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1. Introduction

Developments in the field of battery production in recent 
years have been characterised by rapid progress. Through the 
efforts of industry and research, the production capacities of 
cell manufacturers have multiplied within the last years. On the 
other hand, production processes have been optimised as well 
as cell chemistry. In addition to established batteries, sodium-
ion or solid-state batteries can thereby be mentioned as 
examples. [1, 2]

The aforementioned rapid further developments require 
manufacturers to react accordingly to changing boundary 
conditions. According to the current state of the art, existing 
plants cannot do this and are optimised for one operating point 

and one material system. A changeover is avoided as far as 
possible in order to avoid problems and high scrap rates. 

Even in stable operation, manufacturers accept scrap rates of 
up to 40%. [3] This is critical from both an economic and an 
ecological point of view. 

Considering the manufacturing costs of a Li-ion battery, they 
are largely made up of material costs, which account for 74.9% 
of the costs of cell production. [4] This makes the optimisation 
of material-intensive processes, especially the coating process,
of particular interest. This paper therefore focuses on the 
coating process. It should also be noted, that due to the 
continuous roll-to-roll processes, the coating rejects must also 
pass through the downstream processes. As this is associated 
with high energy costs, especially in the case of drying and 
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Abstract

Despite the rapid scale-up of battery production which could be observed the last years, various challenges remain in electrode production. In 
particular, the high scrap rates of up to 40 % during the coating process of the electrodes offer enormous potential in terms of economic and 
ecological aspects. To counter these problems, a system concept was developed that can react autonomously to process conditions and thus reduce 
scrap. For this purpose, with the gap distance and the angle of attack deliberately two parameters are varied during slot-die coating, which react 
quickly and furthermore do not affect the productivity of the system. By adapting the position of the slot-die, it is possible to achieve an optimum 
operating point in the coating window and thus improve the quality of the results without regulating the volume flow or the web speed. The aim 
is both to shorten the start-up process by a fast and precise correction of the slot-die position on the basis of the coating result and to increase the 
quality in the adjusted operation. With the help of the corresponding measuring technology and the control based on the coating result, the 
processing of slurries with fluctuating fluid properties or the processing of new recipes is simplified and possible without manual intervention. 
The concept is possible for existing plants as well as for new plants.
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vacuum drying, it emphasizes the importance of low scrap rates. 
[4] In general, the coating quality as input for the downstream 
processes is also the needed basis for high-quality cells. 

1.1 Slot-die coating as state of the art 

For the coating of battery electrodes, slot-die coating is used 
as the current state of the art. It is characterised both by high 
productivity with a coating record of up to 150 m/min [5] and 
industrially common systems with coating widths of about 1000 
mm to 1500 mm and by a precise coating result. The active 
material, the so-called slurry, is applied to the substrate, which 
is usually made of aluminium or copper. The substrate is moved 
at a constant speed under the slot-die. 

1.2 Characteristic process parameters

The slot-die coating process can be described by the 
parameters shown schematically in Figure 1. The slurry is 
pumped at a constant flow rate (q) into the slot-die, which has 
an opening gap (S). The slot-die is located at a distance (G) 
from the substrate. The latter moves with a constant velocity (u) 
below the slot-die. The theoretical wet film height (h*) results 
from the volume flow, outlet width and web speed. Looking at 
the cross-section of the coating, it can be observed that an 
excess height is formed in the edge areas. This can be 
characterised by the width (bedge) and the height (hedge) of the 
respective sides. The areas extend until the constant wet film 
height (h) is reached in the interior of the coating.

