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Manual cell assembly confounds with research digitalization and

reproducibility. Both are however needed for data-driven optimization

of cell chemistries and charging protocols. Therefore, we present

herein an automatic battery assembly system (AutoBASS) that is

capable of assembling batches of up to 64 CR2023 cells. AutoBASS

allows us to acquire large datasets on in-house developed chemistries

and is herein demonstrated with LNO and Si@Graphite electrodeswith

a focus on formation and manufacturing data. The large dataset

enables us to gain insights into the formation process through dQ/dV

analysis and assess cell to cell variability. Exact robotic electrode

placement provides a baseline for laboratory-scalemanufacturing and

reproducibility towards the accelerated translation of findings from

the laboratory to the pilot plant scale.
Introduction

Optimization of active materials, electrolyte formulations, pro-
cessing, and manufacturing of secondary batteries along the
entire battery research chain1 is a capital-, material-, and time-
intensive task.2 Consequently, there is only a limited number
of data-driven3–5 studies in battery research on in-house
assembled6 i.e. non-commercially acquired cells. There is
however a necessity for manufacturing larger numbers of cells
in a reproducible manner7,8 for the investigation of chemistries
before the pilot plant scale1 i.e. when transitioning from the mg
to g scale. To translate research between labs9 and to pilot
production lines there is also a need to have unied ways of
describing battery data.10 We, therefore, build the automatic
battery assembly system (AutoBASS) as we see a pressing need to
accurately and precisely assemble cells to provide a “fail fast”11
1, 89081 Ulm, Germany. E-mail: helge.

he Institute of Technology, Karlsruhe,

mation (ESI) available. See

the Royal Society of Chemistry
decision gate12,13 for new cell chemistries and protocols.14 The
intention of is the proliferation of productive and reproducible
coin cell manufacturing robots in small scale academic
research. The intention is to build a bridge between singular
man-made cells to pilot line production. AutoBASS is open
source and agile enough that it provides an addition for veri-
cation and translation in an academic research context to large
scale deployments i.e. its intention is to remove barriers for
small batch upscaling instead of creating new ones.

Despite upscaling for demonstration purposes and optimi-
zation studies a recent study by Dechent et al.5 suggests that the
minimum number of cells to study with models containing 1 or
3 parameters is 8 or 13 respectively to overcome cell-to-cell
variability. Considering the many possible parameters that
can be changed in the active and inactive materials2,15 a system
for lab-scale cell assembly would therefore need to be able to
produce large batches of cells with near or exceeding commer-
cial cell reproducibility.5

Overall, there is very limited publicly available data on the
cycling behavior of cells, let alone their manufacturing or
formation cycle. Typically, either large batches of commercial
cells are tested that lack data on formation or data is pub-
lished5,14 on datasets containing less than 5–8 cells which are
made manually.6 A short literature review yields that some
emblematic papers in the eld of data driven battery research
consist of 48 manually assembled cells for coating optimiza-
tion,6 and 45 commercial cells for early lifetime prediction.14

The entire eld seems to be only having publicly available data
on less than 500 cells in total.5 A laboratory manufacturing
system, as presented herein, that can produce 64 cells in a day
could signicantly impact the eld towards a complete closed-
loop discovery cycle16,17 for cell chemistries and processes.

This robot resides at the top range of scale-up in our plat-
form for accelerated electrochemical energy storage research
(PLACES/R) as recently published by Stein et al.1 and, to the best
of our knowledge, is the rst robotic system of its kind for
battery research. To foster proliferation of this approach and in
as many labs as possible we publish the code and mechanical
Digital Discovery, 2022, 1, 755–762 | 755
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parts alongside this manuscript with a manual for assembly
and operation. We demonstrate the utility of this setup on state-
of-the-art Li-ion batteries consisting of LiNiO2 (LNO) cathodes,
Si@Graphite composite (Si–C) anodes, and 1 M LiPF6 in 3 : 7
EC : EMC by weight solvent-cosolvent ratio electrolyte without
additives. To minimize the inuence of coating faults and inter-
electrode sheet variation, electrodes (LNO from BASF, Si–C
Cidetec) were coated at pilot plant coating lines and supplied
through the BIG-MAP project. To the best of our knowledge this
is the rst open large-scale study of this state-of the-art mate-
rials combination. The thorough data and materials lineage
tracking allows us to obtain FAIR18 guideline compliant dataset.
Methods
Materials preparation

