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(57) ABSTRACT

Systems and techniques for measuring process characteris-
tics including electrolyte distribution 1n a battery cell. A
non-destructive method for analyzing a battery cell includes
determining acoustic features at two or more locations of the
battery cell, the acoustic features based on one or more of
acoustic signals travelling through at least one or more
portions of the battery cell during one or more points 1n time
or responses to the acoustic signals obtained during one or
more points 1n time, wherein the one or more points 1n time
correspond to one or more stages of electrolyte distribution
in the battery cell. One or more characteristics of the battery
cell are determined based on the acoustic features at the two
or more locations of the battery cell.
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[0001] This application 1s a continuation of and claims the
benefit of] U.S. application Ser. No. 16/826,718, filed on

Mar. 23, 2020, entitled SYSTEMS AND METHODS FOR
EVALUATING ELECTROLYTE WETTING AND DIS-
TRIBUTION, which claims the benefit of priority to U.S.
Provisional Application No. 62/821,603, filed on Mar. 21,
2019, entitled SYSTEMS AND METHODS FOR EVALU-

ATING ELECTROLYTE WETTING AND DISTRIBU-
TION, expressly incorporated herein by reference in 1ts

entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This mnvention was made with U.S. Federal gov-
ernment support under Grant No. AR0O000866 awarded by
the Department of Energy, Advanced Research Projects
Agency. The U.S. Federal government has certain rights in
the 1nvention.

FIELD OF DISCLOSURE

[0003] Daisclosed aspects are directed to non-invasive and
non-destructive techniques for evaluating electrolyte char-
acteristics such as wetting and distribution 1n an electro-
chemical system.

BACKGROUND

[0004] There 1s a significant and growing pressure on
manufacturers of batteries, such as lithium-ion batteries
(LIBs), to decrease production costs. This pressure 1s seen to
originate Ifrom rapidly-expanding production capacities
worldwide, as well as increased demands on battery-driven
systems (e.g., electric vehicles) to reduce prices. For
instance, electric vehicles are expected to drop prices by
over 20% to be competent with mass-market non-battery-
driven vehicles such as internal combustion engine vehicles.
Additionally, the electric vehicle industry 1s trending
towards larger-size batteries and thicker, denser electrodes.
However, these trends also lead to the increasing demands
on higher quality, safety, and reliability of batteries, while
continuing to reduce production costs.

[0005] Looking at production costs in more detail, the
final series of processes steps 1n the production of a battery
cell, or “cell finishing” as known 1n the art, can contribute to
about 40% of the total production costs for the battery cells
(excluding raw material costs) i a typical manufacturing
setup. The following steps are generally involved in battery
cell fimshing: electrolyte filling and soaking, pre-charging,
formation, aging, and final end-of-line quality testing. In
particular, the electrolyte filling and soaking steps are criti-
cal to the overall quality, performance, and safety of the
battery cells being produced, as the electrolyte 1s the primary
medium through which positive charges tlow through the
battery cell during operation.

[0006] Inthe electrolyte filling and soaking steps, ensuring
a uniform distribution of electrolyte 1s important to battery
quality, expected future performance, and safety, collec-
tively referred to as battery health. If a battery cell has any

Jul. 13, 2023

areas where the electrolyte has not fully saturated or soaked
through, 1.e., 1f there 1s unevenness in the distribution of
clectrolyte, “dry spots” may result in such areas with msui-
ficient electrolyte. These dry spots may lead to non-uniform
current distribution across the electrode area during battery
cell formation and operation. In turn, the non-uniform
current distribution can result in performance degradation of
the battery cell (e.g., due to local mechanical separation or
lithium metal plating). In extreme cases, lithium metal
plating in the form of dendrites can short-circuit the elec-
trodes mternally, and sometimes results in catastrophic fail-
ure 1n the form of thermal runaway of the battery cell.

[0007] Under ambient conditions, and even at elevated
temperatures, the time taken for the electrolyte to be tully
distributed throughout a battery cell may be relatively long,
typically requiring hours of soaking of the electrolyte to
achieve a substantially full distribution. Electrolyte wetting
1s mainly driven by capillary forces, which are typically not
strong enough for liquid electrolytes to completely saturate
all the pores within the battery cell or a stack of battery cell
components. Moreover, saturating the pores faces further
challenges when the sizes of the pores decrease. Electrolyte
composition and viscosity can also have a significant influ-
ence on electrolyte distribution. For example, an electrolyte
with lower viscosity may achieve better distribution than an
clectrolyte with higher viscosity. Additionally, 1f the con-
nectivity of the pore structures 1n some regions 1S SO poor
that the electrolyte 1s faced with restrictions in pathways to
flow through, these regions may never be wetted. In elec-
trodes, pore size distribution and pore accessibility (and thus
wetting behavior) are aflected by upstream process param-
cters, such as the particle size of constituent electrode
materials, thickness of the electrode layer, carrier solvent
used when casting electrode slurries, speed and temperature
during drying, compression pressure during calendaring,
vacuum drying of electrodes, etc. Another reason for long
wetting times can be poor wettability of some of the battery
cell components, based, for example, on poor compatibility
between the surface energies of the electrolyte and the
battery cell components. Poor wettability of this nature may
be influenced by electrode surface coatings; separator mate-
rials, porosity, coatings, and treatment; and electrolyte com-
position, and additives.

[0008] Some electrolyte filling and soaking processes that
are currently used in battery cell production (as well as
during prototyping and process development) to accelerate
the flow or infiltration of electrolyte into the battery cell
include: filling the battery cells under low pressure condi-
tions 1n a vacuum chamber, having multiple fill and vacuum
steps, soaking under elevated temperatures, press rolling or
vibrating during and after electrolyte filling, and soaking
with additional stack pressure (e.g. where a pouch type cell
1s sandwiched and compressed between flat plates). These
conventional methods may demonstrate a positive eflect on
reducing filling and wetting time, but their eflicacy has not
been quantified systematically. There remains a need for
non-destructive, scalable methods for monitoring, visualiz-
ing, and analyzing the dynamic filling and soaking process
of electrolytes, e.g., 1n real time, during the course of the
dynamic filling and soaking process. Such techniques can be
useful 1n ensuring battery health, as well as 1 providing
quantitative data for process improvements.

[0009] Currently, assessing the time taken for the electro-
lyte to be fully distributed throughout the battery cell, also
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referred to as “wetting time,” 1s an empirical, expensive, and
time-consuming eflort. Such assessments typically mvolve
producing a batch of battery cells, injecting the batch of
battery cells with a known amount of electrolyte, and
sequentially disassembling subsets of cells of the batch of
battery cells after varying lengths of time have elapsed since
the end of the electrolyte injection. By taking apart the
battery cells, which 1s a destructive process, the electrode
surfaces can be visually inspected to determine the extent of
clectrolyte wetting. Based on a series of such destructive
tests, an average wetting time can be estimated, where in
some cases a salety factor can be added to the average
wetting time. The average wetting time (with a safety factor
optionally added) can be used as the estimated wetting time
for battery cells during large-volume production of the
battery cells.

