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Metaverse for Battery Manufacturing: Connecting Students
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and Alejandro A. Franco*

Laboratory practices are essential to prepare students and profes-
sionals to drive future innovations in the field of energy storage
and conversion. However, universities and industries working in
the battery field encounter challenges concerning effective
training on battery production complexities, mostly due to the
lack of access to battery prototyping facilities or its limited avail-
ability for training purposes. This concept introduces an innovative
educational platform in virtual reality (VR) named battery
manufacturing metaverse (BMM). BMM promotes accessibility
and collaborative learning of lithium-ion battery (LIB) manufactur-
ing through an interactive and flexible VR representation of
a LIB manufacturing pilot line. It enables collaboration among

1. Introduction
1.1. Context

Batteries have become one of the most essential technological sol-
utions to combat climate change.""® Considering environmentally
associated applications, high-energy-density batteries, such as
lithium—ion batteries (LIBs), have proven to be both commercially
successful and highly suitable for electric vehicles (EVs). The
manufacturing of LIBs is expanding to meet the rising demand

individuals from different geographical locations. Users can explore
electrode and cell chemistries, and adjust manufacturing parame-
ters with informative feedback from a cell's composition to the
functioning of the manufacturing equipment. BMM does it with
real-time collaboration using avatars and voice chat. This platform
aims to connect students of Interdisciplinarity in Materials for
Energy Storage and Conversion, an Erasmus+ MSc. Program,
enabling seamless knowledge sharing and training. BMM repre-
sents a transformative step in battery research and education,
offering an immersive, interactive environment without geograph-
ical barriers to pave the way towards global education and safe
training in the energy sector.

for EVs and renewable energy storage. Simultaneously, new mate-
rials are being developed to enhance current LIBs or create more
sustainable alternatives. However, scaling up LIB manufacturing
presents significant challenges, including material shortages,
quality control issues, and labor shortages, which often delay
operations and disrupt product delivery timelines.™ The rapid
expansion of manufacturing capacity often outpaces the availability
of a skilled workforce to address sudden demand increases.
Adequate training for both new and existing employees is there-
fore critical to ensure quality control and maintain safety standards.
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Laboratory and process engineering-focused training plays a
particularly vital role in equipping workers with the knowledge
to understand material properties, optimize processes, and mini-
mize risks in manufacturing environments. The training objectives
range from understanding manufacturing complexities to produc-
ing application-specific optimized LIB electrodes and cells. Training
also bridges the gap between theoretical knowledge and practical
application, empowering researchers and workers to address the
evolving demands of this critical industry. In this context, digital
technologies based, for example, on numerical simulation can offer
transformative approaches for efficient battery education.”~”!
Immersive digital technologies such as virtual reality (VR), aug-
mented reality (AR), and mixed reality (MR) enable interactive and
engaging experiences, transforming education and industries such
as healthcare and entertainment.’®® To the best of our knowledge,
our group at Université de Picardie Jules Verne has pioneered the
development and use of these immersive digital technologies for
battery education and research.”'*"'® These immersive technolo-
gies have made a significant impact on the way we educate and
perform research in our laboratory."”’ For example, we have already
applied them for immersive and interactive practices with univer-
sity students, for reskilling the workforce of Gigafactory operators,
and even for battery science popularization.'®'® Furthermore, we
have demonstrated innovative VR and MR applications that allow
users to explore the battery manufacturing pilot line of our labo-
ratory at Université de Picardie Jules Verne in an interactive man-
ner.l'®'? Our previously reported serious game, Simubat 4.0, allows
a user wearing a VR head mounted device (HMD) to immerse
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him/herself in a virtual room containing a VR replica of our pilot
line. The user can then virtually manufacture electrodes and cells
by sequentially following predefined steps (e.g. slurry mixing,
coating and drying, and calendering).

In Simubat 4.0, the user has to follow a predefined and fixed
manufacturing recipe to achieve a target energy for the cell being
prepared. Simubat 4.0 guides the user by specifying parameter
values to choose for each process step. At each step, users
had to select correct parameter values among three options
(e.g., among three predefined slurry drying temperatures) to
be allowed to proceed further in the manufacturing, ensuring
accuracy as the values were derived from real-world experimental
data. Furthermore, Simubat 4.0 supports only one single user, and
it allows the production of only one cell (NMC vs. graphite) every
time it is used. Additionally, this tool is coupled with an MR post-
processing tool, which combines real-world and digital content to
provide another user wearing a HoloLens headset with an inter-
active visualization of the electrode microstructure produced by
the first user in the VR environment. This triggers collaboration
between the user evolving in the VR environment and the one
wearing the MR headset, the latter providing oral feedback to
the first one about the properties of the electrodes in order to
allow further optimization of the process."”

Motivated by the success in terms of learning efficiency and
engagement of our previous VR and MR educational tools, in this
concept, we present our Battery Manufacturing Metaverse (BMM),
an innovative educational tool designed to promote accessibility,
inclusion, and collaborative learning of the manufacturing process
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Figure 1. Location of participating universities of the i-MESC program and the geographical locations (in red) of the universities that utilize the BMM appli-

cation for the study described in this concept.

of battery electrodes and cells in an interactive and flexible VR
representation of a battery pilot line. The BMM has been designed
for integration and collaborative learning between the universities
(Figure 1) under the Interdisciplinarity in Materials for Energy
Storage and Conversion (i-MESC) MSc. Program.'"¥ The BMM ena-
bles interactive knowledge sharing and collaborative practices
across different geographical locations in order to engage, include,
and learn effectively. i-MESC is a 2-year Erasmus Mundus Joint
Master program (2023-2029) designed to prepare professionals
to address energy challenges. It focuses on a variety of energy
technologies such as rechargeable batteries, supercapacitors,
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and fuel cells, offering interdisciplinary training in materials, device
manufacturing, battery engineering, artificial intelligence (Al), and
digital twins, alongside soft skills, with the support of innovative
learning methods based on VR, MR, and the BMM in particular.
BMM significantly pushes the boundaries of Simubat 4.0.
Building on its foundation, the BMM introduces three significant
advancements. First, users can now select the chemistry of their
cell, providing greater flexibility and customization. Second, the
platform enables multiple users to join the same instance of the
pilot line environment, allowing real-time collaboration in VR
through virtual avatars and voice chat. Third, users have the
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parameter combinations, marking a significant step forward in
virtual battery manufacturing education, training, and research.

1.2. How to Optimize Cell Energy Density from
Manufacturing Parameters?

The BMM empowers users to explore and optimize manufacturing
parameters that influence the energy density of the virtually pro-
duced battery cells. Thus, the BMM allows understanding of the intri-
cate relationships between manufacturing processes and cell
performance, a critical aspect of optimized battery cell development.

