.4 μm.
The thermal diffusion cell size was four times the main one and,
therefore, 5 μm. The total number of cells inside the computa-
tion domain was close to 6 million, with a simulation time that
ranges from 4 h for the 25 m s−1 simulation to almost 14 h for
the 2 m s−1.

3.3. Modeled Cut Conditions

The developed model aims to simulate the effects of laser cut-
ting on copper current collectors across a broad range of pro-
cess parameters, with laser power ranging from 200 W to 1000
W and cutting speeds from 2 m s−1 up to 25 m s−1. To cali-
brate the CFD model, three sets of process parameters were se-
lected based on their ability to produce distinctly different edge
geometries, according to the experimental plan described in Sec-
tion 2.1. These selected conditions are marked as large red dots
in Figure 5: 2 m s−1 at 200 W (point A), 10 m s−1 at 600 W
(point B), 25 m s−1at 1000 W (point C). The model was sub-
sequently validated using samples processed under parameter
conditions at the boundaries of the operating window. Specif-
ically, Point D represents the condition with maximum power
and minimum speed, while point E corresponds to the lowest
power and the first speed at which cutting no longer occurs.
The numerical results were compared with experimental data for
these reference cuts marked with black squares (Point D and E
in Figure 5), as reported in Table 1. Once the model was con-
firmed to make accurate predictions, a wider range of process
parameters, identified as black points in Figure 5, were used as
input for the simulation. Five levels of laser speed and power
were studied. This allowed for the investigation of the influ-
ence of speed, power, and foil thickness over a broad window of
possible conditions.

The same process parameters have been selected for evaluat-
ing the effect of cutting by increasing the current collector thick-
ness from 8 to 16 μm.

4. Results

4.1. Experimental Cut Analysis

Defect formation is significantly influenced by the melt pool and
heat flows, as well as the intensity and pressure distributions
during the laser cutting. Hence, the five sets of process param-
eters mentioned above were used to investigate the characteris-
tics of full penetration cutting for copper current collectors. In
the E condition, the power-velocity couple fails to achieve the
melting and vaporization temperature necessary for the cut (see
Figure 6b). As a result, no further experimental analyses were
carried out and the model’s predictive capability was evaluated
based on the consistency of the “cut”/“no-cut” result. The quality
of each cut was quantified and compared in terms of the front
(m1) and the back (m2) dross height on the cut edge profile, kerf
width, and by evaluating the remelted area and the spatter maxi-
mum distance. An example of edge profile measurements of cuts
is reported in Figure 6, while all data are reported in Table 3.

At high speeds (cuts B and C), the kerf remains consistent
along the cutting edge, while lower speeds cause irregularities
in kerf width if combined with low power (A), as indicated by
the high standard deviation. Furthermore, in that process con-
dition, the dross solidifies into bubble-like formations along the
edge (see Figure 7a), which results in a high standard deviation
also for m1. This variation is reduced when power is increased
up to 1000 W (set D, Figure 7d). Differently, cut B exhibits nearly
zero dross height at the front (Figure 7b) and a dross height of
approximately 15 μm at the back of the cut.

Dross formation and remelted area (see Table 4) highlight
the effect of process parameters on melted and ablated material
portions. The largest remelted area is observed in sample A,
likely due to its combination of the lowest speed (2 m s−1) and
power (200 W), which benefits melting over vaporization. At the
same speed, increasing power leads to less molten material and
more metal ablation, placing sample D second in the remelted
area. The smallest remelted layer is observed in sample B.

Table 3. Process parameters employed for CW cutting of copper foils and their relative cut characterization measurements.

P
[W]

Laser speed
[ms−1]

I
[MWcm−2]

F
[Jcm−2]

kerf mean
[μm]

kerf std
[μm]

m1 mean
[μm]

m1 std
[μm]

m2 mean
[μm]

m2 std
[μm]

A 200 2 6.0 195.9 131 53 4.7 7.0 12.5 6.0

B 600 10 18.1 117.5 70 4 0.1 0.1 14.4 5.0

C 1000 25 30.1 78.4 53 5 3.0 1.8 5.7 4.4

D 1000 2 30.1 979.4 83 4 5.1 3.1 6.9 3.8
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Figure 7. SEM images of cuts a) A (2 m s−1, 200 W), b) B (10 m s−1, 600
W), c) C (25 m s−1, 1000 W), and d) D (2 m s−1, 1000 W) with the typical
defects highlighted.

