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Abstract
The requirements for the lithium-ion battery (LIB) are constantly increasing. In the nearer future, batteries need to be even 
more powerful, safer and cheaper. One lever is the optimization of the production in order to minimize production scrap rates. 
In electrode manufacturing, calendering is an essential process step to adjust the volumetric energy density. However, this 
process leads to undesirable defects that result in production scrap. In this paper, the formation of longitudinal wrinkles is 
analyzed using a statistical experiment design. Electrode density, web tension and temperature are varied in two levels during 
calendering and are examined for their significance with regard to the geometry of the longitudinal wrinkles. Furthermore, 
the strain and the deformation of the electrode are analyzed. A complex interaction of material and process is revealed with 
respect to the formation of longitudinal wrinkles. A better understanding of these interactions contributes to optimize the 
calendering process and to find a solution to avoid longitudinal wrinkles.
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1 Introduction

Today's requirements for lithium-ion batteries and the asso-
ciated challenges include not only high energy and power 
densities, but also safety issues and, at least, costs. In order 
to meet these requirements, this technology needs to be 
continuously improved. There are complex relationships 
between cell properties, materials and production, among 
other factors, that are not yet fully understood. Over 70% 
of the total manufacturing costs of a cell are related to the 
material, while the cathode accounts for almost 50% of these 
costs. Material scrap caused by electrode manufacturing 
defects are therefore cost-intensive. [1]

Calendering is of particular importance to achieve a 
high volumetric energy density, which is directly related 
to battery performance [2]. Furthermore, it influences the 
mechanical properties and the conductivity [3]. High line 
loads are required for high volumetric energy densities, that 
induce mechanical stresses in the electrode, which lead to 

the formation of defects. These defects can occur in both 
coated and uncoated current collector and negatively affect 
the material quality as well as the web handling and there-
fore the productivity. So far, various calendering defects and 
challenges have been observed, while an initial overview 
can be found in [4]. The defects relevant to this work are 
described as follows. One approach to characterize deforma-
tions in wave and bulge shape, which are also referred to as 
corrugations, is the so-called defect evaluation index (DEI). 
It is calculated from the largest difference between the maxi-
mum and minimum amplitude. [5] High compaction rates 
lead to an increasing DEI [6]. The deformations depend on 
the thickness of the current collector and the material stiff-
ness [7]. Looking at the metal foil industry shows that waves 
occur during the rolling of metal foils, if the parallelism of 
the rolls deviates by only a few hundredths of a millimeter 
and when the global web tension falls below a critical value. 
This critical value depends on the residual stresses in the 
material. If the distance between the rollers increases in the 
direction of the web edge, central waves occur and if the 
distance decreases in the direction of the web edge, waves 
are observed at the edge. [8] Small wrinkles at the coating 
edge, also known as foil embossing, are described in [9]. 
Embrittlement of the electrodes is also challenging, as it can 
cause web tears [4].
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The focus of this work is the analysis of the longitudi-
nal wrinkle defect pattern, that occurs during calendering 
when a calendered web passes over a deflection roller under 
high web tension. An example of a forming longitudinal 
wrinkle is presented in Fig. 1 in Sect. 2.1. The point pattern 
is required for strain measurement. This defect is a plastic 
deformation in the shape of a wrinkle that forms parallel to 
the coating edge. It is characterized by its geometry, which 
is described by the height and the width of the longitudi-
nal wrinkle as well as the distance between the longitudinal 
wrinkle and the coating edge, also referred to as position of 
the longitudinal wrinkle. Further details on the geometric 
description of longitudinal wrinkles are given in [10]. Lon-
gitudinal wrinkles are challenging, because they can easily 
cause web tears, resulting in scrap and production downtime 
[10]. They are also known in metal foil processing, where 
they are mainly analyzed by simulation. Longitudinal wrin-
kles are the result of a critical tension being exceeded. As 
the web moves, additional frictional forces are generated, 
that induce compressive stresses. In combination with the 
high web tension, this is the basis for the formation of longi-
tudinal wrinkles. [11] Furthermore, similar phenomena are 
known that are referred to as buckling of stretched strips. A 
critical tensile stress induces lateral compressive stresses in 
a clamped strip that lead to wrinkling effects in the middle 
of metal or plastic strips. [12]