A typical LIB cell is made up of a positive electrode, a negative
electrode and an electrolyte. The positive electrode contains an
active material (AM) that has a high reduction potential, and the
negative electrode contains an AM that has a reduction potential
lower than the positive side. The electrodes are ionically con-
nected to each other by the electrolyte. An electric load is given
to discharge, and a source is given to charge the cell. During
charge, lithium is removed from the positive electrode (due to
oxidation) and moves into the electrolyte, and simultaneously,
lithium—ions from the electrolyte are then “stored” in the negative
electrode (through reduction of the negative AM). During dis-
charge, this process is reversed. It is also necessary for either
the positive electrode or the negative electrode to initially con-
tain lithium, which can be electrochemically removed.

Ideally, a hypothetically perfect cell should consist of a posi-
tive electrode and a negative electrode, both made of 100% of
AM and should hold the same electrode capacity with a thin layer
of electrolyte separating them, which allows ions to be trans-
ferred between the two electrodes (Figure 2). But practically, a
significant amount of inactive components are added to the cell
due to physical limitations while designing a cell, consequently
increasing the “deadweight.”"' In reality, the AMs are, generally,
not conductive enough to enable efficient charge (ionic and
electronic) transport to and from the electrode. So, an electroni-
cally conductive additive, an appropriate AM particle size, and a
current collector are required to ensure sufficient electronic trans-
port in the electrode.'®'”! Similarly, to ensure sufficient ionic
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Figure 2. Schematic of cells during discharge, showing an increase in the
“deadweight” of the cell due to the requirement of components such as
current collectors, binders, a conductive additive, and a separator, along
with a higher capacity of negative AM than theoretically required.

transport, the electrode requires a minimum porosity to ensure
complete liquid electrolyte percolation and a suitable AM particle
size is required to have sufficient reaction kinetics.'®'? Also, a
porous separator impregnated with a liquid electrolyte is
required to ionically connect the two electrodes, and it should
be thick enough to improve safety®®® and have sufficient mechan-
ical strength to withstand the manufacturing operations of the
cells.”" Further, binders and current collectors are required to
hold the electrode components together and distribute current
uniformly through the electrode, respectively.*>** Also, a higher
amount of AM and electrolyte than the theoretical requirement is
needed to account for the initial solid electrolyte interphase (SEI)
formation and achieve the desired cell capacity.** Additionally, a
slightly higher capacity of AM in the negative electrode than in
the positive electrode is necessary to prevent lithium plating in
the negative electrode during the cell’s life cycle.*

Aside from the limitations posed by the material properties,
there are also limitations set by the process parameters. For the
wet processing of the electrodes, the electrode formulation and
the thickness are also limited by the rheology of the slurry.®
The final electrode porosity is controlled by the calendering step,
where reducing the roll gap makes it increasingly hard to com-
press the material further.”® Apart from maximizing energy
density, it is also important to maximize the power density of
the cell. This further limits the maximum achievable energy den-
sity of the cell since the optimal parameter values required for
high power density are usually diametrically opposed to the val-
ues required for high energy density.””? One such example is the
thickness of the electrode. For achieving high-power density, the
electrode should be thin, whereas, for optimizing energy density,
thicker electrodes are preferred. Thinner electrodes require the
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electrodes to be longer to achieve the same capacity as a thicker
electrode, which increases the weight of electrochemically inac-
tive materials, such as the current collector and separator in the
final cell, reducing the final gravimetric cell energy density. The
aim of our BMM is to enable students (and users in general) to
learn and understand all these complex concepts in an immer-
sive, interactive and collaborative environment.

Our concept is organized as follows: First, we discuss the BMM
application, including its layout, followed by a description of the
embedded mathematical modeling, which allows the evaluation
of the influence of manufacturing parameters on the electrodes
and cells’ properties. Next, we describe a usage scenario and pre-
liminary results, and finally, we provide a summary and outlook of
our work.

2. Metaverse Application Description
2.1. BMM Application

Before using the BMM, users can create their avatar that will be
visible in the application by going through a weblink service pro-
vided by Ready Player Me™® (Figure 3a). A user entering the
application sees a screen where she/he can view her/his avatar
and the eight rooms available on the server (Figure 3b). Each
room is an instance of the BMM. This feature allows multiple indi-
vidual sets of virtual “classrooms” which can be hosted simulta-
neously. Any number of users can join a particular room, and any
number of rooms can be created if necessary, as the main limi-
tation is determined by the server’s hardware capacity. However,
considering optimal ergonomics, the number of users is limited
to six. This limitation is designed to maintain a comfortable and
manageable environment for all participants. A balanced number
of users help maintain clear communication and engagement,
ensuring everyone has the chance to learn and contribute mean-
ingfully. Once a user enters any room, the virtual pilot line and the
other users present in the room become visible. The lab contains
various products, machines, and equipment required to manufac-
ture 18,650-format full cells, but it is also possible to produce half
cells or symmetric cells (i.e.,, cells having the same type of elec-
trode as positive and negative electrode). The users can use voice
chat to talk to each other in the VR environment and exchange
virtual products and equipment with each other by simply hand-
ing them over (Videos in Supporting Information). They can freely

Figure 3. a) Ready Player Me: avatar selection screen for creating the per-
sonalised avatars to use in the BMM. b) The home screen of the BMM
where users can input their names and choose the server and room they
want to join.
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move around the room with a virtual teleportation interaction
available through their hand controller.

2.2. Layout of the Virtual Reality Battery Manufacturing Pilot
Line

The room in the BMM is a dry room and contains shelves with vari-
ous products and objects to use for manufacturing the LIB cells.
Figure 4a shows virtual shelves containing various AMs, additives,
binders, solvent containers, slurry mixing pots, and lithium metal
electrodes (used to fabricate cells). Users can then choose the mate-
rials they wish to use among the available products, depending on
the type of cell they wish to make (half-cell, full cell, symmetric cell).
The users can select any combination of AM for the two sides of the
cell, even similar AMs. The corresponding performance is output
during the virtual characterization. The various currently available
materials are listed in Table S1 of the Supporting Information doc-
ument. It is important to note that this list is continuously being
expanded, that is, the BMM is a dynamic environment capable
to easily integrate and account for new materials and properties.
The current AM chemistries include LiNi,Mn,Co,0, (NMC) based
AMs (where X%, y, z can be 033, 033, 0.33 or 08, 0.1, 0.1),
Li,MnQ,, LiCo0,, LiFePQ,, LiNiygC0q15Al0050-, in the positive mate-
rial side and graphite, silicon-graphite (20:80 wt. ratio), and
Li,TisO;, (LTO) in the negative AM material side.