[0010] Given the dearth of alternative, non-mvasive meth-
ods for characterizing the electrolyte wetting quality 1n a
time-eflicient manner, the current techniques (e.g., during
process development) involve repeatedly executing the
above-described expensive and time-consuming processes
for determining wetting time for evaluating the influence of
different material or battery cell components (e.g., a new
separator) or upstream process parameters (e.g., coating
thicker electrode layers) used 1n the battery cell production.

[0011] Electrochemical impedance spectroscopy and neu-
tron radiography are known analytical methods that have
been used to assess electrolyte wetting quality 1n lithium 10n
battery cells 1n laboratory settings. In production environ-
ments, electrical AC impedance tests can be used to char-
acterize the electrolyte distribution, where low 1impedance
values over time are assumed to indicate uniform wetting of
the electrodes. However, as with other known electrical
methods of analysis, AC impedance measurements are elec-
trode-averaged measurements and are likely to be dominated
by measurements from normal/properly-filled areas of the
battery cell and potentially insensitive to small dry spots that
nevertheless have a major influence on long-term battery
performance. Thus, information about small dry spots or
void spaces, €.g., between electrode layers or within porous
clectrode or separator layers, may be overlooked due to
being overshadowed by the AC impedance measurements
obtained from the normal areas. Neutron radiography can
help visualize the electrolyte tlow within the cell in-situ
non-invasively by potentially mtroducing radio isotopes in
the electrolyte. However, the use of neutron radiography in
cell manufacturing 1s limited by the availability of neutron
sources at scale. Contamination of the electrolyte can also
hinder neutron radiography techniques.

[0012] FElectrolyte fill and soaking are also recognized as
critical process steps 1n battery cell production because the
evenness ol electrolyte distribution 1s seen to directly influ-
ence the yield rate of expensive downstream processes like
formation and aging. The quality of electrolyte wetting of
the pores of the electrodes and separators of battery cells has
a high mmpact on structures such as a solid electrolyte
interphase (SEI), which 1s a passivation layer formed on
clectrode surfaces from decomposition products of electro-
lytes. Similar to electrolyte distribution, the evenness and
quality of SEI formation has a strong influence on the overall
quality, performance, and safety of the battery cells being
produced. The electrolyte wetting quality also aflects the
aging behavior of the battery cell (e.g., where aging of the
battery cell can be measured as a rate of voltage fade while
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the battery cell 1s electrically 1solated from external circuits).
Poorly wetted areas influence battery cell performance by
increasing the internal 1onic resistance and decreasing the
discharge capacity, cycle life, and safety of the battery cell.
The amount and distribution of electrolyte within the battery
cell 1s important for the overall performance of the battery
cell. Flooding or depletion of the battery cell electrolyte may
severely impair battery cell performance and may cause
failures. Conventional techniques, which rely on analyzing
clectrolyte wetting over lengthy formation cycles, do not

.y

suiliciently address the numerous challenges outlined above.

SUMMARY

[0013] Systems and methods for observing, monitoring,
and evaluating the migration and distribution of electrolyte
in a battery cell are disclosed. Measuring acoustic features
or properties at multiple points across a battery cell’s area
and analyzing the change 1n acoustic features, both as a
function of spatial position and soaking time, i1s used to
cvaluate the electrolyte wetting process and battery cell-
level quality and uniformity 1n a fast, non-invasive manner.
The acoustic features may be based on one or more of
acoustic signals travelling through at least one or more
portions of the battery cell during one or more points 1n time
or responses to the acoustic signals obtained during one or
more points 1n time, where the responses 1include vibrational
responses to the acoustic signals transmitted into the battery
cell. The disclosed techniques can also provide dynamic
information that battery cell manufacturers can use to design
new production process steps, make process improvements,
optimize process parameters, catch drift in process quality,
carry out smarter predictive maintenance, improve yield and
reduce scrap, and screen out low quality battery cells much
carlier than previously possible.

[0014] According to some examples, a method of analyz-
ing a battery cell 1s provided, the method comprising:
determining acoustic features at two or more locations of the
battery cell, the acoustic features based on one or more of
acoustic signals travelling through at least one or more
portions of the battery cell during one or more points in time
or responses to the acoustic signals obtained during one or
more points 1n time, wherein the one or more points 1n time
correspond to one or more stages of electrolyte distribution
in the battery cell; and determining one or more character-
1stics of the battery cell based on the acoustic features at the
two or more locations of the battery cell.

[0015] In some examples, a non-transitory computer-read-
able medium 1s provided, having stored thereon computer-
readable 1nstructions that, upon being executed by one or
more processors, cause the one or more processors to:
determine acoustic features at two or more locations of the
battery cell, the acoustic features based on one or more of
acoustic signals travelling through at least one or more
portions of the battery cell during one or more points in time
or responses to the acoustic signals obtained during one or
more points in time, wherein the one or more points 1n time
correspond to one or more stages of electrolyte distribution
in the battery cell; and determine one or more characteristics
of the battery cell based on the acoustic features at the two
or more locations of the battery cell.

[0016] In another example, a system 1s provided, compris-
Ing: one or more processors; and memory including mstruc-
tions that, upon being executed by the processor one or more
processors, cause the system to: determine acoustic features
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at two or more locations of the battery cell, the acoustic
features based on one or more of acoustic signals travelling
through at least one or more portions of the battery cell
during one or more points 1n time or responses to the
acoustic signals obtained during one or more points 1n time,
wherein the one or more points in time correspond to one or
more stages of electrolyte distribution 1n the battery cell; and
determine one or more characteristics of the battery cell
based on the acoustic features at the two or more locations
of the battery cell.

[0017] Some examples of the method, non-transitory coms-
puter-readable medium, and/or the system further comprise
creating a two-dimensional map based on the acoustic
features at the two or more locations, wherein determining
the one or more characteristics of the battery cell based on
the acoustic features at the two or more locations of the
battery cell comprises determining the one or more charac-
teristics of the battery cell based on the two-dimensional
map.

[0018] Some examples of the method, non-transitory com-
puter-readable medium, and/or the system further comprise
creating a matrix with two or more two-dimensional maps
created using acoustic features obtained at two or more
points 1n time from one or more battery cells at two or more
clectrolyte fill levels.

[0019] Some examples of the method, non-transitory coms-
puter-readable medium, and/or the system further comprise
applying a dimensionality reduction algorithm to the acous-
tic features to determine a reduced-dimension score.
[0020] Some examples of the method, non-transitory com-
puter-readable medium, and/or the system further comprise
plotting the reduced-dimension score as a function of soak-
ing times for electrolyte distribution in the battery cell,
wherein the one or more characteristics comprise 1deal
soaking times for the battery cell, and the reduced-dimen-
s10n score comprises an inhomogeneity index or an electro-
lyte distribution homogeneity index.

[0021] In some examples of the method, non-transitory
computer-readable medium, and/or the system, the one or
more points in times belong to one or more of process steps
comprising soaking, formation, and self-discharge aging of
the battery cell, or to one or more charge/discharge cycles of
the battery cell.

[0022] In some examples of the method, non-transitory
computer-readable medium, and/or the system, the one or
more characteristics include one or more of battery cell

quality, 1deal soaking time, process driits, or manufacturing
defects.

[0023] In some examples of the method, non-transitory
computer-readable medium, and/or the system, the manu-
facturing defects comprise one or more of contamination,
dry spots, voids, electrode and separator folds or tears.