Intermediate speed and power settings favor the accumulation
of melted material on the back side of the foil (see m1 and m2 in
Table 3) facilitating the expulsion of a part of melted metal. In
sample C the melted material is more widely spread across the
surface, with a low value of dross height. However, the metal
droplets escaping from the molten pool (Figure 7c) must be
considered and the maximum distance of the melted material
from both the front and back of the cut edge becomes the most
significant parameter. Table 4 shows the measurement results
highlighting the effect of high speed on spattering phenomena
(cut C). The high values resulting in sample A are due to the large
diameter of the resolidified metal droplets, which is doubled
with respect to cut C.

4.2. Model Tuning and Validation

The CFD model was tuned using the results of cuts A, B, and C
described in Section 4.1. As stated in Section 3.1, the process is
primarily driven by evaporation, and a single set of recoil pres-
sure parameters P1 and P2 failed to reach a satisfactory match
with the experimental data. Therefore, an independent tuning of
each cut was performed, and then empirical equations between
P1 and P2 and the process parameters, in terms of fluence and
irradiance, were defined. The reliability of this relation was then
validated with cuts D and E.

Figure 8. Evaporation parameters P1 and P2 tuning (red dots A, B, C) and
validation (black squares D, E).

Specifically, a power law trend between parameter P1 and flu-
ence was identified (Figure 8a) and the following equation used
for subsequent simulation:

y = 14.4 ⋅ 107 x−1.18

R2 = 0.96
(14)

On the other hand, parameter P2 was adjusted linearly with Irra-
diance. As the irradiance increases, P2 also increases following
Equation:

y = 0.358x + 0.068

R2 = 0.99
(15)

Both trends have a coefficient of determination greater than 0.96.
The fitting approach of P2 was evaluated not only based on the
coefficient of determination R2 but also using the MAPE and
RRMSE indices, which provide a more detailed evaluation of ab-
solute and relative errors. While a quadratic model results in a
lower MAPE of 0.2% compared to 7% for the linear model, the
improvement falls within the range of experimental and numeri-
cal uncertainties. To ensure interpretability and avoid overfitting,
we adopted the linear model as a more generalizable represen-
tation of the underlying phenomenon. The resulting values P1
and P2 were then used in the tuning and validation stage and a
qualitative comparison between the different cut-edge profiles is
shown in Figure 9. For each image, the top half part corresponds
to the simulated result, while the bottom half is the correspond-
ing SEM picture. Both front and back were evaluated. The red
surface shown in the simulated part represents the material that
resolidified after melting.

A quantitative evaluation followed, and the data matching be-
tween the model and experiments was carried out by measur-
ing the height of the dross, the spattered area, the maximum

Table 4. Remelted area and spatter maximum distance from the cut edge measurements.

Remelted area front [μm2] Remelted area back [μm2] Spatter maximum distance front [μm] Spatter maximum distance back [μm]

A 30 26 139 85

B Negligible 21 4 20

C 21 16 50 60

D 24 22 27 36

Adv. Mater. Technol. 2025, 2401905 2401905 (8 of 14) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 9. Comparison between simulated and experimental laser cuts when A, B, C, and D parameters were applied for tuning and validation.

spatter distance, and the kerf width, as illustrated for the experi-
mental cuts.

The simulation results, represented by the gray bars in
Figure 10, were obtained by considering five positions along the
entire cutting length. A generally good agreement with the exper-
imental data emerged, both in terms of average values and their
respective standard deviations. The standard deviation provides
insight into how the cutting trend evolves along its entire length.
It is worth noticing that the results obtained for cut D, used to
validate the model, show good performance. More specific con-
sideration can be carried out by introducing specific measurable
metrics. The errors were thus quantified using two unit-free met-
rics: the Relative Root Mean Square Error (RRMSE) and the Mean
Absolute Percentage Error (MAPE).[30] The RRMSE is calculated
by taking the square root of the ratio between the mean squared
difference between experimental (EXP) and simulated (SIM) val-
ues, normalized by the same simulated value, as shown in the
formula:

RRMSE =

√
(EXP − SIM)2

SIM2
∗ 100 (16)

The MAPE, on the other hand, quantifies the average of the abso-
lute percentage differences between the experimental and simu-
lated values, expressed as a percentage:

MAPE = |EXP − SIM
EXP

| ∗ 100 (17)

Both metrics provide interpretable thinking regarding the qual-
ity of prediction even when different measurement techniques
are involved. These calculations were applied across multiple
parameters, such as m1, m2, Kerf, remelted area (front and
back), and maximum spatter distance (front and back), for
the different cuts (A, B, C, D) and the data are reported in
Table 5.

