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1. Introduction 

The present shift within the transportation sector, from 
combustion engines and fossil fuels to electric vehicles (EVs) 
and zero-emission mobility, challenges today’s battery 
industry. Lithium-ion batteries (LIBs) as electrochemical 
energy storage systems are crucial for EVs to reduce CO2 and 
NOx emissions. However, to increase the market share of EVs, 
the LIB has further challenges to overcome and requires 

additional improvements in terms of energy density, cycle life,
safety, and cost reduction [1, 2]. 

Today’s LIBs suffer from initial capacity losses evoked by 
the formation of the solid electrolyte interphase (SEI) and from 
cyclic losses during cell operation due to further reactions 
within the battery cell. These reactions strongly depend on the
electrode material used and “consume” lithium-ions, which are 
responsible for the charge transfer and thus for the energy 
provision of the battery cell. Therefore, the loss of lithium-ions 
reduces the energy density and the cycle life. [3] 
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Abstract 

The automotive industry's rapid advancement and complex demands concerning energy storage capacities and service life require lithium-ion 
batteries with improved energy density and cycle life. There are several ways to improve these two performance indicators for battery cells, 
such as using innovative, high-capacity electrode materials or novel and improved processes within battery production. One approach is 
prelithiation, a method to compensate for the initial capacity losses occurring either during the cell formation or during battery operation 
through the addition of lithium during cell production. In the case of direct contact prelithiation, thin lithium foils with a thickness below 10 µm 
are necessary to ensure the safe and accurate execution of the prelithiation process. However, the commercial availability of free-standing 
lithium foils is limited to minimum thicknesses of down to only 20 µm. For this reason, the present work examines in detail the calendering 
process of lithium. As part of a comprehensive parameter study, the influences of lithium foil geometries, line load, and roller temperature on 
the deformation behavior of lithium during calendering are investigated. A suitable process model is developed to understand the processing 
and thickness reduction of lithium and the calendering of lithium foils for direct contact prelithiation. For this purpose, a model based on 
empirical and semi-analytical approaches using fundamental physical interactions during calendering and material properties is developed and 
is parameterized based on experimental investigations on a laboratory scale. The combination of empirical and analytical modeling allows 
predictions about lithium processing and their validity ranges. The modeling intends to enable upscaling of the process and a transferability of 
direct contact prelithiation to the production of lithium-ion batteries on an industrial scale. Finally, the developed model contributes to 
understanding metallic lithium processing and its use for direct contact prelithiation in a roll-to-roll process and enables transferability of direct 
contact prelithiation to the production of lithium-ion batteries. 

This is a resupply of March 2023 as the template used in the publication of the original article contained errors. The content of the article has remained unaffected.



Benedikt Stumper  et al. / Procedia CIRP 107 (2022) 984–990 985

Prelithiation is an approved approach on a laboratory scale 
to compensate for the loss of lithium-ions as charge carriers. It 
can be defined as a pretreatment of electrodes whereby lithium 
is added to the cell before the first charge and discharge cycle 
of the formation process [4]. The main objective is to increase
the energy density and the cycle life by compensating for both 
the lithium losses during formation and cell aging [4, 5]. To 
date, various prelithiation methods have already been 
investigated in the literature. A summary and description of 
these methods are given by Stumper et al. [6]. To date, none of 
these prelithiation approaches have been implemented on an 
industrial scale. Stumper et al. [6] investigated the design of a 
scalable roll-to-roll process for direct contact prelithiation using 
metallic lithium foil. Due to its flexible application, 
compatibility with common electrode materials, scalability, and
cost-efficiency, direct contact prelithiation offers a promising 
method for industrial application [6]. The current state-of-the-
art anodes require only small amounts of lithium and 
consequently very thin lithium foil thicknesses to ensure a safe 
and efficient process [6]. To obtain these thin foil thicknesses 
through the thinning of the lithium by calendering and, in the 
best case, directly applying it onto the electrode is crucial. 
However, to enable the calendering process for direct contact 
prelithiation using lithium foil and for the implementation 
within lithium-ion battery production, a profound process 
comprehension and understanding of the deformation behavior 
of lithium during calendering is necessary. Modeling 
approaches for the calendering process discussed in the 
literature focus on investigating the compaction properties of 
the electrodes [7–10] or on the calendering of dense material 
characterized by a homogeneous and solid cross microstructure 
with thicknesses of several millimeters [11]. To the best of our 
knowledge, the calendering of thin lithium foil with thicknesses 
below 100 µm has not yet been investigated. 