Moreover, small misalignments in the plane of the web 
can lead to the so-called in-plane bending. This effect also 
results into shear stresses, which can initially create troughs 
but also wrinkles. The same applies for changing deflec-
tion roller diameters. For a homogeneous web product the 
longitudinal wrinkles are created at a large angle to the run-
ning direction over the entire web width. [13] In [14] it is 
proposed that the compression stresses caused by misalign-
ment can be compensated for by the systematic introduction 
of pre-tensile loading.

Reducing the formation of longitudinal wrinkles requires 
a deep understanding of the complex relationship between 
machine, process and material. With regard to the calen-
dering of electrodes, no scientific work is known to date 
that investigates the formation of longitudinal wrinkles. 
Therefore, this paper presents the results of a full factorial 
experiment design with three factors and two levels. The 
experiment design is described in Sect. 2, while the results 

are presented and discussed in Sect. 3. Section 4 gives a 
short summary and outlook.

2  Experimental

This section provides a brief introduction to the electrode 
material used, the calendering machine as well as the sen-
sor systems and gives a brief insight into the statistical 
evaluation.

2.1  Electrode material and equipment

All experiments were carried out using the lithium nickel 
manganese cobalt oxide (NMC811) cathode, that was also 
used in [10]. It is coated on both sides with a coating width 
of 155 mm and an uncoated part of 30 mm on each side. The 
density of the electrodes was calculated from the quotient 
of the areal weight of the coating of the electrode and the 
thickness of the coating of the electrode. To determine the 
thickness of the electrode, three circular samples each with 
a diameter of 18 mm were punched out on both sides of the 
electrode with the high precision electrode cutter EL-cut 
(EL-Cell GmbH) and measured with the digital indicator 
MarCator 1075R (Mahr GmbH). To obtain the thickness 
of the coating, the thickness of the substrate foil is sub-
tracted. In this case the thickness of the aluminum substrate 
foil was 15 µm, which was taken from the manufacturer's 
specifications. Afterwards the areal weight of these samples 
was measured using the laboratory balance EW 220-3NM 
(KERN & SOHN GmbH). Again, the areal weight of the 
pure aluminum substrate is subtracted. The average thick-
ness of the coating was 188.0 µm with a standard deviation 
of 0.89 µm while the average areal weight of the coating was 
40.87 mg∙cm−2 with a standard deviation of 0.63 mg∙cm−2 
which results into an average density of 2.17 g∙cm−3.

Calendering was performed on the calender GKL 500 MS 
(Saueressig Group), that was already introduced in [10]. The 
most relevant process parameters for this study are the line 
load FL , the web tension FW and the temperature T  of the 
rollers. The density � is set via the line load, with a maxi-
mum line load of 2000 N∙mm−1 at a maximum coating width 
of 350 mm for this calender. The schematic experiment setup 
is shown in Fig. 2. The web tension is adjusted individually 
via the unwinder, rewinder and the tension unit and varies 
between 1 N and 250 N. The temperature limits for the cal-
ender rollers are room temperature and 90 °C.

2.2  Experiment design and statistical evaluation

The experiments were planned with the help of the statis-
tical software  Minitab® (Minitab, LLC). Table 1 presents 
the chosen coded full factorial experiment design with the 

Fig. 1  Formation of a longitu-
dinal wrinkle with the coating 
edge on the left side
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three factors density ( � ), web tension ( FW ) and temperature 
( T  ) and the two levels shown in Table 2. In this context, the 
web tension corresponds to the web tension at the tension 
unit, which can be set independently of the web tension at 
the winder and unwinder. The tension unit is schematically 
displayed in Fig. 2. For simplicity, the web tension at the 
tension unit will be referred to in the following as the web 
tension. All experiments were performed at a web speed 
of 1 m  min-1 and a web tension of 60 N for unwinder and 
rewinder. It was investigated whether the three factors have 
a significant influence on the geometry of the longitudinal 
wrinkles. From metal strip conveying, there is a presumption 
that a minimum web tension must be applied for the longi-
tudinal wrinkles to form [11]. To verify this, two additional 
experiments were carried out with the lower web tension 
FW = 60N at the high density of 3.3 g  cm−3 and the two tem-
perature levels of 30 and 90 °C. However, these experiments 

are not part of the experiment design and are therefore not 
included in the results.