To proceed with the virtual manufacturing, the users first need
to make a slurry. The virtual pilot line is equipped with a powder
dispensing machine, where the users can place a mixing pot to add
the materials they wish to use in their electrode (Figure 4b). The
screen in front of the machine can be used to select the total
amount of materials and the percentage of each material that
the users want to use. By clicking the green button at the bottom
of the screen, the process of filling the pot with the powders begins.
Then, the powder premixing machine can be used to achieve a
homogenous mixture of dry mass (Figure 4c). However, users have
the freedom not to use this machine. Similar to the powder-filling
machine, there is a solvent-filling machine where the users can con-
trol the weight of the solvent added (Figure 4d). Additionally, there
are two slurry mixing machines (Figure 4e), a roll-to-roll coating
machine with a reverse roll coater and a two-part drying oven
(Figure 4f), and a calendering machine (Figure 4g). The manufactur-
ing process parameters of all the concerned machines are men-
tioned in Table S2 of the Supporting Information document.

The users can freely choose the control parameter values for
machines, for example, the speed in rotations per minute (RPM),
the time in minutes (min), the temperature (°C), or the line speed
in meters/min (m/min), etc. To assemble the prepared electrodes,
there is an electrode slitting machine, a winding machine, a welding
machine, and a machine to finally degas, fill the cell with the liquid
electrolyte, and seal the cell (Figure 4h—k). The latter machines
(Figure 4h—k) do not have any manufacturing parameters associ-
ated with them in the current version of the BMM application.
If the user wishes to fabricate a half cell (with lithium metal), they
can pick the prefabricated lithium metal electrodes available on the
shelves, which they can directly use in the winding machine along
with the working electrode. Lithium metal is particularly difficult to
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Figure 4. Various process steps that are possible to undertake in our BMM. The orange labels correspond to electrode manufacturing processes, and
the blue labels correspond to the final cell manufacturing processes. The result shows the gravimetric cell energy density of the fabricated cell, along
with the typical GCPL curve associated with the chosen chemistry combination of the electrodes, and a feedback on the parameters chosen during the
fabrication. Each machine requires an input object (product/material) to start the process. a) Chemistry selection; b) power filling; c) premixing;

d) solvent filling; e) mixing; f) coating and drying; g) calendaring; h) electrode cutting; i) winding; j) welding; k) degassing + electrolyte filling;

I) formation and testing; m) result.
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work with, especially in larger format cells like the 18,650 format,
owing to the danger of working with high quantities of Li metal
during fabrication, and formation of Li metal dendrites during elec-
trochemical characterization. The BMM makes it much safer to train
students about the use of half cells for characterization by
preventing such risks.

To perform the formation step and evaluate the performance
of the manufactured cells, an electrochemical testing machine
(potentiostat) for 18,650 format cells is also present in the virtual
environment (Figure 4l). The potentiostat can simultaneously
accommodate up to nine cells (both half or full). This helps to
compare the cells manufactured using different manufacturing
parameters. Upon testing, the gravimetric energy density, a
GCPL curve corresponding to the chemistry used, and feedback
are displayed for each cell in the potentiostat (Figure 4m). The
feedback shows other key properties of the cell, such as the mass
loading of each of the electrodes, and also comments regarding
all the mistakes made by the users during the fabrication proce-
dure, if any. The feedback is provided at the end since it is helpful
to perform evaluations of the user's performance if required.

L e,

811 95, BINPVF 22
< 100, AMHNMC 8
gl Tota! weight
soune 100

Figure 5. a) Machines to deposit the finished cells/half cells or a recycling
bin to reset the objects used for the cell; b) Notebooks in which instructors
can prepare the instructions/tips to be given during the class. c) One of the
Easter Eggs in the application honouring the late Professor Dr. John B.
Goodenough. d) Control panel to accelerate time when desired. e) Expanded
virtual labels which show the state of the product (or the intermediate
product).
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There are also machines in the room to deposit the final full
cells/half cells to save the fabricated cells’ performance or discard
them if the cells have failed (Figure 5a). All the processes are sim-
ulated with realistic time, and when desired, time can be accel-
erated using a time control panel, allowing to jump 20 min,
1, 4, or 8 in the future (Figure 5d). This gives users a realistic
sense of time and helps them understand the bottlenecks in pro-
duction speed. The application stores the sequence of processes
performed and their corresponding parameter values during the
simulation. The instructor has the capability to save the room’s
state using an observation mode within the application, ensuring
continuity and convenience in the training sessions. The applica-
tion is also equipped with features like virtual notebooks, Easter
eggs, and virtual labels to enhance engagement, interactivity,
and functionality (Figure 5b,c.e).

The virtual notebooks enable the instructor to predefine
a series of steps for students to follow, offering a structured
and guided approach to learning. These predefined instructions
streamline the process and ensure consistency and accuracy dur-
ing the student'’s interaction with the virtual pilot line environment.
Virtual labels are strategically placed at every stage of the electrode
preparation and at the cell level, providing detailed insights into
both the specifications and the state of the sample cell before
and after each step. For example, a virtual label present on the
electrode after the calendering process contains the sequence
of processes performed to reach the current state and the param-
eter values chosen during each process. This feature ensures that
users, whether instructors or students, can readily access critical
data in real time, enhancing their understanding of the process
and its outcomes. The inclusion of Easter eggs serves as an engag-
ing and educational addition. These hidden features are designed
to familiarize users with the virtual battery pilot line environment,
improve their proficiency with the controllers, and promote an
ergonomic workflow within the BMM. By incorporating such ele-
ments, the application supports skill development and fosters an
enjoyable and intuitive learning experience. Easter eggs include
pictures from the recent alumni graduation ceremony of the
MSc. program, pictures of individuals who have contributed to
the development of this tool, and Nobel Laureate Prof. Dr. John
B. Goodenough, a battery pioneer, along with a key message.
Furthermore, instructors can customize these Easter eggs to per-
sonalize them according to the end users before the VR session.

