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Abstract

Battery-electric drives become increasingly important in the context of electromobility, which means that battery cell manufacturing is assigned
a key role from a production science perspective. Battery cell manufacturing consists of a complex sequential process chain, whereby the
individual processes significantly influence the subsequent process steps. Especially for single sheet stacking of the electrode separator composite,
the shape of the electrode sheets and their tolerances have a decisive impact on the achievable stacking accuracy. To quantify the influence, a
simulation for the stacking accuracy is presented. First, a finite element simulation model is developed that calculates the achievable accuracy
within the stacking process based on the sub processes positioning and gripping. With the simulation model shape deviations of the electrode
sheets and their impact on the stacking accuracy are investigated. It is shown that length and width deviations in particular, as well as unevenness
in the electrodes have an enormous influence on the achievable stacking accuracy. With the support of the simulation model, the stacking process
can be examined in detail with regard to tolerable electrode shape dimensions and the required tolerances for this process step can be defined.
This leads to a significant scrap rate reduction, especially in the ramp-up phase, which directly contributes to a more sustainable production of

battery cells.
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1. Introduction

Due to the electrification of automotive powertrains, the
global demand for batteries has increased enormously. As a
result, the battery cell manufacturing processes are being
focused with regard to the output achieved, but also in terms of
the achieved quality and the scrap rate. In order to optimize the
above-mentioned aspects, great efforts are made to further
develop the technology of the factory equipment with the
associated machines and systems. An important process step for
the manufacturing of prismatic or pouch battery cells is the
stacking of the electrode-separator composites. Basically, there
are various industrial processes such as Z-folding or single
sheet stacking, which are used depending on the requirements
[1-3]. Also on research side, innovative machinery for the
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stacking process has been developed in the past by research
facilities, see [4-7].

An important parameter that affects all machinery is the
achieved stacking accuracy. In literature, values between +/-
0.2 mm and +/- 0.5 mm are mentioned [8]. Weinmann examines
the stacking process and its interactions in detail and structures
them into individual problems [9]. The subsystems material
guiding, separation, handling, alignment, joining and fixing are
considered in detail and partly investigated experimentally [9].
The material guidance is investigated by means of an FE
simulation model [9]. Further simulative approaches for
material guidance can be found in Husseini et al. [10]. A first
FE model for simulating the stacking process and the resulting
stacking accuracy is presented by Mayer & Fleischer [2]. In the
simulation model, the electrode gripping process and the
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interaction of the gripped electrode with the blank holders are
investigated. However, the positioning process to align the
single sheet electrode is not investigated [2].

Based on the analysis of the current state of the art, it appears
that there is no approach yet that couples the electrode
positioning with the gripping of the electrodes within the single
stacking process and derives the achievable stacking accuracy
from this. In addition, the electrode geometry, which is affected
by tolerances, see [11], has only been partially and not
systematically taken into account in previous simulations of the
stacking process in literature. Exactly these two points are
addressed in the present paper.

2. Approach for simulating the stacking process

The stacking accuracy is a quality-determining parameter in
the manufacturing of electrode separator composites. However,
this depends strongly on the tolerance-affected shape of the
respective electrodes. In order to estimate which tolerances can
be tolerated in the preceding process steps, a simulation model
is therefore developed which calculates the stacking accuracy
depending on the electrode shape. Here, the focus is the single
sheet stacking process, which is detailed described in [2]. For
this purpose, the process is first analyzed and boundary
conditions are derived. The model approach of the simulation
is then presented and simulation studies are conducted.

2.1. Process analysis und boundary conditions

Based on [2], the stacking process can be divided into the
three process sub steps of positioning, gripping and the actual
stacking process. First, the electrode is mechanically aligned
and positioned by means of four sliders, each at an edge of the
electrode. It is then gripped by a vacuum suction gripper and
placed on the actual stack. Here, the gripper simultaneously
locks the added electrode as well as the stack into position. The
blank holders can thus release the stack and fix it again
including the new electrode. It can be observed that especially
the initial position of the gripper and the relative position of the
electrode to the gripper contribute significantly to the stacking
accuracy. It is assumed that the position of the electrode on the
stack allows to assess the stacking accuracy sufficiently well.
The reason for this is the assumption that the relevant accuracy
deviations occur during the positioning and gripping process
and not during the actual stacking process. Therefore,
assessments of the positioning and the influence of tolerance-
affected shapes on the gripping process is crucial. In order to
evaluate the accuracy, the positions of the electrode corners are
recorded and evaluated after the gripping process. In this way,
a determination about the position of the electrode on the stack
and how this affects the stacking accuracy can be made. As a
boundary condition, it is assumed that the relative position of
the electrode to the gripper does not change after the electrode
has been picked up by the gripper. Furthermore, the model
assumes a purely elastic material behaviour. The shapes of the
mechanical alignment elements and the gripper are simulated
as ideal, non-deformable geometries. Abaqus is used as
simulation environment.

