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1. Introduction 

Currently the lithium-ion battery (LIB) is an established 
technology for energy storage for a broad field of applications. 

Due to rapidly improving technologies in these fields, the 
demand for better performing, safer, more sustainable and 
cheaper batteries is also increasing. [1–3] There are several 
approaches to overcome these limitations such as optimization 
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Abstract

The manufacturing of lithium-ion battery (LIB) cells is following a complex process chain in which the individual process steps influence the 
subsequent ones. Meanwhile, increasing requirements especially concerning the battery performance, sustainability and costs are forcing the 
development of innovative battery materials, production technologies and battery designs. The calendering process directly affects the volumetric 
energy density of an electrode and therefore of a battery cell. Calendering is still challenging as it causes high stresses in the electrode that lead 
to defects and thus increased rejection rates. The interaction between electrode material and process as well as the formation of defects is still not 
fully understood, especially when new material systems are used. In this context, the sodium-ion battery (SIB) is one post-lithium battery system 
that is a promising option to overcome the limitations of conventional LIBs. Therefore, this paper presents a first material and machine 
independent methodology to describe and understand the defect type longitudinal wrinkle, which mostly appears at the uncoated current collector 
edge of an electrode and in running direction. The aim is to systematically characterize the longitudinal wrinkles according to their geometry. 
The automatic data acquisition is carried out with a laser triangulation system and a 3D scanning system. The geometry values are calculated 
from the raw data and correlated to selected process parameters. The methodology is applicable regardless of the material as shown by exemplary 
results of NMC811 cathodes for LIB and hard carbon anodes for SIB. By using two different pilot calenders it is shown, that the data acquisition 
can be carried out independently of the machine. The presented methodology contributes to finding solutions for the avoidance of longitudinal 
wrinkling in any battery electrode and therefore to reducing the rejection rate.
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of the material [4], production process [5] and new battery 
technologies like post-lithium systems [1]. A promising battery 
technology besides the LIB is the sodium-ion battery (SIB), 
which is about to become widely commercialized [1]. The SIB 
is a so-called drop-in technology as the material and production 
process is roughly like the lithium-ion technology. But there are 
still some differences while a standard manufacturing route for 
different material properties and new material systems is not 
established. [6,7]

Understanding the material behavior is necessary to improve 
the manufacturing of electrodes and thus reduce rejection rates 
[8]. The process chain is complex and each process step is 
determining the following one. Each production step must be 
adapted to the materials requirements to avoid damages in the 
following processes. [9] Calendering is crucial to set the 
volumetric energy density of the electrode, which is directly 
related to the battery’s performance. [8,10,11] The porous 
electrode coating material is compressed in a rolling process 
under high load [11]. As a result, the coating is densified and 
mechanical stresses are introduced that lead to defects. The 
defects negatively affect the material quality as well as the 
productivity. [8,12] There are several different calendering 
defects that influence the web handling. Deformations over the 
entire electrode width like corrugations in and orthogonal to the 
running direction as well as bulge-shapes are observed. At high 
compaction rates and high web tensions foil embossing 
appears. This defect consists of small wrinkles that occur at a 
certain angle to the running direction on the uncoated substrate. 
Furthermore, it has been observed that a high compaction 
stiffens the electrode. [8,12,13] There are already approaches 
for recording the deformations of calendered electrodes with a 
laser triangulation system [14] and a 3D-scanner [12].

This paper focusses on the description and the understanding 
of the formation of the defect pattern longitudinal wrinkling 
that is well-known among electrode manufacturers as it can 
cause web tears. Nevertheless, scientifically it has been only 
described for other web processing industries like the metal 
strip manufacturing where they are defined as plastic creases 
occurring at deflection rollers and in parallel to the running 
direction. The high web tension in general leads to buckling of 
the metal strip. Simulations showed that additional stresses are 
caused by friction during motion of the web, which leads to 
exceeding the critical tension to form a plastic crease. [15,16] 

On electrodes longitudinal wrinkles are similar as they occur 
in parallel to the running direction after a strong compaction 
when hitting the first deflection roller with a high web tension. 
A methodology is developed to characterize the geometry of 
longitudinal wrinkles in calendered electrodes for different 
materials depending on the process parameters. Data is 
collected experimentally during calendering using a laser 
triangulation sensor and a 3D scanning system. Calendering 
experiments are performed on two calenders with two electrode
materials to investigate the applicability of the presented 
methodology.