When the electrochemical testing machine is activated, the
resulting data corresponding to the final manufactured cell is used
to calculate the gravimetric cell energy density of the cell. The
parameters are used in two different ways. Only certain parame-
ters, such as chemistry, electrode composition, amount of dry
mass, slurry solid content, comma gap, and calender roll gap,
are directly utilized in the equations for the calculation. Also, cer-
tain assumptions are made to simplify the calculations. Based on
these assumptions, a set of simplified mathematical equations that
use these parameters is employed to derive the final output prop-
erties, which help streamline the calculation process. However,
these parameters affect the cell energy density in ways other than
how they are used in the cell energy density calculation, but they
are too complex to represent their effects mechanistically. For
example, mass loading is directly proportional to the comma
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gap. However, if the slurry’s dynamic yield stress is exceeded
during roll coating, variations in mass loading can occur due to
the slurry dripping back into the roll.?*3% Therefore, all the chosen
parameter values, including those not used for calculating cell
energy density, are addressed by defining their minimum and
maximum values (thresholds). These thresholds are set such that
a reasonably processible product is achieved at every step of the
manufacturing process. If the values the user selects do not fall
within these thresholds of the different parameters, then feedback
about that choice is provided to the user when the user tests the
cell. These equations and assumptions are carefully selected to
provide a general trend of the effects of various parameters con-
sidered. Their derivation is explained in the following sections.

2.3. Mathematical Modeling of the Manufacturing Parameter
Thresholds

When formulating an electrode, it is crucial to carefully consider
the minimum required amounts of binder and carbon black to
ensure proper functionality. The carbon black needs to be suffi-
ciently high to reach the electronic conductivity percolation
threshold,®" and the binder should be sufficiently high to give
mechanical strength, adhesion to the current collector and flexibil-
ity to the electrode. The percolation threshold also depends on the
AM'’s type, morphology and the particle size, and the amount of
binder. However, here, a minimum content of carbon black and
binder is simply taken, depending on the type of AM used in
the electrode.*2** These values offer a reasonable margin, ensur-
ing that the selected values in the application do not reach limiting
thresholds. For the premixing process,**** the chosen thresholds
for the premixing time depend on the total dry mass used and the
interfacial energies between the particles in the mixture.*®
Sufficient time should be taken to ensure homogenous premixing,
but premixing for a longer duration can degrade the AM.E” For
calculating the thresholds for premixing, the effects of dry mass
and their properties are neglected, and the criteria are simplified
to reported minimum and maximum premixing time values.*>*”
Further solvent addition is an important parameter that
impacts slurry processing and utilization, such as mixing, coating,
and drying. The amount of solvent that can be used mainly
depends on the solvent-binder combination and the AM
used.®33849 |f the value of the corresponding solid content does
not fall within this range, feedback is given to the user during the
characterization of the cell. If the solid content is too low, then the
slurry does not have sufficient particle network structures capable
of withstanding the weight of the coated slurry, leading to an
unstable slurry that flows too much upon coating.“>*" If the solid
content is too high, then the slurry takes more time to homoge-
nize during mixing, which can lead to agglomeration-related
defects during coating. It can also lead to a highly viscous slurry,
which will need more advanced coating techniques than the tra-
ditional wet processing, which are still in development.”?
After solvent addition, the premixed dry mass is dispersed in
the solvent by a mixer. The geometry of the mixer, the number
and type of blades, and the volume of the slurry used need to be
considered for the determination of the mixing speed and time
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thresholds. In this case, the BMM contains a planetary mixer con-
sisting of dual twisted agitator blades and a dispersion blade. The
revolution of the blades and the rotational speed of the
agitators are taken to be constant. The users can input different
dispersion speeds. The edge speed of the dispersion blade and
the clearance of its tip from the walls and the agitator blades pro-
vide a reasonable estimate of the maximum shear rate inside the
mixer. The maximum edge speed v,,,, (meters/second, m/s) of
the dispersion blade can be estimated from the formula.

Vinax = 27T X (wpr, + w4ry) (1)

where ry and r, are the radius and w4 and w, are the rotational
speed of the dispersion blade and the planetary revolution speed,
respectively. With the maximum edge speed, the maximum shear
rate needs to be estimated since a high shear rate can cause poly-
mer chain breakage of the binder.*>** Also, high mixing speed
can destroy the formation of favorable slurry-stabilizing particle
network structure, leading to an unstable slurry.** Since the dis-
tance, d (in meters), between the walls of the mixer to the edge of
the dispersion blade is always constant, the approximate maxi-
mum shear rate j,,,, (Hz) can be found.

Fmax = Vinax/d 2)

Here, the thresholds are simplified to represent to only two
cases, water-based slurries, and N-methyl-2-pyrrolidone (NMP)
based slurries, and the effects of AM content and solid content
are ignored. From previously reported studies,***' the approxi-
mate value of the maximum possible shear rate for both
NMP-based and water-based slurries can be found, from which
the maximum mixing speed is chosen. Similarly, to find minimum
mixing speeds and times, the dimensionless mixing time needs to
be found. The dimensionless mixing time constant is determined
using the equation.*¢4”!

g X t, = A x (Re)® = constant ?3)

where t,, (in seconds) is the mixing time where m% of the mixture
is homogenized, Re is the Reynolds number of the flow, and A
and b are the parameters which are dependent on the type
and geometry, of the mixer. For turbulent flow (high Reynolds
number), b = 049 If so, then the relationship between mixing
speed and time can be simplified to an inverse relationship.
Since the dispersion blade rotates at high RPM, turbulent flow
can be assumed here. The constant can be estimated using opti-
mized mixing time (where we assume m is close to 100%) and
mixing speed data from previous reports.**® This estimation
allows for interpolation to determine minimum mixing time
thresholds for specific mixing speeds. Here, we assume that there
is no maximum time limit for mixing for a speed that is less than
the maximum permitted mixing speed. More complex effects
that are associated with mixing time and speed in LIB electrode
production are ignored for the sake of simplification. For exam-
ple, prolonged mixing times and elevated speeds can lead to the
disruption stable slurry networks, potentially compromising the
uniformity and quality of the electrode slurry.2'#? There is also
the effect of mixing sequence,”°2 which is not considered here

© 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH

85UBD17 SUOWWOD BA 1D 3|cedldde 3U3 Aq pauRA0H 318 S3[o1e O ‘88N 4O S3INI 0} ARIG1T BUIIUO AB|IM UO (SUORIPUOD-PUR-SUBYW0D A3 | IM*A 1 1[BUIUO//STNY) SUORIPUOD PUe SW L 8U3 89S *[5202/90/70] U0 A%iqiTauluO AB|IM ‘00Se A STed P PepSRAIUN AQ 860005202 HRA/200T 0T/I0p/W0d" A3 Im Are.q 1t juo-ado.ne-Auis Iweyo//:sdny wiosy papeojumod ‘0 ‘€2299952


http://doi.org/10.1002/batt.202500098

Chemistry
Europe

European Chemical
Societies Publishing

Concept

Batteries & Supercaps doi.org/10.1002/batt.202500098

currently, but that can be considered in the future, given the
flexibility of the BMM environment design.