The overall workow of the herein presented automatic coin cell
assembly robot focuses on the production process aer elec-
trode coating and electrolyte formulation. Though the system is
principally amendable to manufacturing cells with different
electrolyte mixtures19,20 and electrodes, the herein presented
Fig. 1 Schematic rendering of the automatic battery assembly system (
parts are namely: anode caps, anodes, springs, spacers, separators, catho
the assembly post by a soft silicone suction cup on gripper attached to ro
and placed by a self-rectifying inside gripping mold on gripper A. The p
precision 3D printed tray. Cells are assembled with downfacing anode cap
to the crimper. Removal from the crimper is achieved by magnetic pi
a computer-controlled syringe pump with a rotating electrolyte tap. Rigid
achieved by a precision linear rail. A video of a cell assembly in the glov

756 | Digital Discovery, 2022, 1, 755–762
study uses the same electrolyte (1 M LiPF6 in 3 : 7 EC : EMC by
weight formulated by Elyte, Germany) and electrodes
throughout.

Prior to assembly, all sheet-like components need to be cut.
For this we use a disc puncher (AOT Battery, China) that allows
manual cutting of several hundred electrodes in an hour.
Electrodes were not weighed on purpose to demonstrate the
extremely low variability along the entire production process
including electrode cutting.

The round anodes in this study were cut using a 15 mm
diameter die, separators with a 16 mm die, and cathodes with
a 14 mm die. Cathode sheets of LNO (LiNiO2) were supplied by
BASF with a manufacturer specied areal loading of 3.1 mA h
cm−2. Anode sheets of Si–C were supplied by CIDETEC with
a manufacturer specied areal loading of 3.2 mA h cm−2. Active
material synthesis, coating, and balancing of these electrodes
was performed through the BIG-MAP project and is published
in the dissemination project report (www.big-map.eu/
dissemination/). All electrodes were manufactured in a dry
room environment at the respective manufacturing sites.
Electrodes were shipped in a sealed dry atmosphere and
AutoBASS) consisting of part trays for assembling CR2023 cells. These
des, and cathode caps. Parts are picked from the trays and placed onto
bot A. Due to the chute-like shape of coin cell springs, they are picked
recise and accurate placement of parts is ensured by a tensioned and
and flipped by gripper B which also transfers filled and assembled cells

ckup (spacers and springs are magnetic). Electrolyte is filled through
placement is ensured by an optical breadboard, long-range motion is

ebox is shown in the ESI.†

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Analysis and pictures of the first batch of cells produced by AutoBASS. (a) RGB-pixel color values across the center line to assess
placement accuracy of the electrodes. Because the anodes are black, there is little color difference to the anode cap. The white and wetted gray
separators are well distinguishable to the background and the gasket. The back of the cathode is facing the camera and is highly reflective, but the
gap is very well measurable. The variance of the left most minimum (beginning of gap) to the leftmost maximum color (gasket) is 0.12 mm for the
anode, 0.19 mm for the separator, and 0.07 mm for the cathode. (b) shows the images after placing the anode, (c) separator (d) cathode. Some
separators were greatly misplaced because they exhibited static charging and adhered to the suction cup resulting in a misplacement. Manual
intervention was necessary for the two grossly misplaced separators in (c) top left and row 6 column 6. The figure labels are placed at pictures in
which the camera failed.
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View Article Online
opened and cut inside a nitrogen lled glovebox. Transfer into
the glovebox was performed by placing a small incision onto the
sealed bag prior to evacuation in the antechamber. Separators
(glass ber) were additionally dried outside the glovebox at 75
�C overnight. The cut electrodes were placed manually into
the corresponding trays shown in Fig. 1. Spacers are double
stacked on the trays. All other coin cell parts (Pi-KEM, UK)
were washed in an ultrasonic bath lled with isopropanol and
then dried in an oven at 75 �C overnight. Placement of the parts
in the respective trays was again performed inside the glovebox.
Robotic CR2023 assembly

All cell components are picked up from trays as shown in Fig. 1
and placed on the assembly post by Robot A (Mecademic
© 2022 The Author(s). Published by the Royal Society of Chemistry
Meca500 Rev. 3). As the extent of the trays is much larger than
the accessible area of Robot A it is mounted on a precision
linear rail (Jenny Science Linax LXS 1800). Components are
picked up either through vacuum or mechanic gripping
depending on the kind of component as shown in the bottom
right and le insets in Fig. 1.