2. Experimental 

In this section the calenders, electrode materials, sensors and 
experimental settings are introduced.

2.1. Calender systems

The calender of the Karlsruhe Institute of Technology (KIT) 
is a GKL 500 MS (Saueressig Group). The calender rollers have 
a diameter of 700 mm and a width of 500 mm and are able to 
apply a maximum line load of about 2000 N·mm-1 on the 
electrode. The rollers can be tempered up to 90 °C, with room 
temperature as lower limit. The web tension can be set 
individually for the rewinder, unwinder and the separate tension 
unit in a range of 1 N to 250 N. The web speed is adjustable 
between 1 m·min-1 and 30 m·min-1. [17] A schematic of the 
calender is shown in Fig. 1 in the foreground. 

In the background of Fig. 1 the schematic of the calender 
LDHY400-N45 (Xingtai Naknor Technology Co., Ltd) 
installed at CIDETEC is shown. The upper deflection roller of 
the tension unit is located at a lower level than the calender
rollers, so a supporting deflection roller is installed. The 
diameters of the rollers are 400 mm and the widths are 450 mm 
with a linear pressure of 2400 – 3700 N·mm-1. The applied 
resulting line load is not recordable. Two deflection rollers can 
be heated up to 180 °C to preheat the electrode before entering 
the calender rollers. The web tension cannot be set to a specific 
value. During operation a proportion of the maximum torque is 
applied. [18]

2.2. Electrode materials

The coating of both electrodes is placed symmetrically in the 
center and on both sides of a 15 µm aluminum foil. Further 
properties of the dry electrode are displayed in Table 1. The 
NMC811 cathode contains 94.0 wt-% active material, 3.0 wt-
% carbon black and 3.0 wt-% polyvinylidene fluoride (PVDF) 
and was manufactured by Enertech International.

The HC anode was manufactured at CIDETEC. The dry 
electrode contains 93.0 wt-% of HC (BHC-400 from Shandong 
Gelon LIB Co., Ltd), 1.4 wt-% carbon black, 1.87 wt-%
carboxymethyl cellulose (CMC), and 3.73 wt-% styrene-
butadiene rubber (SBR). The coating was performed on the 
pilot coating machine BC39 from Coatema Coating Machinery 
GmbH.

Table 1. Properties of the dry uncalendered electrodes

Mass 
loading
/ mg·cm-3

Coating 
width
/ mm

Substrate 
width
/ mm

Density

/ g·cm-3

Coating 
thickness
/ µm

NMC811 41.60 155 215 2.17 188.0

HC 19.61 155 250 0.88 223.5

2.3. Sensor systems

As shown in Fig. 1 the data acquisition systems are located 
after the calender rollers at the tension unit. The laser
triangulation sensor LJ-V7060B (Keyence Deutschland 
GmbH) is permanently installed above the electrode. Within 
one measurement procedure 10000 profiles were recorded with 
a frequency of 500 Hz and a width of 15 mm. [19]

The optical 3D scanner ATOS Core 135 (Carl Zeiss GOM 
Metrology GmbH) is built with two cameras and a projector 



316 Ann-Kathrin Wurba  et al. / Procedia CIRP 120 (2023) 314–319

that emits narrowband blue LED light. The system is mounted 
on a movable tripod to generate images from different angles
within a measuring range of 135 mm × 100 mm. [20]

Fig. 1. Experimental setup with the relevant parts of the calendering machines 
GKL 500 MS (foreground) and LDHY400-N45 (background) with the sensor 
systems ATOS Core 135 and LJ-V7060B

2.4. Calendering experiments

The investigated process parameters are the web tension, the 
temperature and the density of the calendered electrode. The 
density is calculated from the mass loading of the coating 
divided by the coating thickness. All experiments were 
performed with a web speed of 1 m∙min-1.

The exemplary investigations on the NMC811 cathodes 
were conducted on the GKL 500 MS at KIT with the laser and 
the 3D scanning system. The parameters for the experiments 
NMC_A and NMC_B at different densities are shown in Table 
2. The web tensions were 110 N for the tension unit and 60 N 
each for unwinder and rewinder.  