[0024] In some examples of the method, non-transitory
computer-readable medium, and/or the system, the one or
more characteristics include battery cell performance corre-
sponding to one or more of teardown analysis, formation
capacity, Electrochemical Impedance Spectroscopy (EIS),
self-discharge aging, or charge/discharge cycling.

[0025] Some examples of the method, non-transitory coms-
puter-readable medium, and/or the system further comprise
determining one or more process parameters for electrolyte
filling of the battery cell based on the one or more charac-
teristics, the one or more process parameters comprising one
or more ol a number of fill/vacuum cycles, a fill amount of
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clectrolyte per fill step, vacuum pressure, fill temperature, or
clectrolyte 1njection distribution for the battery cell.

[0026] Some examples of the method, non-transitory com-
puter-readable medium, and/or the system further comprise
determining one or more pre-electrolyte-1ill (or pre-fill)
parameters for implementing upstream (prior to the electro-
lyte fill step) process and materials optimization of the
battery cell based on the one or more characteristics, the one
or more pre-fill parameters comprising one or more of an
clectrodes materials and composition ratio, electrode poros-
ity, separator type, materials, porosity and coating, electro-
lyte chemuistry, electrolyte composition, electrolyte viscosity,
clectrode additives or electrolyte additives.

[0027] Some examples of the method, non-transitory com-
puter-readable medium, and/or the system further comprise
determining one or more soaking parameters for a soaking
process of the electrolyte 1n the battery cell based on the one
or more characteristics, the one or more soaking parameters
comprising one or more of soaking temperature, stack
pressure, voltage during soaking, battery cell orientation, or
agitation of the battery cell.

[0028] In some examples of the method, non-transitory
computer-readable medium, and/or the system, the acoustic
features are determined from one or more time-domain
characteristics, one or more frequency-domain characteris-
tics, one or more time-frequency domain characteristics,
and/or one or more wavelet domain characteristics of the
transmitted acoustic signals or the response signals or com-
binations thereof.

[0029] In some examples of the method, non-transitory
computer-readable medium, and/or the system, the acoustic
features, which can span time, frequency, time-ifrequency,
and/or wavelet domains, can include spectral centroid fre-
quency, spectral centroid time, root-mean-square amplitude,
first-break time, first-peak time and amplitude, signal
entropy, signal tlatness, energy band ratios, spectral tluxes,
band widths, roll-ofl frequencies.

[0030] In some examples of the method, non-transitory
computer-readable medium, and/or the system, the acoustic
signals travelling through at least one or more portions of the
battery cell comprise one or more of acoustic signals trans-
mitted into the battery cell or reflections of the acoustic
signals transmitted into the battery cell.

[0031] In some examples of the method, non-transitory
computer-readable medium, and/or the system, the
responses to the acoustic signals comprise one or more of
responses to the acoustic signals transmitted nto the battery
cell or responses to the retlections of the acoustic signals
transmitted into the battery cell.

[0032] In some examples of the method, non-transitory
computer-readable medium, and/or the system, the acoustic
features are determined from one or more time-domain
characteristics, one or more frequency-domain characteris-
tics, or one or more time-irequency domain characteristics
of the transmitted acoustic signals or the response signals or
combinations thereof.

[0033] Some examples of the method, non-transitory com-
puter-readable medium, and/or the system further comprise
comparing the acoustic features to a reference set of acoustic
features, the reference set of acoustic features obtained at
corresponding two or more locations of a reference battery
cell.

[0034] In some examples of the method, non-transitory
computer-readable medium, and/or the system, determining
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one or more characteristics of the battery cell 1s further based
on comparing the acoustic features to predetermined corre-
sponding threshold values.

[0035] In some examples of the method, non-transitory
computer-readable medium, and/or the system, the one or
more characteristics comprise a quality of a solid electrolyte
interphase (SEI) layer of the battery cell.

[0036] Some examples of the method, non-transitory coms-
puter-readable medium, and/or the system further comprise
determining one or more insights based on the determined
one or more characteristics, the insights comprising hints for
one or more of process design, process optimization, process
monitoring, control, or decisions about downstream pro-
cesses Tor manufacturing one or more battery cells.

[0037] In some examples, another method of analyzing a
battery cell 1s provided, the method comprising: determining,
acoustic features at one or more locations of the battery cell,
the acoustic features based on one or more of acoustic
signals travelling through at least one or more portions of the
battery cell during two or more points 1n time or responses
to the acoustic signals obtained during two or more points in
time, wherein the two or more points in time correspond to
one or more stages of electrolyte distribution 1n the battery
cell; and determining one or more characteristics of the
battery cell based on the acoustic features at the one or more
locations of the battery cell.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] The accompanying drawings are presented to aid 1in
the description of various aspects of the ivention and are
provided solely for illustration and not limitation.

[0039] FIG. 1Aillustrates an apparatus for acoustic testing
ol a battery cell, according to aspects of this disclosure.
[0040] FIG. 1B illustrates examples of acoustic signals
transmitted nto a battery cell and response signals thereotf,
with one or more characteristics of the signals, according to
aspects of this disclosure.

[0041] FIG. 1C illustrates an example ol Irequency
domain characteristics of the signals of FIG. 1B, according
to aspects of this disclosure.

[0042] FIGS. 2A-B illustrate examples of sensor configu-
rations across a battery cell area, and varnations of acoustic
teatures across the battery cell area, according to aspects of
this disclosure.

[0043] FIG. 3A illustrates an example battery cell with
sensors placed across 1ts area, and an indication of liquid
clectrolyte 1njected 1nto the battery cell, according to aspects
of this disclosure.

[0044] FIG. 3B illustrates a matrix of spatial distributions
ol acoustic features for battery cells with different electro-
lyte compositions and diflerent soaking times, according to
aspects of this disclosure.

[0045] FIG. 4A 1llustrates acoustic features represented as
a reduced dimension score, according to aspects of this
disclosure.

[0046] FIG. 4B shows 1deal wetting times for battery cells
with different electrolyte compositions, according to aspects
of this disclosure.

[0047] FIG. § illustrates a graph of acoustic features
corresponding to fill/vacuum cycle based process variations,
according to example aspects of this disclosure.

[0048] FIG. 6 1illustrates a graph of acoustic features
corresponding to stack pressure based process variations,
according to example aspects of this disclosure.

Jul. 13, 2023

[0049] FIG. 7 illustrates a plot of acoustic features corre-
sponding to variations in manufacturing conditions, accord-
ing to example aspects of this disclosure.

[0050] FIG. 8 1llustrates a process of collecting and ana-
lyzing acoustic wavetorms from two or more locations of a
surface of a battery cell, according to aspects of this disclo-
sure.

DETAILED DESCRIPTION

[0051] Aspects of the mvention are disclosed in the fol-
lowing description and related drawings directed to specific
aspects of the mvention. Alternate aspects may be devised
without departing from the scope of the mvention. Addi-
tionally, well-known elements of the mvention will not be
described 1n detail or will be omitted so as not to obscure the
relevant details of the mnvention.

[0052] The word “exemplary” 1s used herein to mean
“serving as an example, instance, or 1llustration.” Any aspect
described herein as “exemplary” 1s not necessarily to be
construed as preferred or advantageous over other aspects.
Likewise, the term “aspects of the invention” does not
require that all aspects of the invention include the discussed
feature, advantage or mode of operation.