The present work presents a model to describe the lithium 
calendering process. It consists of empirical and semi-analytical 
modeling approaches to systematically analyze the lithium 
calendering process and derive information necessary for a 
detailed process understanding. The model allows predictions 
about the geometric dimensions of the lithium foil after 
calendering and thus an accurate deployment of the calendering 
process for direct contact prelithiation.  

2. Modeling of the lithium calendering process 

2.1. Overall structure of the model 

First, the structure of the model is presented, followed by a 
detailed description of its components. The main component of 
the overall process model is the combination of empirical and 
analytical modeling, as shown in Figure 1. The data are 
generated through a systematic design of experiments (DoE) 
and processed with the developed model. The focus within the 
empirical data is the information on the thickness reduction 
through calendering of the lithium. Further input variables are
different process parameters, material characteristics, and 
geometry, influencing the foil thickness after calendering. The
thickness of the lithium foil after calendering obtained from the 
empirical model is further processed with analytical 

approaches. The output variables of the process model are 
primarily used to increase the understanding of the process. A 
vital output variable is a change in foil geometry, which is of
significant importance for the direct contact prelithiation of the 
electrode [6]. 

Figure 1. Schematic structure of the process model for the calendering of 
lithium foil. 

2.2. Experimental setup and model assumptions 

The experiments and investigations for the development, 
parameterization and validation of the model were carried out 
using a laboratory calender (GKL 300, SAUERESSIG Group, 
Germany) enclosed in a glovebox system (GS GLOVEBOX 
Systemtechnik GmbH, Germany) under argon atmosphere 
(O2 < 0.5 ppm, H2O < 0.5 ppm, temperature ~ 20 °C). Copper 
foils (SE-Cu/Cu-HCP, Schlenk Metallfolien GmbH & Co. KG, 
Germany) with thicknesses of 12 µm were used as carrier foils 
for all experiments. The lithium foil had a thickness of 50 µm 
and a purity of 99.9% (China Energy Lithium Co. LTD, China). 
The lithium samples used for the experiments each had a length 
and width of 18 mm (𝑏𝑏� � � �� ), respectively. A schematic 
illustration of the used sample setup is shown in Figure 2. 

Figure 2. Schematic illustration of the sample setup for the conducted 
experiments. Top view (left) and cross-section (right) of the multi-layered 
sample setup consisting of lithium foil and copper foil as carrier foil. 

This is a resupply of March 2023 as the template used in the publication of the original article contained errors. The content of the article has remained unaffected.



986 Benedikt Stumper  et al. / Procedia CIRP 107 (2022) 984–990

The model developed within the scope of this work was 
implemented using MATLAB. For the development and 
construction of the model, various assumptions were made, 
which are listed below: 

 The lithium is isotropic, which means that its deformation 
is independent of direction. 

 The density of the lithium foil does not change before and 
after calendering; therefore, the volume constancy is valid 
[12]. 

 There is no relative sliding between the lithium foil and the 
carrier foil as well as between the calender roller and the 
rolled material. Friction effects are also neglected. 

 The temperature distribution is uniform throughout the 
calendered material [13]. 

 For the copper carrier foil, it is assumed that due to the 
much larger Young's modulus compared to lithium 
(𝐸𝐸�� ≫  𝐸𝐸��), no deformation of the copper occurs due to 
the line loads applied in the experiments [14, 15]. 

2.3. Empirical model 

The empirical modeling aims to predict values for the 
thickness after calendering ℎ� based on the evaluation of 
experimental investigations. The predicted values are 
expressed as ℎ�� . The input data for this model are 
experimentally obtained, which are generated using a full 
factorial DoE. A range of values is defined for each input 
parameter, divided into values for parameterization and 
validation [16]. The value ranges are represented in the form of 
vectors, as shown in equation (1), exemplary for the factor line 
load 𝑞𝑞�. Each component of the vector represents a parameter 
value, which is varied during the experimental investigation.  