Figure 10. Comparison between experimental and simulated cut by kerf, dross measurements, and spatter area and distance.

Adv. Mater. Technol. 2025, 2401905 2401905 (9 of 14) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Table 5. RRMSE and MAPE metrics to quantify the discrepancy between
simulated and experimental results.

RRMSE MAPE

Cut A B C D A B C D

m1 38 # 6 26 61 # 7 35

m2 14 5 23 10 12 5 30 12

Kerf width 7 2 2 1 7 2 2 1

Remelted area front 32 61 54 15 24 158 35 13

Remelted area back 16 22 43 3 14 28 75 3

Max spatter distance front 223 0 17 0 69 0 0 0

Max spatter distance back 108 23 14 3 52 30 17 3

The classification of errors into “good” or “poor”
predictions follows established thresholds from the
literature:[31]

• RRMSE and MAPE < 10%: Very good agreement (green boxes
in Table 5)

• RRMSE and MAPE between 10% and 20%: Good agreement
(green boxes in Table 5)

• RRMSE between 20% and 30% and MAPE between 20% and
50%: Acceptable agreement (orange boxes in Table 5)

• RRMSE > 30% and MAPE > 50%: Poor agreement (white
boxes in Table 5)

The obtained results highlight a close overlap between simula-
tion and experimental results of the kerf, with RRMSE and MAPE
values consistently low for all samples (1–7%) and dross height in
the backside. A good alignment is found on all phenomena that
concern the backside (m2, remelted and spatter distance), while
the remelted area in the front side shows a poorer agreement
with experimental measurements, in particular for cut B. How-
ever, the disagreement is partially due to the main drawback of
MAPE, which is scale-sensitive, leading to extreme values when
the actual value is very small (i.e. m1 error for cut B), and it pe-
nalizes negative errors more heavily (when the predicted value
exceeds the actual). This occurs, for instance, in sample A when
measuring m1 or in sample B when measuring the remelted area
at the front; in both cases, the error should ideally be halved. The
max spatter distance for cut A, both front and back, shows very
high values due to the high experimental measurements of the
big diameter of the remelted metal droplets, which occur less fre-
quently in simulations.

4.3. Cut Quality Prediction

Once the robustness of the model in accurately predicting the
laser-current collector interaction was established, the influence
of power, speed, and foil thickness on defect formation was in-
vestigated. The kerf, m1 and m2 average and standard deviation
measurements of every set of process parameters simulated are
reported in Table 6.

Thanks to the model, it was possible to fill the graph shown
in Figure 11. The process window is divided into five main re-
gions indicating the prevailing condition for each cut: No Cut,
Recast, Dross, Good, and Spatter areas. The defect classification

was defined by two main parameters: the kerf coefficient of vari-
ation (CVkerf), defined as the ratio of the standard deviation to the
mean, and the normalized dross height (NDH) calculated as the
ratio between m1 (or m2) and the thickness of the metal foil. The
CVkerf is a dimensionless number representing the relative vari-
ability of the kerf measurements in relation to its mean.

First, the dross region is defined when both m1 and m2 have
high values:

Dross Area ⇔ NDHm1
> 10% ∧ NDHm2

≥ 50% (18)

Specifically, this means that the dross height has to be at least
10% and 50% of the foil thickness to be classified as “Dross.” In-
side the dross area, two sub-regions can be identified: “Spatter”
or “Recast” area collocated at the two extreme opposite angles of
the graph. When both low speed and low power are applied (i.e., 2
m s−1 and 200W), the kerf becomes unstable, and the dross turns
into a bubble-shaped recast. Hence, this sub-region is called “Re-
cast” and it is characterized by a significant kerf variability and by
a high standard deviation for either m1 or m2:

Recast Area ⇔

{
CVkerf ≥ 30% kerf inconsistency
CVm1

∨CVm2
≥ 50% bubble− shaped recast

(19)

At speeds higher than 19 m s−1, spatters are formed, mainly at
the back, if the melt profile along the entire cut length is highly
irregular, in other terms with the highest standard deviation:

Spatter area ⇔ STDMax Spatter Distance > 40% (20)

At higher speed and power levels (⩾1000 W), more droplets are
ejected from the front as well. Between the Not Cut and the Dross
region lies the good cut area, characterized by near-zero front
dross, a regular kerf, and a melted area only close to the cutting
edge, specifically:

Good area ⇔

⎧⎪⎨⎪⎩
NDHm1

≤ 10%
CVkerf ≤ 5%
STDMax Spatter Distance < 10%

(21)

In this range of process parameters, the effect of power is quite
evident: starting from a good cut condition, for example from cut
B with increasing the power to 1000 W alters the cut edge geom-
etry, leading to dross formation also in the front surface.

4.4. Influence of Foil Thickness

Finally, the effect of doubling the foil thickness from 8 to 16 μm
was also investigated. The average measurements of kerf, m1 and
m2, as well as their respective standard deviations, all obtained
only from simulations, are reported in Table 7. These results
allowed to fill the area graph in Figure 12, following the equa-
tions described in Section 4.3.

With an increase in thickness, even if the inequalities for the
defect’s definition remain valid, some observations about the de-
fect morphology need to be explicitly noted. First, the no-cut re-
gion expands significantly as expected, indicating that thicker
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Table 6. Simulation measurements of 8 μm foil laser cutting.

P [W] v [m s−1] kerf mean [μm] kerf std [μm] m1 mean [μm] m1 std [μm] m2 mean [μm] m2 std [μm] Classified Area

200 2 122.4 35.2 7.6 5.8 11.0 7.6 Recast

400 2 109.5 32.2 7.7 4.2 11.2 7.6 Recast

600 2 105.4 33.8 3.0 2.1 11.0 9.4 Recast

800 2 87.3 8.5 3.4 0.7 6.2 2.1 Dross

1000 2 82.3 4.3 6.9 2.9 7.7 2.3 Dross

200 5 − − − − − − No Cut

400 5 86.9 10.8 8.1 2.0 8.8 4.0 Dross

600 5 81.4 4.4 6.9 2.9 11.2 3.7 Dross

800 5 82.8 4.5 6.3 2.9 9.3 1.4 Dross

1000 5 80.2 4.5 5.3 2.1 11.6 3.9 Dross

200 10 − − − − − − No Cut

400 10 − − − − − − No Cut

600 10 68.9 2.3 0.0 0.0 15.1 1.5 Good

800 10 69.4 3.7 0.2 0.0 14.8 2.1 Good

1000 10 64.6 3.3 9.7 1.0 16.2 2.1 Dross

200 15 − − − − − − No Cut

400 15 − − − − − − No Cut

600 15 66.5 2.7 0.4 0.3 14.7 1.1 Good

800 15 62.8 2.9 0.6 0.5 15.5 1.6 Good

1000 15 58.0 2.2 4.7 0.9 13.6 2.8 Dross

200 25 − − − − − − No Cut

400 25 − − − − − − No Cut

600 25 − − − − − − No Cut

800 25 59.8 3.4 6.7 0.6 7.2 0.5 Spatter

1000 25 54.0 1.6 3.2 0.9 7.4 3.1 Spatter

foils require higher power densities to achieve full penetration
and complete cutting. The recast region disappears and the Good
area is narrowed in length.

As foil thickness doubles, the Dross region becomes frag-
mented: at 5 m s−1, one portion appears after the no-cut region
and another after the good region. The dross height is more pro-
nounced in thicker materials due to the larger volume of molten
material that can adhere to the bottom edge of the cut. Lower
speeds exacerbate this issue as they allow more time for the
molten material to cling and solidify, forming dross.