2.2. Model setup

An FEM simulation model was developed to investigate the
stacking accuracy depending on the electrode shape. Part of the
model is a table, where the electrode is placed. In addition,
there are four mechanical aligners, which take over the
alignment, whereby the positioning process can be simulated.
Furthermore, there is an industry-typical gripper within the
model. The mechanical alignment, gripper and table were
modeled as rigid bodies, since their stiffness is significantly
higher compared to the electrode. Only the electrode is
modeled as a deformable body. Fig 1 shows a section of the
developed simulation.

Mechanical alignment

-

Fig 1. Model setup in Abaqus

In the simulation, the positioning process of an electrode is
first simulated by means of the mechanical aligners pushing the
electrode in position and second the gripping of the positioned
electrode with a gripper. The actual stacking is not considered
in this publication. The simulation was set up as a dynamic,
explicit simulation. In detail, the model is divided into five
simulation steps:

e Step l: First, force of gravity affects the entire model and
the electrode makes contacts with the table.

e Step 2: The aligners move to the table from the sides and
align the electrode.

e Step 3: The gripper moves down and pushes the electrode
on the table.

e Step 4: All elements remain in position so that possible
vibrations can subside.

e Step 5: The aligners move away to the side and the electrode
is held in position by the gripper.

All parts are modeled with shell elements, since their
geometric dimensions in x- and y-direction are considerably
larger than in z-direction. The electrode consists of about 9700
elements of type S4R. The investigated shapes of the individual
electrodes are discussed separately in section 2.3.

To model the electrode, it is assumed that the electrodes,
which actually consist of three layers (coating-substrate-
coating), are considered as homogeneous bodies. However,
substrate and active material have different material properties.
For that reason, the electrode is modeled with three layers of
S4R elements. The three layers are connected to each other by
tie constraints. This allows the electrode to be assigned with
different material properties for active material and substrate,
which in combination better reflects the real behavior. For both
materials ideal elastic behavior is assumed. Based on Zhang et
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al. the following values for the specific material parameters
were assumed [12]. A Young's modulus of 25200 MPa for the
substrate and 609 MPa for the active material were assumed
[12]. Both materials are based on a Poisson’s ratio of 0.3. The
entire model was modeled with a coefficient of friction of 0.3.
A layer thickness of 0.92 mm is assumed for the active material,
and 0.020 mm for the substrate [12]. For the substrate a density
of 2.7 g/cm? and for the active material a density of 3.0 g/cm?
were assumed. In order to investigate the achievable stacking
accuracy, the position of the corners of the electrode is recorded
at the start of the simulation and their path is followed through
the entire simulation. From this, the final position of the
electrode can be determined, which can then be compared with
the ideal position and the permissible tolerance field.

2.3. Setup for simulation studies

To investigate the influence of the positioning and gripping
process on the expected stacking accuracy, the parameters of
the simulation study are explained. The basis for the study is
the geometry of the electrode, which can be schematically seen
in Fig 2.
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Fig 2. Corner point coordinates of the electrode in mm

Essential parameters to be investigated in this paper can
initially be indicated by the coordinates of the individual corner
points of the electrode. Depending on the characteristics of the
coordinates, i.e. in accordance with possible tolerances from
the previous process, geometric shapes such as parallelograms
are created, whereby the nominal shape of the electrode is
basically a rectangle. Furthermore, possible curvatures of the
electrode, for example induced by the coil winding process
before, can be modelled based on contour lines, see [11]. Table
1 shows the starting corner points of the simulated and
tolerance-affected electrodes, from which the electrode shape
can be derived. At the beginning of the simulation, the
electrodes are positioned 2 mm above the table. Subsequently,
gravity force acts on the electrodes and establishes contact with
the table. After the simulation has completed, the z-position of
the corner points is recorded again in addition to the x- and y-
position. The z-position is measured at the substrate layer.

Table 1. Initial position of the electrode corner positions.