[0053] The terminology used herein 1s for the purpose of
describing particular aspects only and 1s not itended to be
limiting of aspects of the invention. As used herein, the
singular forms “a,” “an,” and “the” are intended to include
the plural forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms
“comprises’, “comprising,” “includes,” and/or “including,”
when used herein, specily the presence of stated features,
integers, steps, operations, elements, and/or components, but
do not preclude the presence or addition of one or more other
features, 1ntegers, steps, operations, elements, components,
and/or groups thereof.

[0054] Further, many aspects are described in terms of
sequences of actions to be performed by, for example,
clements of a computing device. It will be recognized that
various actions described herein can be performed by spe-
cific circuits (e.g., application specific integrated circuits
(ASICs)), by program 1nstructions being executed by one or
more processors, or by a combination of both. Additionally,
these sequence of actions described herein can be considered
to be embodied entirely within any form of computer
readable storage medium having stored therein a corre-
sponding set of computer instructions that upon execution
would cause an associated processor to perform the func-
tionality described herein. Thus, the various aspects of the
invention may be embodied 1n a number of different forms,
all of which have been contemplated to be within the scope
of the claimed subject matter. In addition, for each of the
aspects described herein, the corresponding form of any
such aspects may be described herein as, for example, “logic
configured to” perform the described action.

[0055] Aspects of this disclosure are directed to exemplary
techniques for monitoring electrolyte wetting quality, which
overcome the above-mentioned problems associated with
conventional approaches. The disclosed techniques use
acoustic or sound signals (e.g., ultrasound signals) to study
aspects of electrolyte distribution 1n batteries 1n a fast,
non-invasive, non-destructive, and scalable manner. For
example, the disclosed techniques can be used 1n evaluating
the quality, umiformity, and optimal wetting time of electro-
lyte distribution during commercial production. Measuring
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acoustic properties at multiple points across a battery cell’s
area and analyzing the change in acoustic signal features—
both as a function of spatial position and soaking time—
tacilitates the evaluation of electrolyte wetting process and
battery cell-level quality and uniformity i a fast, non-
invasive manner. The information obtained using the
example processes also can provide dynamic information
that battery cell manufacturers can use to make process
improvements, catch process drift, carry out smarter predic-
tive maintenance, and screen out low quality battery cells
much earlier than previously possible.

[0056] In some examples, one or more ultrasonic pulses
are transmitted 1nto a battery cell and response signals of the
transmitted pulses are monitored. The response signals may
include the waveforms generated due to transmission of the
pulses through the battery cell and reflection (or echo
signals) of the transmitted pulses, e.g., from walls of the
battery cell. In some examples, means for transmitting
acoustic pulses such as transducers (e.g., piezoelectric trans-
ducers) may be used for transmitting the pulses. A controller
or ultrasonic pulser may provide electrical signals to the
transmitting (1x) transducers for transmitting acoustic sig-
nals of desirable amplitude, frequency, wavelorm, efc.
Means for sensing or recerving responses to the transmaitted
pulses, such as receiving (Rx) transducers may be used for
sensing or receiving the response signals. The Rx transduc-
ers may include suitable sensors, piezoelectric transducers,
accelerometers, etc., for receiving the response signals and
converting them to electrical signals. The controller may
receive the electrical signals from the Rx transducers and
store them 1n a database, for example, for further processing.

[0057] A processor in communication with the controller
may be used for analyzing the transmitted and/or response
signals to determine information regarding various physical
conditions of the battery cell. For instance, the processor
may analyze the transmitted and/or response signals 1n the
time domain and/or the frequency domain to extract acoustic
signal features such as a first-break time, centroid (mean)
frequency, time-of-flight (ToF), amplitude, etc. By placing
the Tx transducers at different locations on a battery cell
and/or by sensing, using Rx transducers at diflerent locations
of the battery cell, the acoustic signal features may be
studied at various locations. Based on a spread of the
acoustic signal features, information pertaining to the elec-
trolyte distribution may be obtained.

[0058] To explain, the acoustic signals are sensitive to
changes 1n physical properties of the battery cell along the
acoustic signals’ path. In some examples, transmission of
acoustic signals through solids 1s different from transmission
of acoustic signals through liquids under similar conditions.
For mstance, under similar operating conditions such as a
same travel distance for the acoustic signals, liquids tend to
attenuate (or absorb) higher frequency sound waves as
compared to monolithic solids. Whereas dry and partially
saturated porous solids are both highly attenuative of the
high frequency sound waves, porous solids that are filled
with liquid electrolyte (e.g., 1n the case of an 1deal battery
cell electrode) are seen to be less attenuative of the high
frequency sound waves. In other words, the porous solids
that are filled with liquid electrolyte are observed to transmit
a greater amount of high-frequency signals in comparison to
dry or partially saturated porous solids. Accordingly, acous-
tic signal features (e.g., centroid frequency) are observed to
vary for liquids, dry porous solids, partially saturated porous
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solids, fully saturated porous solids, and monolithic solids.
Studying these varniations across battery cells or across the
body of a battery cell may reveal information pertaining to
the underlying composition of the battery cells. For
example, the variations in acoustic signal features can reveal
information such as whether certain locations have solids,
liquids, dry spots, etc.

[0059] Given the sensitivity of the acoustic signals to
physical properties of the medium through which they
travel, the example acoustic signal based analysis techniques
discussed herein provide a highly accurate view of the
battery cell’s composition. In some examples, the view of
the battery cell’s composition reveals useful information
regarding electrolyte wetting and distribution. In some
examples, the Tx and/or Rx transducers may comprise
piezoelectric transducers which are very sensitive and time-
ciicient (e.g., each reading by an Rx transducer may be
accomplished 1n less than 1 ms, for detecting physical
dynamics of the battery cell based on the acoustic signals,
with high accuracy and in real-time). Therefore, the exem-
plary techmiques may be used to probe a battery cell n
controlled laboratory settings as well as at a commercial
scale. These technmiques may also be used to study physical
differences 1n a test battery cell (e.g., compared to one or
more reference batteries). In some examples, the test battery
cell may be subjected to the electrolyte fill and soaking
steps. In some examples, the test battery cell may be 1n one
of the subsequent battery cell finishing process steps in the
production of the test battery cell.

[0060] In example aspects, the acoustic signal based
analysis of a battery cell may be performed on any battery
cell during any stage of electrolyte fill and soaking, regard-
less of the specific chemistry and/or geometry of the battery
cell. As discussed herein, the terms “battery cell”, “battery”,
and “cell” may be used interchangeably, and may generally
refer to any electrochemical energy storage system, and
more specifically, electrochemical energy storage systems
comprising electrolytes.