During robot design, dozens of iterations of gripping strat-
egies and method combinations were tested. Empirically we
nd that vacuum gripping works best for most components but
the spring, which is also the recommended placement method
by Murray et al.8 For the spring a special inner gripping mech-
anism was designed as shown in the bottom right of Fig. 1. This
mechanism is also used for down tapping motions (see below).
Separator static charging due to dry atmosphere vacuum grip-
ping leading to component sticking needs to be compensated.
Digital Discovery, 2022, 1, 755–762 | 757
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We achieve this by placing Cu single sided adhesive tape into all
separator holes in the tray and connecting the thus build
metallic surface to ground.

The following description of the lengthy assembly procedure
is shown with detailed pictures in the ESI† containing 46 photos
of all relevant movement positions including a description on
why these movements are executed in that way.

According to the standard procedure of coin cell assembly
guidelines and others8 recommended by BIG-MAP, the
assembly procedure is started with the anode case facing
downwards, therefore, the anode cup is rst picked up and
placed outer face down on the post. Subsequently, a spacer and
an anode are stacked onto each other. Through a computer-
controlled syringe pump, connected to a 3D printed rotating
electrolyte tap (self-build using a stepper motor and a 3D
printed arm in which a PTFE hose is held) the rst injection of
15.7 mL electrolyte is dispensed onto the anode. The second
electrolyte injection of the same volume is then dispensed aer
placing of the separator. Images are taken aer every placing
the anode, separator, and cathode. The rest of the components
(second spacer, spring, cathode cap) are stacked onto each
other and the cell is closed. To ensure ush closure of the cell,
rst an alignment tapping motion by gripper B on robot B is
performed. Then, using the spring gripper another tapping
motion is performed to ensure a ush closing of the cell by
a square tapping movement around the center. Aer this “ush
pressing” and aligning, robot B picks up and ips the closed cell
with gripper B to transfer it to the crimper. The crimper (MTI
MSK-160E, China) is then being triggered by a microcontroller
connected relay to start the crimping procedure. The pressure is
set through an analog dial to 800 kg. Aer the crimping tool
reverts to its homing position, robot B approaches the crimper
again to pick up the nished cell from the die through
a magnetic gripping mold on top of its gripper (see Fig. 1) nger
to transfer it to the assembly post. By performing a sliding
movement on top of the assembly post, the cell is dropped in
the assembly post with the cathode cup facing up. Robot A picks
up the cell and places the nished cell into the vacant position
where the corresponding cathode cup was previously located. In
the ESI† we supply a series of videos showing this procedure in
detail.
Fig. 3 Distribution of discharge capacity deviation from the median
for the respective cycle. Bootstrapping results in a mean of 4.16 (4.12,
4.20) mA h with the values in brackets being the 90% confidence
interval, the standard variation from bootstrapping is 0.144mA h. In the
fourth cycle 90% of the cells are within a 10% error range and 60% are
within a 5.9% error range.
Cycling procedure

We performed cycling of the cells according to the BIG-MAP
guidelines which recommend 6 hours of wetting prior to
formation. Through the exact timing and logging capabilities of
the AutoBASS system we have a second exact tracking of wetting
time. Cells were stored anode facing up before start of the
formation, cycling was performed with cells being in a vertical
position. Battery testing was performed using an Arbin battery
tester with 64 channels in laboratory air. Formation was per-
formed by three cycles at a C/20 rate for charge and discharge.
In battery research, the current being used to charge/discharge
an electrochemical cell is oen expressed as a C-rate in order to
normalize the charge/discharge rate in relative to its maximum
capacity. A 1C rate indicates the amount of current under which
758 | Digital Discovery, 2022, 1, 755–762
a battery will be fully charged/discharged in 1 hour whereas
under a C/20 rate it would be 20 hours. Therefore, for a battery
with a capacity of 4.77 mA h, which is the theoretical capacity
calculated from our material, 1C equates to a discharge current
of 4.77 mA and C/20 would be 238.5 mA. The charging constant
current (CC) step was stopped at 4.2 V and followed by
a constant voltage (CV) step until a current of less than C/50 was
observed. The fourth cycle was used to measure cell capacity
aer formation. Cycling was performed at 1C with a CV step
until C/20 currents were observed. Discharging was performed
at 1C.
Results and discussion
Assembly process