The geometry information from the laser and 3D scan-
ner data were statistically analyzed in Minitab as well. For 
the generation of the factorial regression from the process 
parameters and the geometry information, the two-sided 
confidence level had to be selected at 90 %, since otherwise 
no model could be obtained and thus no evaluation would 
have been possible. This corresponds to a significance level 
of � = 0.1 . However, the correlations between the three 
factors and the line load, strain and deformation could be 
determined at the 0.05 significance level. All regression 
models were built via backward elimination. In the Minitab 
software, this requires only the specification of � . For back-
ward elimination, the model first contains all terms that are 
eliminated step by step. The process is terminated once all 
variables with a probability- ( p ) value greater than � have 
been removed. [15] It is possible to exclude terms for the ini-
tial model, but in this case all terms were allowed up to order 
3, which corresponds to the triple interaction of density, 
temperature, and web tension. The results of the statistical 
evaluation from Minitab are presented in Sect. 3 using main 
effects plots, in which the mean values of the individual 
levels are displayed and connected by a line. The strength 
of an effect is indicated by its magnitude. The significance 
of the effects is determined using the p-values. [16] Factors 
that are not significant and also do not exist in the regression 
model are shown in grey in the main effects plots.

3  Results and discussion

The influence of calendering on the electrode as well as on 
the geometry of the longitudinal wrinkles is described and 
discussed below. Longitudinal wrinkles were observed in 
all experiments. Their geometric values are shown in the 
Appendix in Fig. 15.

However, it is to be noted, that longitudinal wrinkles were 
only formed at irregular intervals in the experiment #7. At 
this point, the test area is at the limit of stable longitudinal 
wrinkle formation. In the two additional experiments carried 
out with the lower web tension FW = 60N no longitudinal 
wrinkle formed. This confirms that a critical web tension 
must be exceeded for longitudinal wrinkles to form. This 
was also shown for hard carbon anodes in [10]. The entire 
electrode is pressed less strongly against the deflection roller 
at a lower web tension. Figure 3 illustrates the surface pres-
sure FSP resulting from the web tension schematically. On 
the one hand, the electrode has greater freedom of movement 
transverse to the running direction, i.e. in the x-direction. 
The uncoated part of the substrate may move minimally and 
thus relax. On the other hand, the coated part is also pulled 
less strongly against the deflection roller, so that there may 

deflection

rollers

tension unit

calender

rollers

electrode

3D scannerlaser

Fig. 2  Experiment setup with the sensors, the web speed vW , the 
angular speed of the rollers �r , the temperature T  of the rollers, the 
line load FL and the web tension FW [10]

Table 1  Coded full factorial 
experiment design

No. � F
W

T

#1 +1 −1 −1
#2 −1 +1 −1
#3 −1 −1 +1
#4 +1 +1 +1
#5 −1 +1 +1
#6 +1 +1 −1
#7 −1 −1 −1
#8 +1 −1 +1

Table 2  Factor levels Factor −1 +1

Density ( �)/g  cm−3 2.8 3.3
Web tension ( F

W
)/N 80 110

Temperature ( T)/°C 30 90
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still be minimal voids between the coating and the deflec-
tion roller. Thus, a compensating movement in the form of 
a longitudinal wrinkle to compensate for the deformation 
is not necessary. In the following, the wrinkle area ALW is 
introduced for better illustration. It is marked in yellow in 
Fig. 3 and describes the free area between the longitudinal 
wrinkle and the deflection roller. It depends on the width 
and height of the wrinkle. A larger ALW results in a larger 
proportion of wrinkled uncoated substrate.