Electrode Point A Point B Point C Point D Pro-

ID file
1 (-1/012) (-207/0[2) (207]135]2) (-1]135]2) flat
2 (-1/0/2) (208/0/2) (208/135/2) (-1/135/2 flat
3 (-1/0/2) (206/0/2) (206/135/2) (-1/135/2) flat
4 (0/0/2) (208/0/2) (207/135/2) (-1/135/2) flat
5 (0/0,5/2) (208/-0,5/2) (207/134,5/2) (-1/135,5/2) flat
6 (0]02,27) (208(0[2,44) (208|1352,14) (0]13512,3) not

flat

For a simpler, pictographic understanding of the experimental
design, the electrodes are shown schematically in Fig 3. All
electrodes except ID 6 were modeled flat, i.e. without
curvature in z-direction.

For modelling electrode ID_6, the three contour lines with

ID 1 (reference) ID 2
ID 3 ID 4
ID 5 ID 6
__JE- ________-;;_‘___‘___‘:--J ---'JE -------------------------- -
N | I L (.
Legend: --- nominal electrode geometry conductor tab

— modelled, tolerance-affected geometry

Fig 3. Schematic illustration of the modelled electrodes and their initial
position

the corresponding z values were used, see Fig 4. The contour
lines were modelled using the spline function in the CAD
program Siemens NX and were arranged according to Fig 2.
Subsequently, a surface was interpolated, the conductor tab
was attached and the electrode was exported using a step file
and fed to the simulation model. The values of the splines are
based on the measurements from [11].
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Fig 4. Contour lines of electrode ID_6

Since the dimensions of ID_6 cannot simply be derived from
geometric relations, the arc lengths of the three contour lines
were measured using Siemens NX. The results are as follows:

e Arc length contour line y = 0 mm. 208.03 mm
e Arc length contour line y = 70 mm: 208.14 mm
e Arc length contour line y = 135 mm: 208.53 mm

It can be seen that the arc lengths differ from each other as
expected on the basis of the different amplitudes. However,
based on a stacking accuracy of +/~ 0.5 mm, for example, the
arc lengths are still within the tolerance, so that the required
tolerance can theoretically be achieved. However, it is not clear
how this electrode, as well as the other modelled electrodes,
affect the process and the resulting stacking accuracy, which
will be investigated in section 3.

3. Results

Within the scope of this paper, all electrodes described in
Table 1 were simulated using the model from section 2.2 and
the resulting positions of the corner points were examined. The

final positions of the corner points are shown in Fig 5.
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Fig 5. Results of simulation: final position of electrode corners in mm after
gripping

Based on the obtained results, the following conclusion can
be discussed for the simulated electrode shapes:

e ID 1: As expected, it can be seen that the electrode with
nominal dimensions leads to perfect positioning of the
electrode on the gripper, which results in perfect stacking
accuracy under the assumed boundary conditions. It can be
verified that the simulation achieves correct results in
principle.

e ID 2: For this electrode shape it can be stated that the
electrode is not centred as it could have been assumed in
principle. After visual evaluation of the simulation, it can be
detected that the conductor tab and its higher stiffness has
an influence. If the electrode had a greater stiffness, it would
form a perfect arc due to the oversize. However, since the
right side of the electrode is stiffer due to the conductor tab,
a maximum is asymmetrically formed on the left side of the
electrode. When pressed down by the gripper, it leads to an
asymmetrical end position of the corners.

e ID 3: It can be seen that the electrode is pushed to the right
by the left aligner. Due to the impulse and the friction, the
electrode moves a little further in positive x-direction after
the mechanical aligner has stopped. This is not a problem as
long as the preceding process of electrode separation
ensures that the electrode length does not fall below the
minimum acceptable length to ensure the required stacking
accuracy tolerances.

e ID 4: Here, a displacement of the electrode in x-direction
can be determined. A rotation does not occur, as would be
expected in principle. This can be explained by the fact that
the aligners do not reach to the corners of the table, but stop
slightly before it. In addition, the electrodes movement is
also blocked in the y-direction. This allows the electrode to
be positioned and gripped without rotation.

e ID 5: In this case, significant displacements occur in both
the x-direction and the y-direction. Due to the dimensions,
the electrode experiences a certain rotation caused by the
initial position of the electrode.

e ID 6: It is noticeable that the strong inhomogeneity in z-
direction and the associated deviations of the arc lengths
from the ideal length lead to displacements in the x- and y-
directions. Compared to the other electrodes, the corners no
longer lie flat, but take off slightly from the table. This leads
to an inaccuracy, since the electrodes and thus also the
corners are flattened later in the stacking process.