�⃗�𝑞� � �𝑞𝑞��, 𝑞𝑞��, 𝑞𝑞��𝑞𝑞��, 𝑞𝑞��� (1) 

The vector for the input parameter of the roller temperature 
𝑇𝑇�  is created accordingly. The web speed 𝑣𝑣�   and the input 
thickness of the lithium foil ℎ�  are kept constant within the 
scope of these investigations. Within the full factorial DoE, 
each value of one parameter vector is combined with each of 
the values of the other parameter vectors. If the determined 
values of ℎ� are represented over the entire vector of �⃗�𝑞� while 
keeping the values of 𝑇𝑇�  and ℎ�  constant, the term two-
dimensional factor space is used since the target variable ℎ� is 
the second dimension. Figure 3 illustrates the two-dimensional 
factor space showing the relationship between 𝑞𝑞� and ℎ�.  

Due to the non-linear and exponential relationship in Figure 
3, a third-degree polynomial is used for the empirical modeling. 
The polynomial used has the form of equation (2) and 
respective coefficients 𝑘𝑘� are determined by regression. 

𝑓𝑓�𝑞𝑞�� � 𝑘𝑘�𝑞𝑞�� � 𝑘𝑘�𝑞𝑞�� � 𝑘𝑘�𝑞𝑞� � 𝑘𝑘� � ℎ�� (2) 

The empirical model allows predictions beyond the 
experimentally obtained values. However, this is only valid for
values which are in this two-dimensional factor space (Figure 
3) and for the investigated values of 𝑇𝑇� and ℎ�. 

Figure 3. Representation of the two-dimensional factor space of the thickness 
h1 over the line load 𝑞𝑞� for h0 = 50 µm, TR = 20 °C, vw = 0.1 m/min. The mean 
values and standard deviations refer to five measured values in each case. 

The experimentally obtained data can be described in a 
three-dimensional factor space, represented by equation (3). 
This equation describes the assignment between 𝑞𝑞�, 𝑇𝑇� and ℎ�, 
where ℎ� is a point in the three-dimensional factor space. 

𝑓𝑓��⃗�𝑞�, 𝑇𝑇�⃗ ����,��������� � ℎ� (3) 

To provide a prediction ℎ�� of the thickness after calendering 
depending on the process parameters used, the two-
dimensional factor space is extended by a further dimension 
within the framework of the empirical modeling. This is done 
by linking the vector �⃗�𝑞� with the vector 𝑇𝑇�⃗ �. The values for �⃗�𝑞�
are calculated from the applied force (3, 6, 9, 12, 15, and 21 kN) 
of the calender and the width of the lithium foil (18 mm). The 
remaining input parameters ℎ�  and 𝑣𝑣�  remain constant. This 
results in a three-dimensional factor space which assigns a 
value of ℎ� to each linkage of the components of the vectors �⃗�𝑞�
and 𝑇𝑇�⃗ � (see equation (3)). The vectors 𝑇𝑇�⃗ � and �⃗�𝑞� as well as the 
parameters ℎ�  and 𝑣𝑣�  describe the considered three-
dimensional factor space and are given hereafter. 

 𝑇𝑇�⃗ �  = [20, 40, 60, 80] °C 
 �⃗�𝑞�= [167, 500, 833, 1000, 1167] N/mm 
 ℎ� = 50 µm 
 𝑣𝑣� = 0.1 m/min 

Figure 4 shows the three-dimensional factor space for the 
vectors and parameters described above. The red points 
represent the experimental data used for equation (3) for the 
model's parameterization. As already observed by Schreiner et 
al. [17] for battery cathodes, calendering of lithium foil also
requires a lower line load for thickness reduction as the roller 
temperature increases. In addition, it can be observed that the
relationship is not linear but exponential, meaning that the 
thinner the foil becomes, the more force must be applied for 
further thickness reduction. 
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Figure 4. Representation of the empirical modeling for the three-dimensional 
factor space with ℎ� = 50 µm, 𝑣𝑣� = 0.1 m/min. 