The influence of calendering on the electrode’s behavior 
is discussed in the subsection below, followed by the evalu-
ation of the geometry of the longitudinal wrinkles.

3.1  Influence of calendering on the electrode’s 
behavior

In the following subsections the results for the line load, 
strains and deformations are shown and discussed.

3.1.1  Line load during calendering

The compaction of the porous coating in the calendering 
process requires high line loads. The experiments with the 
lower density of 2.8 g  cm−3 needed an average line load of 
539.66 N  mm−1 with a standard deviation of 63.88 N  mm−1. 
The higher density of 3.3 g  cm−3 needed an increase of the 
average line load to 1874.58 N  mm−1 with a higher stand-
ard deviation of 199.58 N∙mm−1. The density therefore has 
a positive effect and also the analysis of variance demon-
strated, that the factor density is significant with p = 0.00001 
at a level of significance of � = 0.05 . Furthermore, the 
analysis of variance showed that the factor temperature is 
significant with p = 0.02713 and it has a negative effect. 
The two-way interaction between temperature and density 
is also significant with p = 0.02311 and also has a negative 
effect for the high density. At the lower density, the effect 
of the temperature is not as clear. This result confirms, that 
calendering to a high density at higher temperatures requires 

a lower line load [17] and it also explains the existing stand-
ard deviation of the line loads especially for the high density.

3.1.2  Strain caused by calendering

During calendering the coating of the electrode is com-
pacted and therefore strains are induced. This has already 
been shown in [18], where Mayer et al. also found that the 
density has a positive effect on the strains in the running 
direction (in the following referred to as y-strain) and trans-
verse to the running direction (in the following referred to 
as x-strain). In this paper the variance analysis could prove 
this statement. The results of the individual experiments are 
displayed in Fig. 12 in the Appendix. As shown in Fig. 4, the 
density has a significant positive influence on x -strains with 
p = 0.0441 and, as displayed in Fig. 5, also on the y-strains 
with p = 0.0006 at a level of significance of � = 0.05 . The 
factor temperature is not significant, but has a medium nega-
tive effect on the x-strains and a small negative effect on the 
y-strains. The decreasing strains with increasing temperature 
are explained by the assumption that the coating material 
softens somewhat at higher temperatures and is therefore 
easier to deform. For example, in [19] this is attributed to the 
temperature-dependent shear behavior of the Polyvinylidene 
fluoride (PVDF) binder. Although, the deformation in the 
x - and y-direction decreases, but is possibly replaced by the 
stronger deformation in the z-direction. This supports the 

Deflection roller

Substrate

Electrode coating

Longitudinal wrinkle

x

z

y

Fig. 3  Schematic illustration of the longitudinal wrinkling during 
deflection with the schematic surface pressure FSP and the area of the 
longitudinal wrinkle ALW in yellow

Fig. 4  Main effects plot for the average x-strain �x,av

Fig. 5  Main effects plot for the average y-strain �y,av
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theory for the reduced line loads at higher temperatures. It 
is also possible that the heated electrode material relaxes 
somewhat after calendering, so that the x - and y-strains tend 
to be less prominent. The web tension has a negative effect 
on the strains, which is also not significant. Furthermore, 
the main effects plots and Fig. 12 in the Appendix show that 
the y-strains are higher than the x-strains, which was also 
observed by Mayer et al. [18]