[0061] FIG. 1A shows an example apparatus 100 for
analyzing a battery cell 102 using acoustic signals according
to this disclosure. The apparatus may include one or more
transmitting ('1x) transducers 104 or other means for sending
sound signals into the battery cell (e.g., for transmitting a
pulse or pulses of ultrasonic or other acoustic waves or
vibrations through the battery cell). The apparatus further
includes one or more recerving (Rx) transducers 106 or other
means for receiving/sensing the sound signals, which can
receive response signals generated from sound signals trans-
mitted by the Tx transducers 104. The transmaitted signals
from a Tx transducer 104, from the side of the battery cell
102 on which the Tx transducer 104 1s located may be
referred to as pulse signals and reflected signals, e.g., from
another side of the battery cell 102 may be referred to as
echo signals. It 1s understood that references to response
signals may include both the pulse and the echo signals.
Further, one or more of the Tx transducers 104 may also be
configured to recerve response signals, and similarly, one or
more of the Rx transducers 106 may also be configured to
transmit acoustic signals. Therefore, even though separately
illustrated as Tx and Rx, the functionalities of these trans-
ducers may be for both sending and receirving acoustic
signals. In some examples, one or more of the Tx transduc-
ers 104 and one or more of the Rx transducers 106 may be
situated on the same side, or oriented 1n a manner such that
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the pulse signals transmitted from a Tx transducer 104 may
be received by an Rx transducer 106, where the pulse
acoustic signals do not necessarily travel in a straight line to
be received by the Rx transducer 106. Transmitting and
receiving acoustic signals 1n such orientations may also be
referred to as pitch-catch, and the apparatus 100 can also be
configured to support the pitch-catch orientation in some
examples.

[0062] The ultrasonic pulser/receiver 108 shown 1n FIG.
1A coupled to the Tx and Rx transducers 104, 106 may
include a controller (not separately 1llustrated) for adjusting
the amplitude, frequency, and/or other signal features of the
transmitted signals. The ultrasonic pulser/receiver 108 may
also receive the signals from the Rx transducers 106. The
processor 110 1n communication with the ultrasonic pulser/
receiver 108 may be configured to store and analyze the
response signal waveforms according to this disclosure.

[0063] Although not explicitly shown i FIG. 1A, more
than one Tx transducer and/or more than one Rx transducer
can be placed 1n one or more spatial locations across the
battery cell. This allows studying a spatial variation of
acoustic signal features across the battery cell 102. For
instance, by placing two or more of the Tx transducers 104
at two or more locations across the battery cell 102, acoustic
signals may be transmitted at two or more locations on the
battery cell 102. Two or more of the Rx transducers 106 may
be placed at two or more locations across the battery cell 102
to collect response signals based on the acoustic signals
transmitted from one or more of the Tx transducers 104. By
using the same arrangement of the one or more TX trans-
ducers 104 and the one or more Rx transducers 106 to study
acoustic signal features across diflerent battery cells, e.g., a
test battery cell and a reference battery cell, a respective test
data set comprising the acoustic signal features of the test
battery cell and a reference data set comprising the acoustic
signal features of the reference battery cell may be collected.
Appropriate comparisons may be made between the test data
set and the reference data set to correlate any variations
between the two data sets to physical properties of the
battery cells.

[0064] In some examples, the test battery cell and the
reference battery cell may be the same battery cell at
different stages of production. For instance, the reference
battery cell may have a certain level of electrolyte fill, while
the test battery cell may have a greater or lower level of
clectrolyte fill. In some examples, the reference battery cell
may be at a certain production stage, while the test battery
cell may be at an earlier or later production stage.

[0065] Furthermore, the placement and type of the Tx
and/or Rx transducers 104, 106 used can be customized
based on the type of analysis, size, shape, and geometry of
the battery cell 102, and/or any other factor. In some
examples, the Tx and/or Rx transducers 104, 106 can be
single element transducers distributed 1n any regular linear
or two-dimensional shape. In some examples, the Tx and/or
Rx transducers 104, 106 can be single element transducers
distributed 1n an array. In some examples, the Tx and/or Rx
transducers 104, 106 can be multi-element arrays distributed
in a linear array or a two-dimensional matrix. In some
examples, the Tx and/or Rx transducers 104, 106 can be
phased array transducers. In the various above-described
examples, the Tx and/or Rx transducers 104, 106 may be
placed by any suitable means (e.g., actuators, mechanical
arms, screws, adhesives, etc.) to be 1n contact with a surface
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of the battery cell 102. Alternatively, the Tx and/or Rx
transducers 104, 106 may be placed in proximity to the
battery cell 102 in a manner which allows them to send
and/or receive the acoustic signals into/ifrom the battery cell
102, respectively.

[0066] FIG. 1B shows an example of an acoustic signal
which may be transmitted by a Tx transducer 104. The Tx
signal 114 1s shown as a single pulse according to one
example wherein the Tx transducer 104 transmits the acous-
tic pulse (e.g., an ultrasonic pulse) into the battery cell 102.
The Rx signal 116 1s the response signal generated by the
transmission of the Tx signal 114, shown 1n this example to
be a sinusoidal wave. The Rx signal 116 may be received by
one or more of the Rx transducers 106.

[0067] In some examples, one or more features of the Tx
signal 114 and/or the Rx signal 116 may be studied. These
features may be 1n the time domain and/or the frequency
domain. For example, a time-of-flight (ToF) of a signal,
which refers to the time taken for a signal or portion thereof
to travel through the battery cell 102 or a portion thereot. For
example, the ToF of the Tx signal 114 refers to the time
lapsed from the time mstance (ToF=0) at which the Tx signal
114 was transmitted into the battery cell 102, and the time
instance for any portion of the Rx signal 116 to be received
by an Rx transducer 106. The first break time 1s another
signal feature corresponding to the break time of the first
harmonic of the response Rx signal 116. Similarly, a first
peak of the Rx signal 116 may be another signal feature. The
amplitude of the Tx signal 114 and/or the amplitude of the
Rx signal 116 may constitute other signal features which
may be studied.

[0068] FIG. 1C shows a frequency domain wavetform 118,
which may be obtained by performing a transformation such
as a fast Fourier transform (FFT) on the time domain Rx
signal 116. The waveform 118 provides an 1ndication of the
distribution of the frequencies contained in the Rx signal
116. The frequencies in the Rx signal 116 may have a range,
from relatively low to relatively high frequencies. Statistical
analysis of the wavetform 118 can reveal the distribution of
the frequency content. For example, signal features such as
a centroid (or mean) frequency, frequency standard devia-
tion, etc., may be derived from the waveform 118. These
signal features may provide an indication of the distribution
of the frequency content 1n the Rx signal 116. For example,
if the Rx signal 116 contains a large amount of low frequen-
cies, then the centroid frequency obtained from the wave-
form 118 may be relatively low. Conversely, 11 the frequency
content of the Rx signal 116 1s biased towards higher
frequencies, then the centroid frequency obtained from the
wavelorm 118 may be relatively high.

[0069] As previously explained, liquids may attenuate
higher frequencies of an acoustic Tx signal 114 passing
through, which means that the resultant Rx signal 116 may
have more low Irequency content for response signals
obtained from areas of the battery cell 102 which have liquid
content. Thus, the centroid frequency obtained from the
wavelorm 118 for the liquid portions will be relatively low.
Conversely, porous solids may transmait the higher frequen-
cies of the acoustic Tx signal 114 passing through, which
means that the resultant Rx signal 116 may have more high
frequency content for response signals obtained from porous
areas ol the battery cell 102 which are saturated with liquid
clectrolyte. Thus, the centroid frequency obtained from the
wavelorm 118 for the porous solid portions will be relatively




US 2023/0221285 Al

high. In some example aspects, a spatial distribution of the
centroid frequencies for signals obtained from various loca-
tions of a battery cell may be obtained, based on which,
inferences may be made as to the composition (liquid, solid,
level of saturation, etc.) of the regions of the battery cell 102
through which the acoustic signals may have traveled.