The slurry is coated using a reverse roll coating process.?*3”
For the purpose of simplicity, it is assumed that the coating thick-
ness is accurately provided by the comma gap parameter in the
machine. The value of the final coating thickness ranges from 30
to 200 um since higher coating thickness can lead to high mass
loading, which can reduce effective energy density by reducing
the maximum achievable capacity from the AM due to poor lith-
ium ion diffusion kinetics within the electrode.®® The effect of
line speed on the coating thickness is ignored in the BMM script
since the reverse coating machine can be controlled to allow for
uniform coating at moderate to high line speeds.?**” The line
speed can be varied from 0.1 to 2m min~". So, a minimum tem-
perature of 85 °C for NMP-based slurries and a minimum of 60 °C
is given as a threshold for the temperature of the ovens to ensure
sufficient drying before the electrode exits the oven.***® A max-
imum of 160°C for NMP and 80°C for water is given as the
maximum threshold.>*>"

For the calendering process, the effect of line speed and tem-
perature is ignored. The virtual calendering machine has a line
speed of 0.1-1 mmin~". For this range of values, it has been
reported that no significant effect of speed on the resulting elec-
trode property (porosity) is observed.”® The roll temperature
effects on the final electrode properties highly depend on the
formulation and binder distribution and are not represented in
this version of the BMM.2%*°%" The maximum threshold for
the roll gap is the sum of the thickness of the current collector
and the dry electrode thickness since no calendering takes place
with a roll gap larger than this. The minimum threshold is taken
considering the particle fracture in the electrode, which leads to
poor cycling performance.®’®* |t is assumed that the virtual
calendering machine has ideal calendering rolls that are not sus-
ceptible to deformation. So, the roll gap is taken to be the actual
gap through which the electrode is passed through. The AM par-
ticles are taken to be brittle, so fracture is assumed if a roll gap
less than the height that can accommodate the AM particle is
reached. The porosity value that is derived by considering only
the volume occupied by the AM in the volume of the electrode
is termed here as the AM skeletal porosity. The equation for find-
ing the AM skeletal porosity under the maximum compression of
the calendering rolls is as follows.

10 x m,
Qam X (hr - tcc)

skeletal __ 1
AM -

4
where m, is the mass loading (in mg cm™2), g, is the AM density
(in gecm™3), h, (in um) is the roll gap input in the virtual calender-
ing maine, and t is the thickness of the current collector (in um).
So, the minimum roll gap is taken to be the point at which the
minimum AM skeletal porosity of 20% is reached. It is assumed
here that the carbon binder domain is flexible enough to reorga-
nize itself under high pressure, allowing the AM to reach this skel-
etal porosity. The value of 20% for the minimum skeletal porosity
is also assumed since it is dependent on a variety of factors such
as particle size distribution, roughness, etc.¥ It is possible that
the critical stress to cause particle fracture might have been
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reached before or later in real experiments, so the minimum roll
gap and the minimum possible AM skeletal porosity are just
estimates to evaluate the user’s performance.

2.4, Calculating the Gravimetric Cell Energy Density

Since this article aims to demonstrate the functionalities of the
BMM application, a simple script is presented here to calculate
the gravimetric cell energy density. The script is written in
Python by taking approximations so that the computations are
fast. However, physics-based and/or data-driven models, as
reported in our previous works,®"®*%¥ can also be used to predict
the output properties of products of each process more accurately
in the near future. In this script, the energy density at the cell level
is taken to be dependent on the format of the cell, the chemistry,
formulation, and the electrode properties, such as thickness,
density, and porosity. However, it might also be that other cell
properties affect the cell energy density, such as the extent of ionic
and electronic percolation in each electrode, surface area for SEI
formation, and so on, which are not considered in the current ver-
sion of the BMM. Again, the latter aspects can be included later
because of the flexibility of the BMM environment design.

After choosing the chemistry, formulation of the dry mass and
the solvent content, the approximate volume of the slurry is cal-
culated. Here, it is assumed that no considerable change in the
volume of the mixture occurs due to solvation and solvent-
solute-particle interaction effects.* So, the volume of the slurry
is calculated by the following.

m m m m
Vumy () = —24 4 —200 4~ 4 0L (5)

Oammv Qaop @8N OsoL

where Muy aop/enssoL iS the mass of AM, nductive additive, binder,
or solvent used (in g), respectively, and similarly @ aop/en/soL iS
the corresponding density (in g cm3). Here, the density of the
materials which includes in the calculation, the volume of the
material, and the volume of closed pores but excludes the vol-
ume of open pores, termed as the skeletal density, is considered.
Then, assuming the slurry is stable under the coating shear rate, it
is taken that the thickness of the coated slurry is the same as the
comma gap minus the thickness of the current collector.*® The
total length of the electrode that is coated is then calculated as
follows.

_ Vgumy (in mL) x 1,000,000
" coating width (mm) x thickness of coated slurry(um)

(6)

I(mm)

Once the electrode is coated, it is dried in the oven. The mass
loading of the electrode is now calculated.

myy % 100,000

T Ix coating width @)

m,

It is assumed that the porosity is 55% for all electrodes just
after drying to streamline the calculation. In reality, the porosity of
the dried electrode depends on the coated slurry thickness, the
electrode formulation, the slurry solid content, and the drying
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rate3*  Generally, physics-based simulations provide an

accurate estimate of the effects of these factors. However, the
calculation of porosity through physics-based models is time-
consuming to perform for all the different parameters,” so it
is not used in this context. With the assumption of porosity
and the mass loading, the dried electrode thickness is calculated
as below:

m, x 10

ty = 8
47 (1= 055) X Xam X Qo (®)

where t,4 is the dry electrode thickness (in um), x,, is the mass
fraction of the AM, and g, is the maximum theoretical density of
the electrode (in gcm™3) and is defined as follows.

00 = Maw + Mapp + Mey
o = —m D B

©)

Mam + Mapp + Mew
Qam Qnop QBN

For the calendering process,?®°826570 the roll gap, line
speed, and temperature of the rolls are provided as input param-
eters. The effect of calendering is described in terms of porosity as
an output, which in turn is described by the roll gap and the mass
loading of the electrode. The roll gap is used in the form of cal-
endering degree (c4), which is described in the following relation.

ty—h + 1t

€=t (10)
d

An inverse sigmoid relation is used, as shown below, which
includes the influence of mass loading.
€ — Emin 1

= (1m

- 14+ e{(CJrcmxm‘)xcd—B}

€0 — Emin

where ¢ is the porosity (in fraction) after calendering, ¢, is the
minimum achievable porosity (in fraction), g, is the initial porosity
(=0.55), C is the compressibility factor (dimensionless), ¢, is the
compressibility coefficient of mass loading, and B is a fitting
parameter. The equation is fitted with reported values®*’" and
modified to provide a general trend of the calendering process.
Particularly, the equation for various electrode chemistries is sim-
plified by taking only two cases of electrodes: a soft electrode
(such as graphite) and a hard electrode (such as NMC and
LTO). Each case has a different compressibility factor and different
minimum porosities (18% for soft electrodes and 25% for hard
electrodes), but the values for ¢,,, and B are kept the same for both
cases. It is important to note that the minimum achievable poros-
ity is also affected by the mass loading and roll temperature,
which are not accounted for in this calculation. The final electrode
thickness is found with the porosity after calendering using
Equation (8) and substituting 0.55 with the final porosity.