3.1.3  Deformation caused by calendering

It is assumed that the coated part of the electrode elon-
gates and thus the compensating movement occurs directly 
after calendering in the shape of a deformation or, for 
the NMC811 cathodes, in the shape of a wave. The wave 
geometry is characterized by its amplitude and wavelength. 
The results of each experiment can be taken from Figs. 13 
and 14 in the Appendix. Only the density has a significant 
positive effect on the amplitude of the wavy electrode with 
p = 0.0106 , which is shown in Fig. 6. As already described 
in the previous section, the strains force the coating to be 
stronger displaced in x - and y-direction with increasing 
density. This causes an elongation of the coated part of the 
electrode and therefore a higher amplitude. This was also 
observed by [6]. In addition, as described in the introduc-
tion in [8], in metal foil processing there is the phenomenon 
of wave formation when the roll gap is not parallel and the 
line load is distributed inhomogeneously. The zones that are 
more compressed due to the reduced roller gap form waves. 
In this case, the coating is compacted due to the greater 
thickness, while the uncoated substrate has no contact to 
the rollers and is therefore not compacted. The adhesion 
of the coating on the substrate is strong enough, that the 
waves form across the web width without delamination. 
The calender rollers bend due to the high roll-bending force 
when the line load is applied to the electrode, so that the 
roll gap is larger towards the inside [20]. This creates waves 
at the edges of the electrode, which can superimpose the 
waves across the web width. However, this superposition 

complicates the evaluation of wavelength and amplitude 
and it has to be noted that the analysis of deformation in 
this paper is based on few data. The data acquisition and 
processing will be optimized in the future to generate more 
valid statements. In contrast, the wavelength is only signifi-
cantly influenced by the web tension with p = 0.0352 and a 
positive effect, as shown in Fig. 7, which was also found by 
[6]. In [8] it is also shown, that the web tension has an influ-
ence on the formation of the waves and a high web tension 
reduces the wave formation. However, the findings on wave 
formation in metal foils do not include the factor of coating 
of the electrode. Therefore, an additional explanation is, that 
the high web tension pulls the electrode so strongly in the 
running direction that the waves are already pulled apart 
during formation. This results in the peaks and valleys of 
the deformed electrode hitting the deflection roller at less 
frequent intervals. The coated part of the electrode can bet-
ter contact the deflection roller, since waves with the same 
amplitude, but longer wavelength and assuming the same 
stiffness are less steep.

3.2  Influence of calendering on the geometrical 
characteristics of a longitudinal wrinkle

A high density leads to high strains and high amplitudes as 
described in Sect. 3.1. Since the coated part of the electrode 
has stretched and elongated, a large part of the web tension 
is on the unelongated and uncoated edges of the electrode. 
The electrode is thus limited in its freedom of movement 
transverse to the running direction when it hits the deflec-
tion roller due to the pressed edges as illustrated in Fig. 3. 
Furthermore, it is assumed that the electrode contracts some-
what towards its center in the area between the calendering 
rollers and the deflection roller and that the effect of bulging 
is intensified. This was not measured so far, but when exam-
ining the investigations with the sheets that are clamped on 
both sides and subjected to tensile loads, where wrinkles 
occur in the middle [12], the sheet must be pulled to the 
center due to material preservation. During deflection, the 

Fig. 6  Main effects plot for the amplitude Fig. 7  Main effects plot for the wavelength
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coated and deformed part of the electrode is forced to nestle 
against the deflection roller by the high web tension. Due to 
the lateral limitation, the bulged material is compensated by 
the formation of a longitudinal wrinkle. The coating stiffens 
during calendering and does not allow longitudinal wrinkles 
to form, which is why the longitudinal wrinkles form in the 
uncoated edge area. In the following subsections the influ-
ence of the varied process parameters on the geometrical 
characteristics of a longitudinal wrinkle are discussed. Fig-
ures 8, 9 and 11 display the main effects plots for the statisti-
cal evaluation. The overview of the results of all individual 
experiments is presented in Fig. 15 in the Appendix. This 
overview shows that the associated standard deviations for 
the individual experiments for height and width are small. 
The distance shows higher standard deviations, which is dis-
cussed in the corresponding section.