The HC anode was calendered on the LDHY400-N45 at 
CIDETEC under the conditions displayed in Table 2. 
Calendering of HC_A was done with proportions of the torque 
of 20 % for the unwinder and 33 % for the rewinder. For HC_B 
the proportions of the torque were increased to 25 % for the 
unwinder and 38 % for the rewinder as no longitudinal wrinkle 
was observed at lower web tensions and a therefore looser web. 
As shown in Table 2, the HC electrodes were calendered to the 
same thickness resp. density at two temperatures. The data 
acquisition was exclusively done with the laser system.

Table 2. Parameter setting for calendering experiments with NMC811 and 
HC to examine longitudinal wrinkles

Density
/ g·cm-3

Coating thickness
/ µm

Temperature
/ °C

NMC_A 2.84 145.5 30

NMC_B 3.34 124.0 30

HC_A 1.09 177.8 100

HC_B 1.08 176.3 25

3. Characterization of longitudinal wrinkling

3.1. General geometrical description

Longitudinal wrinkles are arch shaped irreversible plastic 
deformations in both uncoated current collectors. In both 
electrode materials a longitudinal wrinkle was formed. Fig. 2a) 

shows a photograph and b) a 3D scan colored according to the 
height of an NMC811 cathode that is spread over the first 
deflection roller. The running direction is in y-direction. In Fig. 
2b) the white box marks the potential area for the formation of 
longitudinal wrinkles. The profile cut in the 3D scan is needed 
for the evaluation of the geometry and is described in section 
3.2.

Fig. 2. Wrapped cathode with longit. wrinkle, a) photograph, b) 3D scan

Fig. 3 shows a schematic profile of a longitudinal wrinkle with 
the points needed to calculate its geometry values height (ℎ), 
width (𝑤𝑤) and distance (𝑑𝑑) to the coating edge.
In this case, the coated part is located on the left side and the 
uncoated current collector (substrate) is shown on the right. 
The point 𝐶𝐶 marks the end of the coated part. The points 𝑊𝑊1
and 𝑊𝑊2 represent the left and right limitation of the longitudinal 
wrinkle. The width of the longitudinal wrinkle is calculated 
from the difference between 𝑥𝑥(𝑊𝑊2) and 𝑥𝑥(𝑊𝑊1) as shown 
below. 

𝑤𝑤 = 𝑥𝑥(𝑊𝑊2) − 𝑥𝑥(𝑊𝑊1) (1)

The height is defined as the distance between the tip of the 
longitudinal wrinkle 𝑧𝑧(𝑊𝑊𝑡𝑡) and the limitation of the 
longitudinal wrinkle which is on the side without the coating, 
as there is no interference with foil embossing. Referring to Fig. 
3 the correct limitation is 𝑧𝑧(𝑊𝑊2).
ℎ = 𝑧𝑧(𝑊𝑊𝑡𝑡) − 𝑧𝑧(𝑊𝑊2) (2)

The distance between the coating and the longitudinal wrinkle 
is defined as difference between the coating edge 𝑥𝑥(𝐶𝐶) and the 
tip point of the wrinkle 𝑥𝑥(𝑊𝑊𝑡𝑡).
𝑑𝑑 = 𝑥𝑥(𝑊𝑊𝑡𝑡) − 𝑥𝑥(𝐶𝐶) (3)

Fig. 3. Geometric shape of a longitudinal wrinkle shown as profile of the 
electrode
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3.2. Data acquisition and processing

In the following the methodology to investigate the 
longitudinal wrinkles for different machines and materials is 
described. In the first step, the investigated process parameters 
roll temperature, web tension and the density of the electrode
have to be defined. Afterwards the calendering is performed.
As soon as the calendered part hits the first deflection roller, 
the data acquisition with the laser sensor starts within the 
software LJ-X Navigator (Keyence Deutschland GmbH). For 
the data processing, the laser data is exported as a CSV file. 

After the collection of the laser data, the calendering process 
is stopped, as the data acquisition with the ATOS Core 135 
requires an unmoving electrode. The deflection roller with the 
wrapped electrode is scanned within the software GOM Inspect
(Carl Zeiss GOM Metrology GmbH). As the uncoated current 
collector causes interfering reflections, it is sprayed with a 
standard black aerosol spray before taking the images. 
Furthermore, reference dots are applied irregularly on the 
electrode to process the single images to one 3D mesh 
afterwards. This 3D mesh of the wrapped electrode surface 
from the 3D scanning is compared to a CAD model of an 
ideally even wrapped electrode and the height differences are 
calculated automatically in GOM Inspect. Approximately 15 to 
20 profiles with valid data transverse to the running direction 
are selected by the user and the height differences are also 
exported to a CSV file. 