Once all the required electrode processes are performed for
both positive and negative electrodes, the process of winding is
evaluated. During the winding process, the stack of the cell com-
ponents (Figure 6) is wound on a mandrel to form a jelly roll. The
virtual pilot line makes cylindrical cells with dimensions diame-
ter=18 mm and height =65 mm (18650 format). The positive
and negative electrodes are winded on a rod called a mandrel
(diameter =2 mm). To accommodate the cap of the cell and
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a
b =62 mm ! !
t %

dl
(maximum Jd,=2mm

=17.1 mm)

Figure 6. Schematic of jelly roll: unwinded (top) and winded (bottom);
total thickness is mentioned as the sum of the thickness of each compo-
nent of the stack. The dimensions, along with the density of each compo-
nent, can be used to determine the final weight of the cell (color codes
are the same as in Figure 2).

the swelling of the jelly roll during electrolyte filling and cycling,
the volume of the jelly roll should be less than the volume of the
cell. So, the maximum volume that can be occupied by the jelly
roll is as follows.

V,...(inmm?) :%x 7x (d— ) x h (12)

where d; is the maximum diameter of the jelly roll, d,, is the diam-
eter of the mandrel, and h is the height of the jelly roll. The vol-
ume of the jelly roll is equivalent to the volume of the stack of
electrodes and separators, as shown in Figure 6. Looking at the
sequence of the battery manufacturing process, it is seen that the
final thickness is reached after calendering, whereas the length of
the electrodes is reached only when they are trimmed by a semi-
automatic winding machine to fit the maximum volume. So, once
the final electrode thickness is calculated, the maximum elec-
trode length that can fit in the casing can be found with the
equation.

000
4 xt

a(inmm) = xmx (df —di) (13)
where t (um) is the total thickness of the electrode-separator-
current collector stack (Figure 6).

t=2 X tep + by T 1) + b + bl (14)

where te,/4)/(-)/cc(+)/ec—) I the thickness of separator, positive
electrode, negative electrode, current collector of the positive
electrode, and current collector of the negative electrode, respec-
tively. However, if the electrodes are smaller than the maximum
possible length, the length of the stack can simply be taken to be
the length of the shortest electrode.

Once the length and the thickness of the electrodes are
determined, the volume of the electrolyte (Vecyonee) in mm? is
estimated by finding the volume of the pores in the electrode
stack with an additional 10% of electrolyte to ensure that the
electrode is properly soaked.
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Veeatrote = 1.1 X (€7 X VT 467 X V7 + 2 x €% x V) (15)

where V*/7/5% is the volume of the positive electrode, negative
electrode, and separator, respectively, in mm?, and similarly,
£*/=/*® is the porosity (in fraction). Finally, to calculate the gravi-
metric energy density of the cell, the mass of each component of
the cell and the energy of the cell need to be calculated. To find
the mass of each component, the corresponding density of the
component is taken, and the volume of the specific component is
used. For example,

Velectrolyte (.I 6)

m -
1000

electrolyte — Qelectrolyte
Where Meiecyoyre i the Mass (in g) and @ecyolyre iS the density (g cm™)
of the electrolyte. To calculate the energy of the cell, the electrode
with the lowest capacity needs to be found since this will be the
limiting electrode’s capacity. The capacity, Q“*** (in mAh) of each
electrode is as follows.

Qelectrode — Qo X mAM—ﬁnaI (1 7)

where Q° is the specific capacity (in mAh g~") of the AM in the elec-
trode and Muy_na (9) is the mass of the AM (in g) in the final cut
electrode. Once the limiting capacity is found, the energy that can
be stored in the cell can be calculated with the equation.

Qelectrode

1000

cell __

x(¢"—¢) (18)

where E< is the energy of the cell (in Wh) and ¢*/~ is the average
reduction potential (in V) of the positive AM and negative AM,
respectively. Finally, the gravimetric cell energy density,
e (in Whkg™"), is caluclated with the equation,

E<' x 1000
e= (19)
m+ +m_+ mcc+ + Mec + melectrolyte + 2 x msep + Mean

where M., e, jcc_ electrolyte/sep/can 1S the mass (in g) of components of
the cell such as the positive electrode, negative electrode, current
collector of the positive and negative electrodes, electrolyte, sepa-
rator, and the can enclosing the components, respectively. It has
been verified that the resulting electrode property values yield accu-
rate final cell densities by validating the results against a reported
commercial 18650 cell dataset.”? Further, the data concerning the
different materials used are collected from various sources and can
be found in Supporting Information Table S1.

3. Using the Application
3.1. Set up of the Pedagogical Activity

For configuring and customizing the application, instructors have
access to a configuration panel (Figure 7). The configuration panel
is a graphical user interface (GUI) that can be accessed by autho-
rized users connected to the server by entering the assigned server
address in a browser window. From the GUI, one can manage each
room (instances) and reset/load/save their state. A state contains
the memory of all the actions performed in the application and the
current position and time of all objects in the application at any
instant. The GUI also includes five notebooks within the applica-
tion. The instructor can write in them to provide advice, instruc-
tions, or recommendations, and users can consult them as
needed. By typing the instructions/tips and pressing the “apply”
button, the instructor can send the new text to the particular note-
book instantly (Figure S1, Supporting Information). This feature
allows users to search for entities (such as machines, users, or

-

Room0 22/12/2024 22:56:12 0

= BEEEEEEEE BB @ E e = = E

Export digest ‘ apply ‘

[ apply |

| apply |

Figure 7. GUI of the server, which is accessible from a browser window.
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interactable objects like bottles and electrodes) in the room, each
represented as a small rectangle. By hovering over one of the rec-
tangles, the instructor can see more information about the entity,
such as its name, processes performed on it, its availability, and so
on. To get the most recent state, the instructor has to press
“refresh” in the GUI. By pressing “Export digest,” one can generate
an HTML file with the results of the work of the users evolving in
the BMM.