 Using the parameterization values shown in red, a 
functional relationship can be determined using a multiple 
linear regression that provides a prediction ℎ��  for the thickness 
of the lithium after calendering as a function of the two input
parameters 𝑇𝑇� and 𝑞𝑞�. In Figure 4, this functional relationship 
is represented by the color-graded plane, described by the 
equation (4). 

𝑓𝑓�𝑞𝑞�, 𝑇𝑇� � � 𝑘𝑘� � 𝑘𝑘�𝑞𝑞� � 𝑘𝑘�𝑇𝑇� � 𝑘𝑘�𝑞𝑞�� � 𝑘𝑘�𝑞𝑞�𝑇𝑇�
� 𝑘𝑘�𝑇𝑇�� � 𝑘𝑘�𝑞𝑞�� � 𝑘𝑘�𝑞𝑞��𝑇𝑇�
� 𝑘𝑘�𝑞𝑞�𝑇𝑇�� � 𝑘𝑘��𝑇𝑇�� � ℎ1�

(4) 

The coefficients 𝑘𝑘�  are determined by linear regression. 
With these coefficients, a functional relationship is obtained,
which fully predicts the relationships in the three-dimensional
factor space.  

The predicted thickness ℎ��  is used with the help of the 
extension of the empirical model by analytical approaches to 
predict the lithium's changes in width and length. This semi-
analytical modeling is described in the following section. 

2.4. Semi-analytical model 

By combining empirical and semi-analytical modeling, it is 
possible to make predictions about the change in thickness and 
the changes in length and width of the lithium foil. Through 
analytical approaches, the geometric dimensions of the lithium 
foil resulting from calendering can be completely described.  

For the semi-analytical modeling, it is assumed that the 
volume of the calendered material remains the same before and 
after calendering. Therefore, the constancy of the volume can 
be derived from the conservation of mass for constant density, 
which is expressed within equation (5), where 𝑉𝑉� describes the 
input volume and 𝑉𝑉�  the output volume of the calendered 
lithium [11, 12, 18]. 

𝑉𝑉� � 𝑉𝑉� (5) 

This equation can be converted for a cuboid with the input 
geometry ℎ�, 𝑏𝑏� and 𝑙𝑙� into the output geometry ℎ�, 𝑏𝑏� and 𝑙𝑙�
(see equation (6)). Where ℎ�, 𝑏𝑏� and 𝑙𝑙� are the thickness, the 
width and the length of the lithium before calendering and ℎ�, 
𝑏𝑏� and 𝑙𝑙� respectively after calendering. 

ℎ� ∙ 𝑏𝑏� ∙ 𝑙𝑙� � ℎ� ∙ 𝑏𝑏� ∙ 𝑙𝑙� (6) 

Figure 5 shows a cross-sectional view of the calendering 
process (material flow from left to right) and illustrates the 
geometrical relationship between input and output geometry. 
The plane EE' is the entry plane and the plane AA' is the exit 
plane. Between the radius 𝑟𝑟� to the entry and exit plane spans 
the roller angle 𝛼𝛼�. The pressed length is represented by the 
formula symbol 𝑙𝑙�  and the angular velocity of the roller is 
represented by  𝜔𝜔 . The change in foil thickness due to 
calendering (h0 – h1) is described by ∆ℎ. 

Figure 5. Cross-sectional view of a schematic calendering process and the 
geometrical relationships between the calendered material before and after 
calendering [11]. 

To calculate the width changes of the calendered object, 
there are several analytical equations that use different 
calculation approaches. The equation (7), according to Riedel
[19], uses the geometric relations between the material before 
and after calendering to calculate the change in width ∆𝑏𝑏. 

∆𝑏𝑏 � 𝑏𝑏� ∙ ∆ℎ ∙ 𝑙𝑙�

�𝑏𝑏�𝑙𝑙�
∙ 𝑏𝑏� ∙ ℎ� � ℎ� ∙ 𝑙𝑙�

(7) 

An alternative width equation, which considers the 
geometry of the roller gap in more detail and the radius of the
calendering roller 𝑟𝑟� is the equation (8) according to Roux [11]. 