The Good region shifts toward slightly lower levels of speed,
suggesting more precise control over process parameters is nec-
essary to maintain cut quality with increased thickness. The good
cut condition continues to apply (600 W and 10 m s−1), with an
increase in the m2 dross height from 15 to 25 μm. The shrinkage
of the Good cut window with increasing foil thickness might be
associated with thermal dissipation. When a laser beam interacts
with a material, energy is initially absorbed within a surface layer.
For thinner foils (8 μm) the absorbed energy is concentrated over
a very small thickness, resulting in a high energy density that
promotes rapid vaporization while limiting heat transfer to sur-
rounding areas. However, if the foil thickness doubles, the energy
is distributed over a larger volume, reducing the energy density
and requiring a longer interaction time to reach vaporization tem-
peratures. Additionally, thicker foils have a longer thermal diffu-
sion path, causing heat to take more time to dissipate laterally.

The Spatter area becomes much more prominent, covering the
largest portion of the graph, right after the No Cut region. In fact,
spatters are more likely to occur at lower speeds: from 19 m s−1

with the 8 μm foil, down to 10 m s−1 when the foil thickness is
doubled. This is likely due to the higher volume of molten ma-
terial generated when cutting thicker foils, which causes more
molten droplets to escape from the molten pool. The remelted
area confirms this, 3.6 larger compared to the same process pa-
rameters used on 8 μm foils.

5. Discussion

The main goal of laser notching for current collectors is to achieve
high cutting speeds combined with high cut edge quality. This
often requires numerous experimental campaigns to identify the
optimal process parameters. The proposed CFD model allows for
predicting the behavior of CW laser cutting of thin foils with vary-
ing thicknesses, offering insights into the correlation between cut
quality and process parameters, as well as spatter formation.

The formation of defects in the cutting process can be at-
tributed to the varying amounts of evaporated over melted ma-
terial and the latter dynamics governed by the recoil pressure
forced. The recoil pressure (Precoil) was extracted from the simula-
tion results at each time step and averaged throughout the cutting
length. At low power and low speed (cut A), the recoil pressure is
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Figure 11. Quality prediction of 8 μm foil laser cutting within a wide range of process parameters.

at its lowest, with a Precoil of 8 × 104 Pa. While it was sufficient
to induce material evaporation and enable cutting, this condi-
tion favors melting over evaporation. The weak force exerted on
the molten pool results in a minimal downward kinetic energy,
leading to the accumulation of molten material along the cut-
ting path. This material re-solidifies into bubble-shaped recast,
producing an inconsistent kerf. As shown in Figure 11, the kerf
width in the recast region ranges from 75 to 130 μm, with a stan-
dard deviation over 15 times higher than that of cuts in the Good
region (35.2 μm for cut A versus 2.3 μm for cut B). The reason
why it accumulates as not as an uniform dross layer can be also
related to its high surface tension (1.3 N m−1[32]) and viscosity (4
mPa s, near the melting point[33]). These properties contribute to
the retention of molten material at the kerf edges rather than its
expulsion, further facilitating recast formation.

By increasing power while maintaining the same speed, the
recoil pressure rises (Precoil = 1.15 × 105 Pa), enhancing material
evaporation and preventing excessive melt accumulation, result-
ing in a more uniform kerf.

Higher recoil pressure values lead to optimal conditions (Precoil
= 1.5 × 105 Pa), as they push the molten material downward,
where it solidifies (m2 up to 15.5 μm), resulting in a defect-free
cutting front (m1 < 0.6 μm).

At even higher power and speed combinations (lowest fluence
conditions), the recoil pressure reaches its peak at Precoil = 4.8 ×
105 Pa, leading to a stable kerf but also imparting excessive ki-
netic energy to the molten pool. This condition favors evapora-
tion rather than melting, as highlighted in Figure 6a for cut C
which shows less molten material formed along the edges, with
the back height dross accounting for a maximum of 7.4 μm. How-
ever, with this value of recoil pressure exerted within the kerf,
molten material can be ejected onto the front and back surfaces
as irregular spatters. This phenomenon aligns with findings in
laser welding research,[8] where spatters occur when local melt
volumes gain sufficient momentum perpendicular to the melt
surface. The vertical drag force of the vapor jet plays a critical

role, as spatters form when the vertical momentum of the melt
surpasses surface tension forces. Materials that fail to escape the
melt pool re-solidify into rims or droplet fingers near or far from
the cut edge. The latter defect is important to be quantified as
melted droplets ejected far from the edge profile can potentially
be incorporated into the electrode slurry, harming battery func-
tionality. Compared to good cut conditions, spatter formation oc-
curs when lower fluence and shorter dwell times are applied. This
is demonstrated by the recoil pressure formula in Equation (11),
where lower fluence values (P1) and higher irradiances (P2) re-
sult in elevated vapor temperatures and increased recoil pressure.