[0070] FIG. 2A shows an example composition of a bat-
tery cell 202. For the purposes of illustration of example
aspects, the battery cell 202 may be a pouch battery cell,
with one or more Tx transducers configured to transmit
acoustic signals 1nto the battery cell 202 and one or more Rx
transducers configured to receive response signals. In some
examples, one or more transducers can be used to cause
acoustic signals to travel through at least one or more
portions of the battery cell 202, including one or more of
acoustic signals (e.g., pulses) transmitted into the battery
cell 202 and retlections (or echos) of the acoustic signals
transmitted into the battery cell 202. The responses to the
acoustic signals can include responses to the acoustic trans-
mitted into the battery cell 202, or responses to the reflec-
tions of the acoustic signals transmitted 1nto the battery cell

202.

[0071] In the example shown, the sensors 206 may be Rx
transducers placed 1n a 2D array across at least the 1llustrated
surface of the battery cell 202. While not specifically shown
in this view, TX transducers may also be placed on the same
surface (for the sensors 206 to sense reflected or echo
signals, for example), or a different surface (e.g., opposite
surface, for the sensors to sense transmitted signals). In
some cases, one or more of the sensors 206 may also include
the functionality for transmitting the acoustic signals into the
battery cell 202, as well as sensing the response signals. In
some examples, the transmitted and reflected signals may be
studied separately, while 1n some examples, a combination
of transmission and retlection mode measurements can be
used. For example, a combination of transmission and
reflection mode measurements can be used to determine the
location of a void. For example, the void can be 1n relation
to the area of the battery cell or 1n relation to a thickness of
the battery cell (e.g., between certain layers).

[0072] As shown in FIG. 2A, the composition of the
battery cell 202 may vary across the battery cell 202. For
example, the schematic view shows that an outer portion 204
may be flooded with liquid electrolyte and an 1nner portion
205 may contain a porous-solid section filled with or satu-
rated with liquid electrolyte. As one of ordinary skill waill
understand, the varniation in the composition of the battery
cell 202 across 1ts body may be more complex and may be
less or more homogenous than the depicted example. By
studying responses to acoustic signals transmitted through
the battery cell 202 (or portions thereol) and extracting
acoustic signal features from the responses, it 1s possible to
obtain information about the composition of the battery cell

202.

[0073] FIG. 2B shows an example view of a spatial
distribution 200 of acoustic features of the battery cell 202
of FIG. 2A, for example. In the depicted example, the
acoustic features comprising centroid frequencies of the
response signals collected from sensors, such as the sensors
206 1s mapped. In more detail, the sensors 206 may collect
response signals (e.g., as shown i FIG. 1B) which are
responsive to the acoustic signals transmitted into the battery
cell 202. A transformation such as an FF'T on the response
signals may provide the frequency responses (e.g., as shown
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in FI1G. 1C) for the response signals, irom which the acoustic
features such as centroid frequency may be derived.

[0074] Although the sensors 206 are shown at specific
locations on the surface of the battery cell 202, these sensors
may be moved or additional sensors may be utilized to
collect the acoustic features at numerous locations on the
surface of the battery cell 202. In some cases, the acoustic
features for certain locations may also be interpolated based
on the acoustic features obtained from sensors in other
locations (e.g., neighboring locations). A “spatially resolved
map”’ may be created with the acoustic features plotted to
cover numerous locations across one or more surfaces (e.g.,
the entire surface or portions thereot) of the battery cell 202.
Various visualization schemes may be employed for observ-
ing the distribution of the acoustic features across the one or
more surfaces of the battery cell 202.

[0075] In FIG. 2B, the spatial distribution 200 1s depicted
with different schemes or shadings in grayscale to corre-
spond to different centroid frequencies. As seen from the
scale 210, the centroid frequencies for the response signals
may be 1n a range from low (214) to high (215) centroid
frequencies. The areas marked with corresponding reference
numerals on the spatial distribution 200 depict correspond-
ing low centroid frequency area 214 (1llustrated with cross-
hatches) and high centroid frequency area 215 (illustrated
with dots) according to the example shown.

[0076] In some examples, the visualization schemes pro-
vide a means for determining the underlying composition of
the battery cell 202 1 a non-destructive manner. For
instance, in the low centroid frequency area 214, the com-
position of the battery cell 202 may be estimated to contain
portions filled predominantly with liquid electrolyte, such as
the portion 204 shown 1 FIG. 2A. Similarly, in the high
centroid frequency area 215, the composition of the battery
cell 202 may be estimated to contain porous solid electrodes
filled with liquid electrolyte, such as the portion 205 shown

in FIG. 2A.

[0077] FIGS. 3A-B illustrate examples of using spatially
resolved maps, such as those shown 1n FIG. 2B, at different
process steps and/or different levels of electrolyte fill. In
some examples, FIGS. 3A-B provide techniques for inspec-
tion, monitoring, visualizing, and/or tracking the progres-
sion of electrolyte wetting during the fill and soaking steps,
as well as during the formation and post-formation steps of
a battery cell.

[0078] FIG. 3A illustrates a setup 300 with at least a

portion of a battery cell 302 (e.g., a pouch cell) depicted for
ispection. Sensors 306 (numbered 1-12) are placed across
the portion of the battery cell 302 for monitoring. Acoustic
measurements can be obtained using the sensors 306 when
the battery cell 302 1s a dry cell, prior to electrolyte being
injected. Subsequently, liquid electrolyte may be injected
into the battery cell 302, and at any time instance, a spatial
distribution of the acoustic features of the battery cell 302
may be derived. The spatial distribution can be mapped to
the time 1nstances, €.g., with an 1nitial time corresponding to
the dry cell prior to liquid electrolyte injection, and subse-
quent time 1nstances following the electrolyte injection. For
example, the centroid frequency may be plotted across the
battery cell 302 as described with reference to FIGS. 2A-B
above. Once again, variations in the centroid frequency may
be depicted with different visualization schemes, such as
colors, shadings, etc. Based on the centroid frequency at a
particular location, the underlying composition of the bat-
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tery cell 302 corresponding to that location may be esti-
mated. From the spatial distribution of the centroid 1fre-
quency, portions of the battery cell with relatively high and
relatively low electrode distribution may be i1dentified.

[0079] For example, sound or acoustic signals do not
cllectively travel through gas or vacuum, when compared to
the acoustic signal transmission through liquids or solids.
Thus, a porous solid portion filled with the liquid electrolyte
may transmit high frequency acoustic signals, resulting in
the high centroid frequency area 315 (illustrated with dots).
The portions of the battery cell 302 which have void spaces
(e.g., pockets of gas or vacuum) may not transmit the
acoustic signals eflectively. Thus, 1n FIG. 3A, the dry or
“unwetted” portions of the battery cell 302 may have lower
centroid frequencies, as shown 1n the low centroid frequency
area 314 (illustrated with crosshatches).

[0080] FIG. 3B shows a matrix 350 of spatial maps for one
or more battery cells. Each row of the matrix 350 corre-
sponds to a particular electrolyte fill level for a battery cell.
[llustration schemes similar to those described with refer-
ence to FIG. 3A have been employed for the elements shown
in the matrix 350. Each of these elements illustrate a spatial
distribution of acoustic features, which may indicate high
frequency areas with good electrolyte distribution and low
frequency areas with poorer electrolyte distribution (e.g.,
dry or unwetted areas).