The CSV files from the laser and the 3D scanning system 
are then processed within two Matlab tools, one for each data 
acquisition type. Fig. 4 shows the data processing within 
Matlab as an overview. The core process for the calculation of 
the geometry parameters is identical for the laser profiles and 
the profiles of the 3D scan. The core process is therefore 
described only once. The data processing is challenging due to
measurement errors caused by reflections and defects like foil 
embossing (see Fig. 3). Reflection errors occur as nearly
vertical peaks in the laser profiles and are detected by a pre-
filter described below. The corresponding profiles are not used 
for the calculation of the geometry parameters. In the 3D scan 
these reflection errors appear as missing data in the profiles and 
are excluded by the user in advance. The filter for the laser data 
utilizes, that the slopes of the peaks are higher compared to 
slopes from the longitudinal wrinkle or the coating edge. Noise 
in the profiles caused by the uneven electrode is smoothed 
using the Matlab moving average filter. From the second 
derivatives of all smoothed profiles the maximum difference of 
the value range is extracted and plotted in a histogram. The user 
selects the threshold that separates natural from unnatural high 
slopes that indicate a reflection error. Further processing is 
done with the unsmoothed profiles that are free from errors. 

Fig. 4. Flow chart for the data processing via the Matlab codes for the laser 
and 3D scanning data

The user selects the region of interest (ROI) in a 2D 
meshplot that contains a longitudinal wrinkle by choosing start 
and end points where the coating edge 𝐶𝐶 is assumed to be 
located. A straight line is created from which the algorithm 
detects the next local minimum in the surrounding of the 
assumed edge line. If the algorithm is unable to correctly detect 
the local minima, because of disturbances caused by 
calendering defects, the user has the choice to set the pre-
selected line as the coating edge or to reset the ROI. 
Afterwards, the user selects the assumed tip line 𝑊𝑊𝑡𝑡 of the 
longitudinal wrinkle from which the next local maximum is 
searched. Then the user specifies the ROI for the width 
limitation line of the longitudinal wrinkle 𝑊𝑊1and 𝑊𝑊2 from an 
example profile plot. The points are the next local minima in 
the search area to the left and right of the tip line as shown in 
Fig. 3. The width is then calculated from the two limitation 
points using equation (1). Afterwards the height is calculated 
for each profile with the tip points and the associated width 
limitation point according to equation (2). The distance of the 
wrinkle is then calculated using equation (3).  

All geometry values are calculated for each profile from the 
laser data and the 3D scan and transferred to average values 
that represent the longitudinal wrinkle. Non-parallel 
longitudinal wrinkles thus show a higher standard deviation for 
the distance than parallel ones. The final resulting geometry 
values for the longitudinal wrinkle correspond to the average 
of the 3D scan and the laser data. 

4. Results and discussion

Fig. 5 shows an exemplary processed data set from the 
experiment HC_A. The 3D mesh plot corresponds to the 
schematic profile view shown in Fig. 3. The coating can be seen 
on the left side. The outer edge of the coating (transition to the 
substrate) is marked in white at 𝑥𝑥 ≈ 5 𝑚𝑚𝑚𝑚. Foil embossing 
can be observed between the outer coating edge and the 
longitudinal wrinkle. The left and right width limitation points 
of the longitudinal wrinkle are marked in red, while the tip 
points are represented in black. On the right side the rest of the 
uncoated current collector is displayed. 

Fig. 5. 3D mesh plot of the processed laser data of HC_A

In the following, the results of the calendering experiments 
are discussed.

The respective average geometry values for NMC811 with 
the two different densities of 2.84 g·cm-3 (NMC_A) and 
3.34 g·cm-3 (NMC_B) are compared in Fig. 6. They are 
calculated individually from the 3D scan and the laser 
measurement of a single calendering process.
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The differences do not show any regularities and apart from 
the distance for the NMC_B the differences are small. Thus, 
the measurements are assumed to be realistic. Major 
deviations, such as for the distance are attributed to calendering 
defects that interfere with the evaluation. It also must be 
considered that both measurement systems do not record the 
exact same section of the longitudinal wrinkle, as the 3D scan 
is started after the laser measurement. 