Placement of electrodes without active image feature recogni-
tion is comparably accurate as can be visually assessed in Fig. 2.
Measurements of electrode placements are however compli-
cated by the stark and sometimes weak contrast in color
between the black anodes facing the camera, white separators
wetted by electrolyte, and strongly reective cathode foil. A
facile method to measure the accuracy of electrode placement is
taking a horizontal line through the image trying to assess the
electrode-to-gasket distance. We nd from taking the lemost
minima position to gasket distance variance, the precision of
placing the anode is 120 mm, placing the separator is 190 mm,
and for placing the cathode is 70 mm. The separators exhibit the
largest variance as picking them up results in a slight defor-
mation and sometimes static electrical charging. Dropping the
separators then also introduces errors resulting in the fact that
© 2022 The Author(s). Published by the Royal Society of Chemistry
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two were grossly misplaced (cell in row 1 column 1 and row 6
column 6 see Fig. 2c) and had to be manually readjusted.

It should be noted that the color variations visible in Fig. 2c
and d are caused by the separator not being fully wetted and the
reective cathode backside mirroring the glovebox ceiling. The
cathodes are all slightly curved due to the thick LNO coating
causing the foil to slightly curl. It would be possible to deter-
mine the angular mismatch of the curling between anode and
cathode, this is however beyond the scope of this manuscript.

Through the exact materials tracking of the entire assembly
process from placement to testing, it is even possible to study
the inuence of wetting time onto some cell parameters. The
time from closing the cell to starting themeasurement is known
with second accuracy. We nd that there is no change in open
circuit potential (OCP), where OCP refers to the potential
between the battery terminals without any load applied. Open
circuit potential depends on the battery state of charge, which
increases with state of charge, from 3.75–11 h but that cells
wetted >15 h exhibit a higher starting potential. All pictures and
times measured during the assembly process are part of the
accompanying datale of this manuscript.
Fig. 4 Differential charge and discharge curves for the first four cycles as
20 until 4.2 V at which the cell was held until a current of C/50 was reach
some significant variation that is not correlated to any of the available
virtually the same. The only region exhibiting some variation which is incre
cycle a bimodal distribution in the areas marked II and II becomes appa

© 2022 The Author(s). Published by the Royal Society of Chemistry
Cell-to-cell variation

Besides the different starting open circuit potentials of the two
cell batches that were either rested for less or more than 15
hours there is no statistically signicant correlation detectable
between any of the measured assembly parameters (namely
electrode or separator placement, image embeddings, wetting
time) and electrochemical data (discharge capacity, dQ/dV data)
in the three formation cycles as tested by the maximum infor-
mation coefficient.21

In total 7 cells exhibited either a short circuit or other elec-
trical issues (i.e. triggering of safety switches in the Arbin Mit-
sPro 8 soware). For a conservative assessment of failure rates,
these tests were not resumed resulting in a failure rate of 10%.
We believe this value to be of great importance as to the best of
our knowledge there is no baseline available of howmany faulty
cells are assembled in laboratories.

The rst three formation cycles are performed at a constant
current charging with a C-rate of C/20 followed by a constant
voltage step at 4.2 V at which the cell is held until the current
reaches a C/50 rate. Discharging is performed using a constant
current equivalent to a C/20 rate until 2.5 V. The discharge
hexbin plots. Charging and discharging was performed at a C-rate of C/
ed. Discharging was stopped at 2.5 V. The first charging cycle exhibits
manufacturing data. Except for a few outlier cells all dQ/dV plots are
asing in cycle 3 and 4 is marked with the roman numeral I. In the fourth
rent.

Digital Discovery, 2022, 1, 755–762 | 759
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capacity calculated from bootstrapping analysis is 4.16 (4.12,
4.20) mA h with the values in brackets being the 90% condence
interval, the standard variation from bootstrapping is 0.144 mA
h or expressed in relative terms 3.4%. Frommeasured cells 90%
fall within a 10% relative capacity variation in cycle 4. It should
be stressed that all variations expressed herein are relating to
the unnormalized discharge capacity i.e. electrodes were not
weighted to assess the actual variability across the entire
production process from electrode cutting to cell testing. We
nd that the distribution of Si-particles in the electrode varies to
a great extent over the sheet as shown in the ESI† and is likely
the main cause of the skewed capacity distribution.
Formation cycles