3.2.1  Influence on the height of a longitudinal wrinkle

The main effects plot in Fig. 8 shows the statistic evaluation 
of the influence of density, web tension and temperature on 
the height of a longitudinal wrinkle. Only the factor density 
is significant with p = 0.082 at a level of significance of 
� = 0.1 . It has a positive effect, so the height of the lon-
gitudinal wrinkle is increasing with the density. All other 

factors as well as the two- and three-way interactions are 
not significant. The main effects plot also shows, that the 
temperature has almost no influence on the height, while the 
web tension has a medium effect. With increasing density, 
the amplitudes of the waves are higher, so more material is 
displaced, which must be compensated by the wrinkle. This 
results in an increase in the height of the longitudinal wrin-
kle and, taking into account the non-significant increase in 
width, an increase in the wrinkle area ALW.

3.2.2  Influence on the width of a longitudinal wrinkle

As shown in the main effects plot in Fig. 9, the factor web 
tension is significant with p = 0.0049 and has a negative 
influence, while the factor temperature has a negative sig-
nificant effect with p = 0.059 as well. Lastly there is the sig-
nificant and likewise negative two-way interaction between 
web tension and temperature with p = 0.0525 . Therefore, the 
width decreases with increasing web tension and increasing 
temperature and the longitudinal wrinkle becomes narrower. 
The density and its two-way interactions as well as the three-
way interaction do not have any significant effect. At higher 
web tensions, the uncoated substrate is pressed more strongly 
onto the deflection roller, which limits the freedom of move-
ment of the electrode on the deflection roller more strongly 

Fig. 8  Main effects plot for the height

Fig. 9  Main effects plot for the width

Zone C
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Zone A y
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z

Fig. 10  3D Scan of the electrode as it hits the deflection roller

Fig. 11  Main effects plot for the distance
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transverse to the running direction. Figure 10 shows a 3D 
scan of the top view of the electrode hitting the deflection 
roller. Zone A describes the electrode part that is still run-
ning freely, while in zone B the electrode is pressed against 
the deflection roller. Zone C marks the formation area of 
longitudinal wrinkles. It is located on both sides of the elec-
trode in the same area, but in Fig. 10, it is shown only on 
one side for clarity. The initial longitudinal wrinkle is much 
wider before hitting the deflection roller, as visible in zone C 
of Fig. 10. Directly at hitting the deflection roller, probably 
there is already such a high limiting force, because of the sur-
face pressure FSP , as shown in Fig. 3. Thus, the longitudinal 
wrinkle cannot spread out to the side and remains narrow. A 
high web tension also leads to lower longitudinal wrinkles, as 
mentioned in the previous section, even though this effect is 
not significant. So, at higher web tension, a wrinkle tends to 
have a lower wrinkle area ALW , as this is the more stable con-
dition compared to a larger wrinkle area. When the electrode 
touches the deflection roller, it has already cooled down. The 
temperature therefore has no direct influence on the shape of 
the longitudinal wrinkle. However, it is assumed that it influ-
ences the material properties, such as the bending stiffness, 
and thus have an influence on the width of the longitudinal 
wrinkle in a way, that has to be investigated in further studies.

3.2.3  Influence on the position of a longitudinal wrinkle

As already described in Sect. 1 the position of the longitudi-
nal wrinkle is defined as the distance between the longitudi-
nal wrinkle and the coating edge. Significant influence factors 
on the distance are the density with p = 0.0476 and the tem-
perature with p = 0.0675 . As shown in Fig. 11 the distance 
is decreasing with increasing density, which is referred to a 
negative effect. The temperature has a positive effect, which 
means that the distance is increasing with increasing tem-
perature. All other factors and interactions are not significant. 
As already discussed in the sections before, the area of the 
longitudinal wrinkle ALW increases with increasing density 
and therefore a larger proportion of the uncoated substrate is 
wrinkled. It is conceivable that this larger longitudinal wrin-
kle is more inert than smaller longitudinal wrinkles and is 
therefore located closer to the coating. This is consistent with 
the influence of the web tension, although it is not significant. 
An increasing web tension leads to a decreasing wrinkle area 
ALW and thus to a shorter distance. The significant effect of 
temperature is attributed to a change in material behavior, 
analogous to the influence on width, discussed in the previ-
ous subsection. Although the process parameters show strong 
effects on the position of the longitudinal wrinkles, it must be 
noted that the position of the longitudinal wrinkles changes 
during their lifespan. According to previous observations, the 
wrinkle forms, moves to a certain position, remains stable for 
a while and then runs out again. It is assumed that the surface 