To set up the sessions/classes, the save state option can be
used from the GUI. The instructor can prepare any notes or
instructions beforehand by typing them in the notebook. The
information in the notebook can also be modified at any point
in time to provide additional information. Thanks to this function,
the level of difficulty can be adjusted, or tips can be provided
based on each student’s knowledge, ensuring that the BMM prac-
tice is customized to suit everyone. It is also possible to perform
some processes in the application beforehand and save the cur-
rent state through the GUI window. This allows the instructors to
set up the courses so that a specific set of processes can be stud-
ied instead of performing the entire process steps every time.
To use the saved state, the instructor needs to click on the load
button in the GUI window. This is also useful in cases when the
classes have to be done in multiple sessions. The instructor can
save the state of the application before ending the session and
continue the instructions from where the previous session was
stopped.

Before the session, all technical checks must be conducted to
ensure that all parts of the application are functioning correctly.
This includes verifying the calibration of VR HMDs, bases (external
position locators, if present), and controllers. The BMM can be
accessed from both HTC and Oculus (now Meta Quest) VR
HMDs. Each HMD needs to be connected to one PC, whose rec-
ommended specification needs to be satisfied.”*”* On the server
side, the server is hosted on a desktop computer, with an Intel
core i5-6400 CPU with 16 GB of RAM and an Intel Dual Band
Wireless-AC 3165 network adapter. Similar to setting up the
VR environment beforehand, it is also important to set up the
physical environment for the session. The physical space from
the session should be spacious and free from obstacles. The
instructor should have his own space to monitor the session.
They should also be in a position to ensure that the user is in
their dedicated space to avoid the danger of colliding with other
physical objects. It is also suggested that the instructors prepare
some materials to be distributed before the session, including
instructions on using the VR equipment and materials providing
an overview of the session’s objectives. The GUI, along with the
application, provides a unique organizational toolkit, which can
be used to conduct the session with optimal conditions. It also
means that digital obstacles can be limited, and the player envi-
ronment can be controlled without the need to interrupt the VR
session.

Since the application is highly customizable, it is necessary to
prepare a well-structured educational or training program to
maximize knowledge transfer and retention. It should be pre-
pared, considering the user’s prior experience (students/trainees)
in battery manufacturing as well as with VR. The lectures with VR
sessions are usually where students learn with fun and still be at
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the centre of knowledge."®'*'® One advantage of this applica-
tion is that it allows the students to try and test things based
on their knowledge and lets them be more autonomous and then
reflect and understand the outcomes of their choices based on
the results. Then, they can ask questions if they do not know
or understand. A preliminary session was organized with the
students of the MESC+ program, the previous version of the
i-MESC Erasmus Mundus Master’s Program.™ To avoid confusion
between MESC+ and i-MESC, the latter name will be used to refer
to both program versions hereafter. In this session, a total of 17
students from three different universities joined the BMM, from
their respective universities located in Amiens in France
(University of Picardie Jules Verne, six students), in Bilbao in
Spain (University of the Basque Country, five students), and in
Ljubljana in Slovenia (University of Ljubljana, six students)
(Figure 8).

3.2. Preliminary Session and Results

The students were given an initial anonymous questionnaire, in
accordance with the General Data Protection Regulation, which
came into force in 2018, to determine the students’ prior knowl-
edge about manufacturing lithium-ion cells and their familiarity
with VR. This questionnaire was distributed using the software
Wooclap.”®! After the first questionnaire, a practice session was
organized with the BMM, during which the pilot line manufactur-
ing steps of lithium—-ion cells were first explained to the students.
Then, instructions on how to use the BMM software were pro-
vided. Since it was the first time that most of the users were using
VR, some time was given to the students to familiarize themselves
with the VR commands and the BMM environment. Then, they
were instructed to perform various process steps to fabricate a
LIB cell and to learn about the manufacturing procedure. After
the session, the students were given a similar questionnaire to
understand how much they had learned from the session and
feedback on what has to be improved for future sessions with
the BMM.

Figure 8. Users from different universities working together in the virtual
pilot line.
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(a) Have you everfabricateda (b)
lithium - ion cell ?

Have youalready useda
prototyping or pilot line to
manufacture LIBs ?

mYes
HYes
= No
® No
= You don't don’
remember m You don't
remember

Figure 9. Survey concerning a) if students have fabricated a Li-ion battery
previously and b) if students have used prototyping or pilot lines
previously.

From the first questionnaire, it can be observed that most
students possessed prior experience in fabricating experimen-
tally LIB cells at the laboratory scale” (Figure 9a). This can be
credited to their participation in the i-MESC MSc. program,
which specializes in materials for energy storage and conver-
sion. Furthermore, their completion of the first year of the
MSc program provided them with theoretical knowledge of
LIB cells exceeding the basic requirements. However, very
few have manufactured cells in a battery pilot line facility
(Figure 9b). In fact, the pilot line scale facilities are complex
and hazardous to train in, mainly because of the complexity
of the machines and because of the scale of hazardous materi-
als to handle, which increases the need to continuously monitor
every student individually. Furthermore, in general, pilot lines
might not be easy to get access to for training purposes
because they are generally intensively used for research and/
or technology transfer activities. Therefore, in our BMM,
students can get trained on the process at any time and by
using complex machinery and large quantities of materials
without physical risk.

The practical part of the BMM VR session lasted 1h and
15 min. In this part of the session, the students made a positive
half-cell with the help of all the instructors from the different uni-
versities. Each instructor helped his or her group of students with
the various controller functions for moving around, picking up
objects, etc., as well as with the equipment on the prototype lines.

The vast majority of students could try out the application
within the time allocated for this activity. Only five out of the
17 participating students could not try out the application due
to lack of time and also because some were hesitant to use
VR. These students seemed hesitant, possibly because they felt
intimidated by the prospect of performing in front of the class.
Therefore, to provide an equal amount of engagement to the
remaining students who could not or did not want to try, they
were provided with a worksheet and a sheet with equations
to note down the values of manufacturing process parameters
chosen by the VR users. With this, they could perform calculations
and guide the VR users on the set of values to choose depending
on the goal, as well as try to calculate the final predicted values
such as the gravimetric cell energy density, mass loading, and N/P
ratio in the application. To assess the students’ knowledge con-
cerning battery manufacturing before and after the VR session,
students were asked the question, “What are the different steps
involved in electrode manufacturing?” in both questionnaires.
The result shows the students already have a high initial level
of understanding (Figure 10). Furthermore, postsession results
indicated a reduction in errors among the student cohort.