Figure 1: a) Slot-die with relevant parameters b) cross section of the resulting 
wet film with edge elevation

Parameters for slot-die coating

S gap between the lips of the slot-die 
q volume flow of the slurry
u speed of the substrate
G Gap between slot-die and substrate
 angle of the slot-die regarding the substrate
h* theoretical wet film thickness
h wet film thickness
hedge highest wet film thickness in the area of the edges
b width of the wet film
bedge width of the wet film until reaching the constant height

1.3 Suitability of different parameters for inline control

According to our own research, there are currently no 
systems available with inline control for optimising the coating 
result. Instead, the focus is on maintaining initially set 
parameters after achieving satisfactory results. Considering the 
high scrap rates, the potential for improvement is high. For the 
coating process, the introduced parameters q, u, G and  can be 
used to influence the coating result. Since the volume flow and 
the web speed have a direct influence on the productivity of the 
system and also exhibit inertial behaviour, this paper
concentrates on the variable gap distance and angle of attack. 
It was already shown by the Thin Film Technology (TFT) at 
KIT, that these parameters have a direct impact on the quality 
of the coating result, especially the wet film thickness and the 
edge elevation. [6] This has a direct influence on the amount of 
scrap as well as the quality of the process. Since volume flow 
rate and web speed are not considered as control parameters, 
the focus of the setup described is on achieving good coating 
results for a given set of machine settings.
The coating quality in this context is defined as the dimensional 
accuracy of the wet film profile. In particular the three values -
maximum edge elevation, average wet film height and width of 
the edge areas until the average wet film height is reached – are 
considered. The integral of the wet film profile over the coating 
width is given by the constant volume flow and the web speed, 
which means that these variables are directly related to each 
other.

2. Concept and implementation of actuating variables

As derived in section 1, the parameters gap distance and angle 
of attack were identified as suitable manipulable variables for 
the coating process. The motorized adjustment option is a 
necessary prerequisite for the control of the process. For this 
purpose, a concept for the integration of the motorized 
adjustment options was developed, which will be presented in 
the following including a weight compensation and the 
avoidance of alternating loads.

2.1. Setup

The used setup consists of a Development Coater © from 
TSE Troller AG, consisting of a support on which the slot-die
is attached and a high-precision roller on which the coating is
applied. This is a test system, which can be used to perform 
coating tests with reduced cost and system effort by eliminating 
the need for substrate and subsequent drying processes. The 
structure is shown schematically in Figure 2.

2.2. Axis position and requirements

For the variation of the identified parameters gap distance (G)
and the angle of attack (), two axis are added to the setup. For 
G a threaded rod is used as the first movement axis in order to 
move the entire nozzle support towards the precision roller. 
Furthermore, the inner slot-die support (yellow assembly in 
Figure 2) can be raised or lowered via a gear wheel at the flank 
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facing away from the roll. This rotates the support and the slot-
die around the axis marked in red. When arranging the axes of 
movement, it should be noted that the axis of rotation is located 
at the tip of the slot-die, as shown in Figure 1. Thus, a 
decoupled setting of the two manipulated variables is possible. 
This is of great importance due to the interaction of the two 
parameters with regard to the coating result. Based on the 
preliminary work [7], a minimum necessary increment of 15 
µm for the adjustment option was defined for the gap distance 
and 0.2° for the angle of attack. To define this precision target, 
a wet film height and width variation of less than 1.5% was 
used as the quality target to be achieved.

Figure 2: Schematic representation of the coating setup with the direction 
of movement of G and (green) and the axis of rotation for the nozzle

support (red), KIT-TFT Lab, Development Coater© (TSE)

2.3. Implementation and components

Closed-loop stepper motors are used for the implementation, 
which are ideal due to the compact installation space and the 
high passive holding torque. In addition, the loss of the absolute 
position can be avoided due to the integrated encoder. A 
correspondingly fine increment can be achieved in combination 
with high-precision planetary gears. The structure results in a 
theoretical increment corresponding to 1.4 µm gap distance or 
0.03° of the angle of attack in full step mode. This finer 
resolution allows the previously defined target values to be 
checked.

2.4. Design features

Two aspects should be emphasized in the implementation. 
First, the weight of the nozzle support to be rotated is 
compensated by an adaptive spring element. Depending on the 
slot-die used, the force to be compensated can vary, which is 
why this setting is necessary when changing the slot-die. The 
aim of this measure is to reduce the required maximum torque 
of the drive in order to be able to make it smaller. In addition, 
the spring element can be adjusted so that the holding torque of 
the de-energized stepper motor of 6 Nm after the gear stage is 
sufficient to hold the position. This allows energy-saving 
operation and protects the motor. 