pressure caused by the web tension prevents the wrinkle from 
running out to the edge of the web. However, the time spent 
in the stable state and thus the length of the longitudinal 
wrinkles has not yet been investigated and is the subject of 
future work. The migration of longitudinal wrinkles is also 
described in [13], but homogeneous webs are considered 
there and the phenomenon is not investigated further. The 
high standard deviations of the distances of the individual 
tests in Fig. 15 in the Appendix also indicate a migration of 
the longitudinal wrinkles, although only the data of the stable 
areas of the wrinkle were used. This shows that the distance 
also changes within one experiment. The mean values shown 
in the main effects plot therefore only provide an initial indi-
cation of the behavior of the longitudinal wrinkles.

4  Summary and outlook

First, it was confirmed that a high density is related to a high 
line load during calendering, since a compressive force is 
required for compaction. Further, it was identified that a high 
temperature results in a decrease of the line load, because the 
deformability of the coating is temperature-dependent. Cal-
endering creates strains in the electrode, resulting in defor-
mations. In the uncalendered state, the constant conveyance 
of the web without deviations from the stable state generally 
does not result in longitudinal wrinkles. The changed material 
behavior must therefore be partly responsible for the formation 
of the longitudinal wrinkles. Higher strains were found in the 
coated part of the electrode at the high density, because more 
material has to be displaced to achieve a higher density. For 
the same reason, the high density leads to higher amplitudes 
of the deformed and wavy electrode web. High densities there-
fore cause significant changes in the electrode behavior. The 
wave length increased with higher web tensions. This can be 
explained by the stretching effect of the tensile force already 
applied during the formation of the waves and is overlaid to a 
certain extent by the effect of wave formation at a non-parallel 
roll gap [8]. Concerning the characteristic geometry of the 
longitudinal wrinkles, it was shown that the higher density 
caused higher longitudinal wrinkles, as greater compensation 
of the displaced material and deformation is required. Fur-
thermore, the higher density led to a lower distance between 
the longitudinal wrinkle and the coating edge, because higher 
densities generate a higher longitudinal wrinkle area ALW . This 
makes the longitudinal wrinkle more inert under the high sur-
face pressure FSP and hinders the migration to the web edge. 
Temperature is significant and, when increased, it results in 
narrower longitudinal wrinkles, that have a greater distance 
to the coating edge. Since the electrode hits the deflection 
roller when cold, the temperature has an indirect influence via 
the material properties, which still needs to be investigated. 
Finally, the high web tension led to narrower longitudinal 
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wrinkles, because the high surface pressure during the forma-
tion of the longitudinal wrinkles prevents expansion. In addi-
tion, the wrinkles have a smaller area ALW at high web tension 
in combination with a lower height. The wrinkle is therefore 
in a more stable state. The additional experiments with a lower 
web tension showed that a minimum web tension is needed to 
form longitudinal wrinkles. All in all, the relationship between 
the process parameters and longitudinal wrinkling is complex. 
In [6], for example, the formation of deformations in NMC622 
and NMC811 was compared, which differ significantly. This is 
attributed to the material behavior and confirms the impression 
that the material behavior also has an influence on the forma-
tion of longitudinal wrinkles. Therefore, the material changes 
caused by calendering must be investigated. In the first step, 
this has already been started by analyzing the strains. Of par-
ticular interest is the bending behavior, which changes due 
to the stiffening of the electrode in the calendering process. 
This will be part of further investigations. Moreover, additional 
experiments with different materials should be carried out to 
further refine the findings. Due to this complex relationship, 
the development of an additional device, that reduces longi-
tudinal wrinkles independently of the process variables and 
material properties is in progress.

Appendix

See Figs. 12, 13, 14 and 15.

Fig. 12  Results for the x - and y
-strains
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Fig. 13  Results for the amplitude
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Fig. 14  Results for the wavelength
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