Depending on the definition of the stacking accuracy value
by the stacking machinery operator or their customers, a
statement can now be made about tolerable -electrode
dimensions to meet the stacking process requirements. From
this, tolerances can be defined for the preceding processes, in
particular to the electrode separation process.
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4. Summary and outlook

In this paper, a simulation model was presented which can
be used to simulate the stacking accuracy based on electrode
shapes with tolerances. It was analyzed that the positioning and
gripping processes have a major influence on stacking
accuracy. For that reason, the two subprocesses of the stacking
process were modeled in particular. The model was then used
to simulate six electrode shapes with tolerances.

It could be shown that a tool was developed which helps to
better understand and design tolerances for battery cell
production. In particular, the separation can be better designed
based on the requirements of the stacking process. This makes
possible to reduce tolerances and save costs. In addition, an
increase in overall battery pack power density is possible as
tolerances can be designed in a more targeted manner. Also
scrap rate reduction is possible, since parameter values for
tolerances can be set faster.

In the future, however, the simulation will have to be
validated on a test rig in order to provide more precise
information. In addition, further development of the material
model appears to be useful. In particular, it should be examined
whether the integration of elastic-plastic material behavior is
relevant. Once these steps have been taken, large quantities of
shapes can be simulated in order to define tolerance windows.

Acknowledgements

The authors would like to thank the German Federal
Ministry of Education and Research (BMBF) for funding this
work within the project “Sim4Pro” (grant number
03XP0242C). The work was done at the KIT Battery
Technology Center (KIT-BATEC) and contributes to the
research performed at CELEST (Center for Electrochemical
Energy Storage Ulm-Karlsruhe). Also, the authors would like
to thank Christian Fuchs for the valuable discussion.

References

[1] Kwade, A., Haselrieder, W., Leithoff, R., Modlinger, A.,
Dietrich, F., Droeder, K., 2018. Current status and
challenges for automotive battery production
technologies. Nat Energy 3 (4), 290-300.

[2] Mayer, D., Fleischer, J., 2021. Concept for modelling the

influence of electrode corrugation after calendering on
stacking accuracy in battery cell production. Procedia
CIRP 104, 744-749.

[3] Schéfer, J., Weinmann, H.W., Mayer, D., Storz, T.,
Hofmann, J., Fleischer, J., 2020. Synergien zwischen
Batterie- und Brennstoffzellen/Synergies between battery
and fuel cells - Evaluation based on structural and
machine parameters in production processes. wt 110 (10),
735-741.

[4] Bach, G., 2016. Beitrag zur Produktivitatssteigerung in
der Massenherstellung von Lithium-Ionen Batteriezellen.
Dissertation, Berlin.

[5] Baumeister, M., Fleischer, J., 2014. Integrated cut and
place module for high productive manufacturing of
lithium-ion cells. CIRP Annals 63 (1), 5-8.

[6] Boeselager, C. von, Miiller, A., Helm, J., Brodhun, J.,
Glodde, A., Olowinsky, A., Leithoff, R., Frohlich, A.,
Kandula, M., Dietrich, F., Droder, K., Dilger, K., 2020.
Durchsatzgesteigerte Batteriezellproduktion/A novel
high-throuput process for the production of lithium ion
battery cells. wt 110 (09), 585-590.

[7] Weinmann, H.W., Tépper, H.-C., Fleischer, J., 2020.
Coil2Stack: Ein innovatives Verfahren zur
formatflexiblen Batteriezellherstellung. Zeitschrift fiir
wirtschaftlichen Fabrikbetrieb 115 (4), 241-243.

[8] Mooy, R.J.M., 2019. Beitrag zur Produktivititssteigerung
in der Vereinzelung, Positionierung und Orientierung von
Elektrodenfolien durch eine kontinuierliche
Materialbewegung.

[9] Weinmann, H.W., 2022. Integration des Vereinzelungs-
und Stapelbildungsprozesses in ein flexibel und
kontinuierlich arbeitendes Anlagenmodul fiir die Li-lonen
Batteriezellfertigung. Dissertation, Karlsruhe.

[10]Husseini, K., Schmidgruber, N., Henschel, S., Mayer, D.,
Fleischer, J., 2022. Model - Based Optimization of Web
Tension Control for the Flexible Cell Stack Assembly of
Lithium - Ion Battery Cells. Energy Technol., 2200679.

[11]Mayer, D., Schwab, B., Fleischer, J., 2023. Influence of
Electrode Corrugation after Calendering on the Geometry
of Single Electrode Sheets in Battery Cell Production.
Energy Technol., 2200870.

[12]Zhang, C., Xu, J., Cao, L., Wu, Z., Santhanagopalan, S.,
2017. Constitutive behavior and progressive mechanical
failure of electrodes in lithium-ion batteries. Journal of
Power Sources 357, 126—-137.