During the postsession feedback questionnaire, for the “What
could be improved?” question, students responded mostly posi-
tively, giving their feedback on the VR session with statements
such as “That was great!”, “Good,” and “It was interesting.”
A few of them also suggested that more training hours would
be useful to give them time to do all the activities, to assimilate

What are the different steps involvedin electrode manufacturing ?
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Questionnaire 2 (%)

Figure 10. Responses to the questionnaire related to steps in electrode manufacturing before (Questionnaire 1) and after (Questionnaire 2) the metaverse

session (the correct answers are highlighted with the green boxes).
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all the information passed on to them, but also to give them more
time to practice and get to know the different functions of the VR
equipment controls. In real life, it is time-consuming to fabricate
and test a single batch of cells. Usually, it is necessary to practice
the fabrication of different cells repeatedly to get an intuitive
understanding of how and why to perform these processes.
Currently, if students wish to learn with more details about this,
they can choose an internship in their fourth semester, which
could provide them with more duration of training on prototyp-
ing and fabrication. However, it can be more difficult to train
them as a part of the course because battery electrode and cell
manufacturing are time-consuming in practice. The BMM shows a
strong potential to enable students to practice fabricating cells
anytime they wish without much safety and handling require-
ments and with less time. The BMM has multiple functions to per-
mit students to practice until they feel that they fully understand
the concepts. One student mentioned that he/she/they felt some
motion sickness with the use of the HMDs, which had been
reported before.l'®'? This can be mitigated by using lighter
HMDs and headsets that allow pass-through so that users can
take a break if they feel sick.¢””

4. Summary and Outlook

Our BMM, described in this Concept, offers an innovative immer-
sive environment in which users from the same or different geo-
graphical locations can get training in battery cell manufacturing.
The current version is a significant leap forward with its features. It
is now possible for multiple users from around the world to join the
application simultaneously and interact with each other through
avatars and voice. It also allows the instructor of the classes to
guide users directly by being present in the application. The appli-
cation consists of several independent rooms, which can be
accessed by the users where a virtual battery pilot line is present.
The pilot line includes all the equipment required to fabricate a
complete 18650-format cell using the chemistry selected by the
user(s). The application provides the users with the freedom to
choose any value for manufacturing parameters and observe its
effects on final electrode/cell properties such as mass loading
or gravimetric cell energy density. Students can track the process
and sequence they have chosen by using the virtual labels embed-
ded in the virtual products of the process. The application also
includes functions that speed up time, like a kind of “time
machine.” This makes it possible to fastforward through time-
consuming steps in the process.

The manufacturing parameters chosen by the users are handled
and evaluated in terms of the processability of the components
used, and feedback is provided during the electrochemical testing
step on whether any of the manufacturing parameter values
adopted during the manufacturing process do not fall within the
expected range. Moreover, for the calculation of final electrode
and cell properties, simple mechanistic equations that capture
the effects of key parameters are used, which provide the main
trends of the particular process. In the future, more complex
models can be directly incorporated into the application to evalu-
ate the electrode properties, accounting for the effects of all the

Batteries & Supercaps 2025, 00, €202500098 (14 of 16)

Input Component:
1. Properties of component
concerned for the process A
2. Process history

I Process A's parameter Input I

Process A

Operation Operation %
‘

Figure 11. Flowchart illustrating the sequence of parameter choices for a
general process “A.”

Output Component:
2. Output Component’s
Properties
2. Updated Process history

parameters. To elaborate further, in general, a process such as coat-
ing and drying begins with an initial component (e.g., slurry)
(Figure 11). The process parameters (e.g., line speed, drying rate)
are then chosen based on the input component’s properties (e.g.,
viscosity, solid content) and the process history (e.g., storage time
of slurry”®), which leads to an operation on the component, thus
producing a processed component, such as a dried electrode. This
process A (cf. Figure 11) can be modeled using mechanistic equa-
tions, as demonstrated in this Concept, along with physics-based
modeling,®>”®" and/or with machine/deep learning models.®”
Moreover, transfer learning could be used to apply these models
to the different chemistries present in the BMM environment.*®

The BMM features a configuration panel accessible via a
browser, allowing instructors to manage virtual rooms, save/load
states, and provide additional instructions and tips through a GUI.
This interface supports unlimited student practice by saving the
state of all actions and objects and enables instructors to prepare
the session beforehand, modify notes while instructing to better
suit the individual student’s capabilities, set up the room to study
specific processes, and pause and continue sessions seamlessly.

A preliminary session with i-MESC MSc. program students dem-
onstrated its effectiveness in providing an immersive learning
experience in battery manufacturing. To analyze the effectiveness
of the tool, questionnaires were distributed to the students before
and after the VR session. During a 1h and 15-min VR session,
students practiced the different battery manufacturing steps.
Post-session feedback was positive, with suggestions for more
training hours. After training, a greater number of students have
reduced their errors in the follow-up questionnaire. One student
experienced motion sickness, which can be mitigated by using
lighter headsets and passthrough features. These features are pres-
ent in newer versions of HMDs. Current technological advance-
ments focus on developing HMDs that reduce cybersickness
and are more economically accessible.®” Training in a virtual envi-
ronment also allows for safe, repeated practice without the risks
associated with handling large quantities of hazardous materials.
As a result, it is expected that this technology will be increasingly
adopted, making training for students and employees in such envi-
ronments more appealing. The intuitive and immersive nature of
these technologies can greatly enhance the learning experience,
making it both more enjoyable and effective.

It is important to note that the results of the session pre-
sented here are proof of concept due to the small group size.
To achieve more representative results, extending the study to
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a larger number of participants over a longer period would allow
for the observation of more significant changes.

Our BMM introduces a radically new way of engaging stu-
dents from different geographical locations in the important
field of electrochemical energy storage, particularly battery
manufacturing. We plan to expand our platform by adding new
materials and enabling the manufacturing of other battery tech-
nologies, such as Na-ion and solid-state batteries, as well as by
adding dry processing methods. Our BMM concept can also be
adapted for manufacturing and experimentation in other fields.
Even in the prototype stage, through the preliminary session, it
clearly shows that this kind of training modality is feasible and
useful. The BMM will be used to train the students enrolled in
the i-MESC MSc. Program for their battery manufacturing courses.
Further research on the pedagogy and ergonomics of the appli-
cation is planned to be conducted to allow for efficient and effec-
tive training on battery manufacturing. In the future, we also plan
to open the utilization of the BMM platform for users from outside
our i-MESC program network to maximize the community’s
accessibility to pilot line concepts and practice, which can be
made available through dedicated websites or through popular
platforms for VR applications such as Meta Store'®" and Steam.’®?
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