In order to strike a “spatter condition,” the Weber num-
ber is introduced. This dimensionless parameter describes the
competition between kinetic energy and surface tension[9] and is
defined as:

We = 𝜌rV2

𝜎
(22)

where 𝜌 is the density of liquid Cu (7900 kg m−3),[33] V is the
velocity magnitude of the melt droplet (15 m s−1), r is the local
curvature radius (3 μm), and 𝜎 is the surface tension of liquid Cu
(1.3 N m−1).[33] The speed and radius values of the metal droplet
were obtained by averaging measurements taken at five different
time steps during the simulation of the cut. The corresponding
average Weber number is 3.87 (>2), indicating sufficient kinetic
energy to overcome surface tension forces. For thicker foils, the
threshold speed for spatter formation decreases (below 10 m s−1),
as larger droplets (greater than 3.5 μm in diameter) are formed.
This results in a lower Weber number of approximately 2.63 (>2).

6. Conclusion

Thanks to the developed CFD model it has been possible to thor-
oughly predict the behavior of CW laser cutting quality of thin
copper foils with different thicknesses, which are used as cur-
rent collectors of the lithium-ion battery electrodes. After tuning
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Table 7. Simulation measurements of 16 μm foil laser cutting.

P [W] v [m s−1] kerf mean [μm] kerf std [μm] m1 mean [μm] m1 std [μm] m2 mean [μm] m2 std [μm] Classified Area

200 2 − − − − − − No Cut

400 2 71.5 9.7 6.2 3.5 17.9 5.2 Dross

600 2 69.6 4.0 5.4 2.2 18.5 1.8 Dross

800 2 68.3 3.4 5.6 1.6 18.9 1.1 Dross

1000 2 67.8 2.1 6.9 0.9 22.1 3.2 Dross

200 5 − − − − − − No Cut

400 5 70.4 1.8 5.7 1.5 21.6 2.7 Dross

600 5 68.2 2.0 0.3 0.2 29.3 3.2 Good

800 5 65.3 2.9 1.9 1.4 27.4 8.4 Good

1000 5 64.5 1.2 7.1 2.5 19.8 2.5 Dross

200 10 − − − − − − No Cut

400 10 − − − − − − No Cut

600 10 67.9 2.2 0.1 0.1 25.2 4.9 Good

800 10 64.0 2.3 7.4 1.9 15.2 2.7 Dross

1000 10 61.7 4.0 7.6 2.3 16.4 4.6 Spatter

200 15 − − − − − − No Cut

400 15 − − − − − − No Cut

600 15 − − − − − − No Cut

800 15 61.1 1.8 5.8 2.2 18.6 1.5 Dross

1000 15 59.7 1.0 6.4 1.4 20.1 1.4 Spatter

200 25 − − − − − − No Cut

400 25 − − − − − − No Cut

600 25 − − − − − − No Cut

800 25 − − − − − − No Cut

1000 25 53.6 2.5 4.2 1.7 13.9 3.5 Spatter

and validating the model with experimental results it was possi-
ble to investigate the influence of laser power and speed in kerf
dimension, dross height, and spatter. The threshold laser param-
eters for cutting with good quality, as well as the parameters that
lead to defect formation, have been assessed. Experimental re-

sults revealed the presence of spatters, dross, and bubble-shaped
recast defects, which the CFD model accurately predicted. This al-
lowed for the identification of reliable equations that pinpointed
the work regions where these defects occur as when current col-
lectors thickness and process parameters change. The physical

Figure 12. Quality prediction of a 16 μm foil laser cutting.
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phenomena responsible for defects occurrence were jointly iden-
tified. This study could be utilized as a guideline for achieving
optimal cutting conditions when input specifications undergo
slight variations, such as changes in material characteristics, spot
dimensions, speed, and thickness. Utilizing this approach can
save time and resources by reducing the need for extensive ex-
perimental campaigns.
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