[0081] More specifically, the spatial distributions of
acoustic features (or spatial maps) for battery cells with
70%-110% fill levels have been shown 1n the rows 352-360,
respectively, of matrix 350 1n one illustrative example. For
cach of these rows, the columns 372-380 contain spatial
maps at different process steps. The process steps may
indicate soaking or wetting time (time after injection) of
liquid electrolyte within the battery cell. For example,
considering a battery cell with 70% electrolyte fill 1n row
352 of the matrix 350, the spatial map of the battery cell at
0, 2, 4, 12, and 24 hours of wetting time have been shown
in the corresponding columns 372-380. Similar rows 354-
360 have been shown for battery cells 1n successive rows
above the bottom row, with 80%, 90%, 100% and 110%,
respectively, at 0, 2, 4, 12, and 24 hours of wetting times at
columns 372-380.

[0082] From the matrix 350, the battery cell composition
may be obtained for a particular battery cell at a wetting time
of interest. For example, by studying the acoustic features of
the battery cell with 70% electrolyte fill 1n row 3352 at the
different soaking times in columns 372-380, the changes 1n
the underlying composition of the battery cell at the different
soaking times may be visualized. Based on the distribution
of the centroid frequencies across the battery cell’s surface
area, the distribution of the electrolyte at the various soaking
times may be estimated. Any white spaces or voids in the
spatial maps may indicate corresponding dry or unwetted
portions. From the matrix 350, ideal soaking times can be
estimated.

[0083] For example, for the battery cell with 110% elec-
trolyte fill 1n row 360, the illustration of the spatial map
between 2 hours and 4 hours at columns 374 and 376,
respectively, does not reveal a significant difference, which
may be taken as an indication that the electrolyte distribution
does not vary significantly from 2 to 4 hours of soaking time.
Accordingly, a soaking time of 4 hours or less may be
considered to be suflicient for this battery cell. In another
example, considering the battery cell with 70% electrolyte
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{11l in row 352, dry spots may be detected even after 24 hours
of soaking time 1n column 380, and a decision may be made
accordingly to allow longer soaking times for the battery
cell’s finishing steps to be completed. As will be appreci-
ated, these examples are merely for the sake of explanation
and the specific distribution and soaking times discussed 1n
such examples are not to be construed as any inherent
limitations to the disclosed aspects.

[0084] In some examples, the matrix 350 may provide
analytical tools for battery manufacturers to determine the
degree of uniformity or homogeneity of liquid electrolyte
within a battery cell at various stages of development, from
product and process design, to prototyping and process
development environments, to pilot or volume production
lines. In some examples, the acoustic signal analyses to
obtain the matrix 350 may be conducted using continuous
in-line measurements or monitoring, or with one or more
periodic snapshots during the electrolyte fill and soaking
process, using the sensors 306, for example. The analysis
may be performed by the use of one or more computers
and/or using any suitable combination of hardware and
software.

[0085] In some examples, an aggregate or reduced-dimen-
s10n acoustic metric or acoustic score may be derived from
the 2D spatial distributions of acoustic {features. For
example, dimensionality reduction techniques may be
applied to the 2D spatial distributions 200 of FIG. 2B, the
matrix 350 of FIG. 3B, etc., to obtain a reduced dimension
metric, e€.g., a single dimension value referred to as a score.
The score may be used 1n addition to or as an alternative to
the 2D spatial distribution for determining electrolyte dis-
tribution, soaking time, etc.

[0086] FIG. 4A illustrates a graph 400 contaiming reduced
dimension scores. In the example shown, the range of
centroid frequency values, e.g., on the scale 210 of FIG. 2B
or across the various elements of the matrix 350 in FIG. 3B
1s reduced or converted to a number referred to as an
“mnhomogeneity index.” The immhomogeneity index may be
calculated as a function of distribution of the acoustic
features such as the centroid frequency. The function may be
based on the centroid frequencies considered individually or
in combination across all locations on the battery cell
202/302 which are momitored using the sensors 206/306, for

example.

[0087] In some implementations, a homogeneity index or
acoustic score can be used as an alternative to the inhomo-
genelty index. The homogeneity index can include a mea-
sure of uniformity of distribution of electrolyte across the
battery cell. In some examples, the homogeneity 1index or
acoustic score can be standardized as a metric across battery
chemistries and sizes.

[0088] In the graph 400 of FIG. 4A, the mmhomogeneity
index 1s shown on the vertical axis (y-axis). The function
used to determine the mmhomogeneity index may be, for
example, a standard deviation (std.) or interquartile range
(1gr.) of the distribution of acoustic features such as the
centroid frequency. In the i1llustrated example, the centroid
frequencies may be measured at the 12 locations of the
sensors 206/306 placed across the surface of the battery cell
202/302, for example. The measurements of the acoustic
features may be taken at the different soaking times shown
in the matrix 350, in some examples. In some examples, the
measurements ol the acoustic features may be made at
certain manufacturing steps, and averaged across battery
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cells at various electrolyte fill levels. For example, at a
certain soaking time corresponding to a column of the
matrix 350 or a certain manufacturing step, the acoustic
teatures for the battery cells of the various electrolyte fill
levels (rows of the matrix 350) may be measured. In an
example, the acoustic features measured may be averaged
across multiple battery cells (e.g., 8 battery cells) at each
clectrolyte fill level shown. The imhomogeneity index 1is
plotted for five battery cells 402-410, each having a different
clectrolyte fill level as shown. Correspondingly, five plots
402-410 are shown, illustrating the variation 1n the inhomo-
genelty mdex over soaking times.

[0089] In the graph 400, a time scale 1s depicted 1n the
horizontal axis (x-axis). The different times shown in the
graph 400 may correspond to different stages of battery cell
finishing during manufacture. In the example shown, a first
stage corresponds to an electrolyte fill stage wherein elec-
trolyte 1s filled into the battery cell. In some 1mplementa-
tions, electrolyte injection into the battery cell may be
preceded by pulling vacuum on the cell. In some examples,
a 111l stage can have multiple such electrolyte injection and
vacuum steps. The electrolyte fill stage may correspond to
the “0 hr” shown on the x-axis. The acoustic features are
shown for the electrolyte fill stage on the y-axis in the form
of the mmhomogeneity index 1n plots 402-410.

[0090] A second stage corresponds to an electrolyte soak-
ing stage wherein the electrolyte 1s allowed to distribute and
soak the battery cell layers. The electrolyte soaking stage
may span from “0 hr” to “24 hr” on the x-axis, also referred
to as soaking times. The acoustic features for the electrolyte
soaking stage are shown on the y-axis 1in the form of the
inhomogeneity index in plots 402-410.

[0091] A thurd stage corresponds to battery cell formation,
wherein the battery cells are cycled at low rates for solid
clectrolyte interphase (SEI) layer formation. The battery cell
formation stage 1s indicated as “formed” on the x-axis.
During the formation stage, e.g., for Lithium Ion battery
cells, gas 1s generated as the solvents or electrolyte break-
down. With gas generation, the mean value of the acoustic
teature (such as centroid frequency or rms amplitude) drops,
as does the Inhomogeneity Index. The acoustic features for
the battery cell formation stage are also shown on the y-axis
in the form of the inhomogeneity index in plots 402-410.