As is partially already evident from the histograms shown in Fig. 3
of the formation cycles, there is very little cell to cell variation. A
method to study small deviations between cells and cycles are
differential capacity curves as shown in Fig. 4. During the rst
formation cycle, as shown in the top le of Fig. 3 there is
a signicant differential charging variance. This would be indic-
ative, if the peaks were shied, of different resistances for certain
intercalations, which does not seem to be the case. Instead, some
peaks are signicantly less pronounced or even absent for some
cells. This could be indicative of some species on the surface of
the electrodes (oxides, hydroxides, different Si-loading as shown
in Fig. S1†) that react upon lithium de/intercalation. During the
discharge (indicated by the arrows) there are virtually no differ-
ences but for a few outlier cells. The large variance during the rst
charge is likely due to an inhomogeneous distribution of Si-
particles in the graphite electrode (see ESI Fig. S1†). The cathode
material and likely the resulting cathode electrolyte interphase
(CEI) appear to be very homogenous as can be seen in the virtually
identical differential discharge capacity curves in Fig. 4. Besides 3
cells that show up in the dQ/dV plots as outliers there seems to be
a bimodal distribution of dQ/dV shapes occurring in the second
and third formation cycle as indicated by the dashed lines in
Fig. 3. These likely correspond to the two qualitative Si-loading
regiments as shown in Fig. S1.† There, the anodic shoulders for
the rst and second formation cycle exhibit some increased
variance in the peaks around 3.4 V and in the fourth (capacity test)
cycle the peak exhibits a broad variation. The bimodal distribu-
tion of dQ/dV curves is most prominently visible in the fourth
circle as indicated by the dashed regions II and III. Since the
bimodal curve shape distribution is visible on both the charge and
discharge data, we believe that these minute variations highlight
the necessity to produce larger arrays of cells as they would have
otherwise likely not been captured. Comparing the herein
acquired data to that found in literature on LNO the region
showing increased variance that is denoted by the roman numeral
I in Fig. 4 could be attributed to the H1 and H1 to H2 phase
transition or more likely to the insertion into Si in the Si–C
anode.22 Since there is some considerable variance in Si-particle
loading (see Fig. S1†) across the anode sheets we believe this
variance to be originating from the electrodes and not necessarily
from assembly or randomness. The region marked by II and III is
likely de/insertion into the H2 phase.23
760 | Digital Discovery, 2022, 1, 755–762
Conclusion

Motivated by the necessity to produce larger batches of cells to
overcome cell-to-cell variability and a critical need to translate
results from the lab to pilot production lines we herein present,
to the best of our knowledge, the rst automatic coin cell
assembly robot. Even without active control in electrode place-
ments the accuracy is 0.07–0.2 mm which is better than any
manual assembly in a glovebox could ever be. The variance in
unnormalized capacity of the manufactured cells is found by
bootstrapping to be only 3.4%.

We show that there is nomeasurable inuence or correlation
between our assembly process and the formation behavior of
our cells and identify inhomogeneities in the anode foil to be
the main cause of error. This robot can also act as a “fail early”
decision gate for new concepts and cell chemistries due to its
good reproducibility and comparably small amount of material
necessary. With the employed method of electrode punching,
we can obtain about 100 cells from as little as a 30 cm � 10 cm
electrode sheet and gain insight into the statistical variation in
cycling behavior very early in the materials discovery process.

We also use the herein manufactured batch to establish
a conservative baseline for failed laboratory made cells, which is
10%. We believe to be able to reduce this failure rate even more
by metallic vacuum grippers and active image recognition-
based electrode placement in the future. The complete data
and materials lineage tracking allows us to acquire a compre-
hensive dataset that can interrelate cell assembly and electro-
chemistry and believe this technology to be of great importance
for the eld especially with the transition towards post-Li ion
batteries.24 All necessary soware and mechanical parts besides
bought components are published alongside this manuscript to
foster the proliferation of AutoBASS to more laboratories with
our hope to establish data driven battery research with new
chemistries as greater pace and reproducibility.
Data availability

The soware and mechanical parts to build and run AutoBASS
can be found at https://github.com/Helge-Stein-Group/
AutoBASS as well as in the ESI.† The dataset can be found in
the ESI.† A brief description of the data structure can be
found in the repository.
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