On the other hand, it is important, that alternating loads are 
avoided, as this has a negative effect on the precision achieved. 
Therefore, a preload of the respective axes is sought. When 
setting the angle of attack, this is achieved by the weight of the 
nozzle support and slot-die. This makes precise adjustment of 
the spring element necessary. To adjust the gap distance, the 
support is pneumatically pressed in the direction of the roller.

2.5. Integration in holistic test setup

The structure is supplemented by appropriate measurement 
technology, as shown in Figure 3. For this, a confocal sensor is 
used to detect the gap distance. This sensor was chosen due to 
its better transferability to different system concepts and 
material independence. The coating quality is recorded
according to [7] using the wet film profile, measured by a 2D 
triangulation sensor, and optical defect detection using a line 
scan camera. 

Figure 3: Setup with components – (1) High precision roll; (2) slot-die; (3) 
doctor blade; (4) gap sensor; (5) 2D-triangulation sensor; (6) line scan camera

2.6. Impact of control variables on the coating result

A major advantage of the new design is the possibility of 
continuous precise adjustment of the angle of attack and gap 
distance during operation. In order to verify this and compare 
it with previous observations, a continuous parameter variation
was performed over the parameter space considered with a 
constant rate of change. Figure 4 shows an example of the wet 
film profile in the edge region as a result of a constant variation 
of the angle of attack from +2° (divergent gap) to -2°
(convergent gap). The continuous manipulation of the 
parameters and the uninterrupted observation of the edge 
profile should be emphasized, which in combination provide 
valuable insights into the behavior of the system.
The continuous adjustment of the parameters makes it possible 
to measure the effects and interactions of setting parameters 
directly in a test run. In the course of the wet film profile, which 
can be seen in Figure 4, a trend from high edge protrusions as 
well as defects at positive angles of attack to reduced edge
protrusions at negative angles of attack is clearly visible.
Thus, the correlations shown in [6] could be repeated and the 
functionality of the system for inline parameter adaptation 
could be verified.

high precision roll

support

slot die
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Figure 4: Time course of the wet film profile with continuous variation of the 
angle of attack from +2 ° to -2 ° with a visible trend in the edge elevation

3. Control concept 

The mechanical implementation of the setting options for 
gap distance and angle of attack, as described in section 2, 
allows motor-supported variation of the manipulated variables 
during the coating process. A fuzzy controller is used to 
identify new target values for the parameters, which derives the 
necessary corrective measures on the basis of the integrated 
measurement technology (see section 2.5). The intended 
concept, which is currently being implemented, is presented in 
this section.

3.1. Advantages of fuzzy-control for slot-die coating

A fuzzy controller can be divided into three steps as shown 
schematically in Figure 5. This is the fuzzification of the 
control variables followed by the rule-based decision making. 
Finally, the result is defuzzified again and translated into 
concrete control variables. This offers the possibility to 
implement the rules for decision making independently from 
the produced electrode as well as from the concrete plant. 
Instead, the rules are based on qualitative relationships between 
the quality characteristics and the manipulated variables. Most 
of them are already available as operator knowledge or can be 
identified with the new setup and a continuous inline variation, 
as shown in Figure 2.

Figure 5: Controller Concept with product-specific fuzzification and plant-
specific defuzzification

This means that the controller can be implemented 
independently of the product and the plant, which allows good 

transferability and does not require specific models of the 
processed material or the plant behavior.

3.2. Implementation of the fuzzy-control

During fuzzification, the measured variables are translated 
into linguistic terms. This module is implemented depending 
on the specified product parameters and tolerances. For this 
purpose, a percentage division of the tolerance window can be 
made in a standardized way. In the simplest case, this results in 
a membership function with "good" in the tolerance range as 
well as "too low" and "too high" which reach into the tolerance 
range, as shown schematically in Figure 6. 
For the defuzzification, the results of the decision making are 
translated into plant parameters. Since it is only here that the 
linguistic terms are translated into concrete parameters such as 
motor angles corresponding to the resulting angle of attack and 
coating gap, only this module needs to be adapted when the 
controller is applied to another plant.