Fig. 6. Height (h), width (w) and distance (d) of longitudinal wrinkles for 
NMC811 separated by measurement methods laser and 3D scan

Fig. 7. shows the resulting average geometry values of the 
formed longitudinal wrinkles during calendering for NMC_A 
and NMC_B. The average height increases with increasing 
density. Due to the high standard deviation of the average 
distance, it is not obvious whether it decreases with increasing 
density. The average width is not influenced by the density. 
These preliminary results as well as earlier investigations 
performed at wbk-KIT indicate that the electrode deforms 
according to the high stresses during calendering [12]. All 
types of deformation described in section 1 contribute to an 
uneven electrode that is pulled over the deflection roller with a 
high web tension. The electrode is pressed on the deflection 
roller and is not free to compensate for the unevenness. The 
resulting compensation is therefore a wrinkle. A higher density 
leads to higher stresses in the electrode and probably to larger 
deformations. It is assumed that greater deformations need 
greater compensation which leads to higher longitudinal 
wrinkles at a constant width. 

Fig. 7. Height, width and distance of longitudinal wrinkles for NMC811

Calendering of the HC anodes at 25 °C and 100 °C 
preheating temperature leads to the results from the laser data 
of one calendering process shown in Fig. 8.

Temperature does not have an influence on the average 
height as well as the average width of the longitudinal wrinkle. 
The average distance decreases when increasing the preheating 
temperature. An increasing temperature can increase the 
elasticity of the binder of anodes and cathodes and therefore 
decrease the line load effort for compaction. [21,22] As the 

electrode is already cold when it hits the deflection roller, no 
direct influence of an increased elasticity can be seen. For 
further assessment of the influence of the temperature the 
mechanical properties as well as the level of deformation after 
calendering should be regarded. Considering that the average 
web tension between unwinder and rewinder was higher for the 
experiment HC_B at 25 °C than for HC_A at 100 °C, this 
diagram also shows that the web tension has no influence on 
the average height and width of the longitudinal wrinkle, but 
on the average distance. This experiment confirms that, in 
general, a certain critical web tension is needed for the 
formation of longitudinal wrinkles, as also described in [16]. 
Nevertheless, further investigation is required to determine 
whether the temperature has an influence on the critical web 
tension. With this small number of experiments and no absolute 
values for the web tension, no definitive statement can be made 
about the cause and effect relationships.

Fig. 8. Height, width and distance of longitudinal wrinkles for HC

5. Summary and outlook

Comparing the results with two different electrode materials 
and two different calenders, the data sets are in the same range 
of values. In both cases the average width was not influenced 
while the temperature, web tension and density seem to have 
an influence on the average height and distance. 

It has been demonstrated that data acquisition with the laser 
system can be used with different calendering machines. 
However, the 3D scanning system was only tested at the 
calender GKL 500 MS at KIT. On both electrode materials 
longitudinal wrinkles were detected. The process parameters 
roll temperature, web tension and electrode density were 
recorded and correlated to the wrinkle parameters. 

As this data set is limited to a small number of experiments, 
a systematic design of experiments is planned to point out the 
influence of the process parameters web tension, roll 
temperature and electrode density on the longitudinal 
wrinkling. Furthermore, the line load can be considered as a 
parameter that significantly influences the density [12]. The 
length of the longitudinal wrinkle was not yet recorded and is 
part of future investigations. For a deeper understanding of the 
formation of the longitudinal wrinkling the mechanical 
behavior and characteristic values such as the bending stiffness 
and Young’s modulus of the electrode during and after 
calendering should be investigated in detail. An insight into the 
mechanisms of the compaction behavior is possible by 
measuring the resulting strains in the coating as proposed in 
[12]. Furthermore, an evaluation of the corrugations gives 
information on the extent of unevenness which seem to favor 
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the formation of longitudinal wrinkles. Different electrode 
materials should be compared while setting the same process 
parameters to determine the material’s impact on longitudinal 
wrinkling. 

These investigations contribute to develop an additional 
device that supports the guiding of the electrode web by 
applying additional transverse tensile forces to reduce the 
longitudinal wrinkling. This development will be part of future 
work. All in all, this work is a first step to minimize the 
rejection rate due to calendering defects.
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