∆𝑏𝑏 �
∆ℎ ∙ �𝑏𝑏�ℎ�

�

�1 � �.�� ∙ �� ∙
⎣⎢
⎢⎢
⎡
1 � ∆ℎ

ℎ�
� 3 ∙ 𝐴𝐴

�� ∙ 𝑟𝑟�ℎ�
�

�
�

⎦⎥
⎥⎥
⎤ (8) 
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Within equation (8), 𝐴𝐴  and 𝐵𝐵  are constants that are 
calculated using equations (8) and (9). 

𝐵𝐵 � �𝑏𝑏�ℎ� � 1� ∙ �𝑏𝑏�ℎ��
�
� (9) 

𝐴𝐴 � �1 � � ∙ �0.�� � ∆ℎ
ℎ��

�
� ∙ �ℎ�∆ℎ � 1 (10) 

The third width equation used in the presented model is the 
Falk [19] equation (11), which is based on the rolling angle 𝛼𝛼�
at 100% thickness reduction. 

∆𝑏𝑏 � �0.161 ∙ ∆ℎ ∙ 𝑏𝑏� ∙ �ℎ� � ℎ��
ℎ� ∙ 𝛼𝛼� � 𝑏𝑏�� � 𝑏𝑏� (11) 

The three presented width equations are evaluated in 
section 4 regarding their accuracy and suitability for the 
process model, determining the choice of the correct equation. 

In summary, the combination of the empirical and semi-
analytical model allows determining output variables that 
provide information about the deformation of the lithium foil 
after calendering. With this information, the model also gives 
a detailed understanding of the interactions between the 
different variables and parameters of the calendering process.

3. Validation of the empirical model 

For the validation of the model, the residuals r in the three-
dimensional space are considered. These result from the 
deviation between the predicted values of the model ℎ�� and the 
values ℎ�  of the parameterization. Figure 6 illustrates the 
residuals, where the plotted plane with the values for the 
residuals of 0 symbolizes the parameterization data and the 
blue lines the respective residual between ℎ� and ℎ��. Figure 6 
shows that the deviations of the predicted values from the 
measured parametrization values are below ± 1.8 µm, which is 
represented by the lengths of the residuals (blue lines). For the 
largest residuum, this deviation is about 6.3% referred to the 
measured value.  

Figure 6. Illustration of the residuals between the predicted values and the 
parameterization values for the calculation of the coefficient of 
determination 𝑅𝑅�. 

These residuals in the three-dimensional space are included 
in the calculation of the coefficient of determination 𝑅𝑅� [20], 
which is an indicator for the quality of the regression [21] and 
is defined in equation (12). 

𝑅𝑅� � ∑ �ℎ��� � ℎ����
������

∑ �ℎ�� � ℎ����
������

(12) 

The closer the calculated value is to 1, the higher the quality
of the calculated regression [21]. For the present example, this 
R² value is 0.99, which indicates a high prediction quality for
the model presented.  

The determined regression equation (4) is then transferred 
to the different two-dimensional factor spaces by using one 
value for the roller temperature 𝑇𝑇� (for 𝑇𝑇� = 20, 40, 60, 80 °C) 
at a time. Specific confidence intervals can be described in the 
two-dimensional space using these regression equations. This 
procedure is illustrated in Figure 7. The validation data are then 
evaluated for their position within the confidence intervals of
95%. The empirical model is considered valid if the validation 
data are located within this confidence interval [21], which is
the case for the presented regression. This validation procedure 
is repeated for all roller temperatures of the vector 𝑇𝑇�⃗ �. 

Figure 7. Validation of the calculated regression using the validation data set 
and confidence intervals of 95%. The mean values and standard deviations 
refer to five measured values in each case. 

4. Parameterization of the semi-analytical model 

To parameterize the semi-analytical model, experiments 
were conducted using the previously described experimental 
setup (see section 2.2). The lithium foil with a thickness of 
50 µm is calendered with a line load of 1164 N/mm and a web 
speed of 0.1 m/min. The changes in width and length of the 
calendered lithium foil were measured with an accuracy of 
± 0.1 mm. Within the parameterization of the semi-analytical 
model, the width equations according to Riedel, Roux and Falk
(equations (7), (8) and (11)) are evaluated for their suitability 
for the model. For this purpose, the parameterization data from
Table 1 are used. 
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Table 1. Comparison of experimental (left) and calculated (right) data. The 
values are generated by calendering lithium foils with a thickness of 50 µm 
with a line load of 1164 N/mm at 𝑇𝑇� = 20 °C. The width and length of the 
processed lithium samples were 55 mm and 18 mm, respectively. The mean 
value for ℎ� is 21.76 ± 0.14 µm, determined by five measurements. 