Figure 6: Schematic membership function

4. Conclusion and outlook

The concept that was developed enables online adjustment of 
the gap distance and angle of attack parameters. It has already 
been proven in preliminary work that these variables are 
suitable for influencing the quality of the coating result. The 
axes used enable the parameters to be set with repeat accuracy 
and precision. Thanks to the closed-loop stepper motors, easy 
integration into various systems can also be expected. In further 
steps, the previously identified requirements for the increment 
of the parameters gap distance and angle of attack must be 
checked. In the event that these sizes are confirmed, the gear 
stage can be dispensed with, which would have a positive effect 
on both installation space and costs. For a further assessment, 
the system is to be used in operation in combination with an 
online control in order to test how the requirements differ with 
continuous adaption of the manipulated variables towards an 
approach of initial set absolute values. Finally a concept for the 
implementation on different plants is to be developed, to make 
a fast deployment in existing plants possible. 



Florian Denk et al. / Procedia CIRP 121 (2024) 133–137 137

Acknowledgements

The project on which this report is based was funded by the 
Federal Ministry of Education and Research under the funding 
code 03XP0341A. The responsibility for the content of this 
publication lies with the authors.
This work also contributes to the research performed at 
CELEST (Center for Electrochemical Energy Storage Ulm-
Karlsruhe).

References

[1] Feng, Xuyong; Fang, Hong; Wu, Nan; Liu, Pengcheng; Jena, Puru; Nanda, 
Jagjit; Mitlin, David (2022): Review of modification strategies in emerging 
inorganic solid-state electrolytes for lithium, sodium, and potassium 
batteries. In: Joule 6 (3), S. 543–587. DOI: 10.1016/j.joule.2022.01.015.

[2] Tang, Bin; Yu, Xinyu; Gao, Yirong; Bo, Shou-Hang; Zhou, Zhen (2022): 
Positioning solid-state sodium batteries in future transportation and energy 

storage. In: Science bulletin 67 (21), S. 2149–2153. DOI: 
10.1016/j.scib.2022.10.014.]

[3] Wessel, Jacob; Turetskyy, Artem; Cerdas, Felipe; Herrmann, Christoph 
(2021): Integrated Material-Energy-Quality Assessment for Lithium-ion 
Battery Cell Manufacturing. In: Procedia CIRP 98, S. 388–393. DOI: 
10.1016/j.procir.2021.01.122.

[4] Kwade, Arno; Haselrieder, Wolfgang; Leithoff, Ruben; Modlinger, Armin; 
Dietrich, Franz; Droeder, Klaus (2018): Current status and challenges for 
automotive battery production technologies. In: Nat Energy 3 (4), S. 290–
300. DOI: 10.1038/s41560-018-0130-3.

[5] Köllner, Christiane ; Batterieelektroden schneller und kostengünstiger 
herstellen; https://www.springerprofessional.de/batterie/produktion---
produktionstechnik/batterieelektroden-schneller-und-kostenguenstiger-
herstellen/17022316

[6] Spiegel, Sandro; Hoffmann, Alexander; Klemens, Julian; Scharfer, Philip; 
Schabel, Wilhelm (2022): Optimization of Edge Quality in the Slot‐Die 
Coating Process of High‐Capacity Lithium‐Ion Battery Electrodes. In: 
Energy Technol., S. 2200684. DOI: 10.1002/ente.202200684.

[7] Denk, Florian; Hoffmann, Alexander; Höger, Katja; Pfrommer, Julius; 
Poyer, Matthieu; Scharfer, Philip et al. (2022): Entwicklung einer 
autonomen Elektrodenbeschichtung. In: Zeitschrift für wirtschaftlichen 
Fabrikbetrieb 117 (10), S. 673–676. DOI: 10.1515/zwf-2