Experimental data in mm Calculated data in mm
𝑏𝑏� � ���0 

Riedel: 𝑏𝑏� � �����
Roux: 𝑏𝑏� � �����
Falk: 𝑏𝑏� � �����

𝑙𝑙� � ����
Riedel: 𝑙𝑙� � �����
Roux: 𝑙𝑙� � �����
Falk: 𝑙𝑙�= 41.35 

Based on the changes in width and length from Table 1, it 
can be concluded that all width equations are suitable for the 
semi-analytical model due to the minor deviations of the 
calculated data from the measured values. Since it is desirable
to use a broad consideration of the geometry within this work, 
the Roux equation is selected for use in the presented model. 
Another reason for using the Roux equation is that it takes the 
calender roller radius into account, enabling the model's 
transferability to other calendering systems. 

5. Discussion 

The developed model, which was initially illustrated in 
Figure 1 and was implemented using MATLAB, aims to create 
a more profound process understanding of the calendering of 
lithium foil. The combination of empirical and semi-analytical 
modeling approaches provides valid statements about the 
process results of calendering lithium foil within the defined 
parameter spaces. The process output (deformed lithium foil) 
can be fully described by combining empirical and semi-
analytical modeling. After parameterization, the model allows 
predictions about the resulting foil thicknesses and dimensional 
changes for a given initial foil thickness and given process 
parameters. This model can significantly reduce the 
experimental effort required to adjust the calendering process 
and provides a profound understanding of the process of 
lithium calendering and its use for direct contact prelithiation 
of battery electrodes.  

Since individual foil pieces are sometimes necessary for this 
purpose due to the electrochemical requirements of the battery 
cell and the commercially available lithium foil thicknesses, it 
is essential to determine the deformation of the lithium pieces
in all three spatial directions. It thus offers the possibility of 
adapting the lithium foil quantity precisely to the individually 
required degree of prelithiation for the electrode. In addition, 
the model provides the basis for its extension by additional 
process parameters and expanding the factor spaces 
considered. This enables the transferability to other calendering 
systems and thus the scalability of the process. 

6. Conclusion 

To enable direct contact prelithiation using lithium foil for 
lithium-ion battery production, thin lithium foil (< 10 µm) or 
foil pieces with precisely defined geometric dimensions are 
required. In both cases, an in-depth understanding of lithium 

foil calendering is essential to ensure a controlled deposition
process as well as safe and efficient cell operation.  

With the semi-analytical model presented in this paper, it is 
possible to predict how and to what extent thicker lithium foils 
can be calendered to lower thicknesses. Due to the ability to 
produce thinner lithium foils, the use of the presented model 
creates an economic benefit since lithium foil becomes more 
expensive as thickness decreases [22, 23]. 

The presented model for the calendering of lithium foil 
allows profound insights into the cause-effect relationships 
during the calendering of lithium. In addition, the model 
provides a better understanding of the deformation process, 
which can reduce the setting up of the experiments. This can 
reduce material consumption and shorten the time of the 
experiments to set up the process. By predicting the lithium 
foil's thickness, width, and length changes using the developed
model, the calendering process can be enabled for the roll-to-
roll application of lithium foil on battery electrodes in the 
context of direct-contact prelithiation in a commercial 
application. The information on the geometric changes can be 
used by applying continuous lithium foil and applying 
individual pieces of lithium foil. 

The outcome of this work serves as a basis for further 
extending the parameter spaces of the model with the aid of 
experimental data from larger calendering systems and its 
transferability to larger scales, up to an industrially relevant 
scale-up of the process. Current investigations are also 
concerned with the influence of web speed on the calendering 
of lithium and the transferability to other foil geometries. 
Therefore, it is intended to extend the model to include the 
process parameter web speed, thus providing further 
information on the scalability of lithium foil calendering. 
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