[0092] A fourth stage corresponds to a degassing and
resealing stage (which may be applicable specifically for
pouch cells). In this stage, the gas formed during the
formation stage 1s removed and the battery cell 1s resealed.
For degassing, a vacuum pulling process may be used to
remove excess gas generated 1n the formation stage. Fol-
lowing the degassing, resealing 1s performed, e.g., for the
pouch cells. The degassing and resealing stage 1s indicated
as “reseal” on the x-axis. The electrolyte tends to redistribute
itself during degassing and resealing, and correspondingly,
the mmhomogeneity index 1s seen to rise slightly, at the
“reseal” time point on the x-axis.

[0093] For each inhomogeneity index plot 402-410, error
bars are shown at the different soaking times. For example,
error bars 402a-f have been specifically identified for the
inhomogeneity index plot 402. Sumilar error bars are shown
tor the other plots 404-410 even if not specifically identified
with reference numerals. These error bars reflect the maxi-
mum and minimum values for the inhomogeneity index
obtained from acoustic features for the battery cells in the
group (e.g., the 8 battery cells mentioned above) which were
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averaged to obtain the inhomogeneity index of the plot 402
at each soaking time. The error bars provide useful infor-

mation about the possible variations or deviation from the
average mhomogeneity index at each soaking time.

[0094] The mmhomogeneity mndex can be similarly calcu-
lated for other acoustic features (e.g. rms amplitude, first-
break time, first peak, frequency standard deviation, etc.). In
some examples, the inhomogeneity index can be a function
of other aspects (other than the std. and 1gr. noted above) of
the distribution of acoustic features across different locations
of the battery cell.

[0095] In general, the higher a battery cell’s inhomogene-
ity index, the less homogenous the battery cell 1s. For
example, 1n the case of electrolyte distribution a low inho-
mogeneity index may mean that the battery cell 1s more
homogenous, retlecting a uniform distribution of the elec-
trolyte 1n the battery cell. Thus, at the start of an electrolyte
{111 process, during the electrolyte fill stage, the inhomoge-
neity index may be high, and as soaking time increases
during the soaking stage, the i1nhomogeneity index
decreases. When the battery cell 1s formed, the inhomoge-
neity mdex 1s seen to dip as noted above, while during the
subsequent resealing and degassing stage, the inhomogene-
ity index may rise.

[0096] In some examples, a threshold value may be pro-
vided to determine when the battery cell’s inhomogeneity
index has reached a sufliciently low value. The threshold
value may be used for analyzing the battery cell during the
clectrolyte soaking stage in some examples. In some
examples, separate/diflerent threshold values may be used
for subsequent formation, degassing, and reseal stages.

[0097] For example, FIG. 4A 1illustrates a threshold bar
420, which represents a threshold value for the soaking
stage. During the soaking stage, 11 the inhomogeneity mdex
in plots 402-410 falls below the threshold bar 420, the
respective battery cell 1s considered to be uniformly wetted
by electrolyte. The threshold value can be estimated for
battery cells based on when the score asymptotes to a stable
value, or can be determined based on a reference dataset
(comprising previously collected spatially resolved acoustic

signals and derived features and metrics of similar battery
cells).

[0098] FIG. 4B illustrates a table 450 contaiming example
inferences for ideal wetting times or soaking times for
different battery cells using the graph 400. These inferences
may be similar to the mferences drawn from the matrix 350,
as discussed above, but based on a different visualization
scheme (1.e., the reduced dimension inhomogeneity index n
the graph 400 vs. the 2D spatial maps of the matrix 350). For
example, from the graph 400, the inhomogeneity index plot
402 for the battery cells with 70% electrolyte fill 1s seen to
display variation beyond 24 hours of soaking time, which
may lead to the mnference that more than 24 hours of soaking
time may be needed for battery cells with 70% electrolyte
f1ll. In another example, from the graph 400, the inhomo-
geneity index plot 410 for the battery cells with 110%
clectrolyte fill 1s seen to display minimal varniation between
2 and 4 hours of soaking time, which may lead to the
inference that less than 4 hours of soaking time may be
suilicient for battery cells with 110% electrolyte fill. As waill
be appreciated, these conclusions are similar to those drawn
from the matrix 350 for similar battery cells. Therefore, any
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visualization scheme or combination therecof may be used
for inferring or estimating process steps such as soaking
times for battery cells.

[0099] In some examples, the information from the matrix
350 and/or the graph 400/table 450 may be useful for
process developers, e.g., to quickly and efliciently optimize
soaking time for each type of battery cell (e.g., battery cells
with different electrolyte fills, shapes, geometry, chemistry,
clectrochemaical properties, etc.). This information can also
help production engineers, for example, to 1nspect the wet-
ting completion of each battery cell in-line, improve the
average throughput of the soaking step, and more easily
identily and address process drifts, if any.

[0100] From the above information, process conditions
that utilize insuilicient amounts of electrolyte may be 1den-
tified 1n some examples. Insuflicient electrolyte amounts
may aflect all downstream process steps, and as such it 1s
important to i1dentily these types of defects or quality
deviations as early in the battery cell production process as
possible. Additionally, identification of such defects pro-
vides a pathway for building statistical models that correlate
the distribution of acoustic properties across the battery cell
with ultimate performance characteristics.

[0101] In some examples, the acoustic feature information
from the 2D maps of the matrix 350 and/or the reduced-
dimension scores from the graph 400/table 450 can also be
used for making decisions that inform follow-on actions
during process development (e.g., adjustments to process
parameters, soaking process, etc.) or during production (e.g.

battery cell-specific soaking time, predictive maintenance,
etc.)”.

[0102] Using the acoustic feature information as above for
inspection and analysis of a battery cell can also inform the
optimization of solid electrolyte interphase (SEI) formation
protocols during process development and to assess the
quality of the SEI layer during high-volume production. As
previously described, the SEI layer formation occurs when
the battery cells are cycled (charged and discharged) at low
rates. The uniform distribution of SEI layers across the
clectrode active area 1s very important for ensuring ideal or
optimal battery cell performance. But the SEI layer uniform
distribution 1s highly dependent on the uniformity of elec-
trolyte wetting. Hence, when inhomogeneity index of the
battery cell 1s high at the end of soaking stage—indicating,
non-uniform wetting—the SEI layer formation 1s non-uni-
torm. Thus, a patchy SEI layer (1.e., a low quality SEI layer)

will have higher inhomogeneity index at the “formed” time
point 1n FIG. 4A.

[0103] The acoustic feature information (e.g., from the 2D
maps of the matrix 350 and/or the reduced-dimension scores
from the graph 400/table 450) can also be used to eliminate
or reduce the need for extensive battery cell aging, where the
decay 1n each battery cell’s open circuit voltage 1s monitored
over time (1.e., a seli-discharge rate of the battery cell).

[0104] FIG. S illustrates a graph 500 according to an
example electrolyte fill process. The graph 500 can assist 1n
development and optimization of electrolyte fill processes
for one or more battery cells. The graph 500 can be obtained
by studying acoustic response characteristics for a plurality
of battery cells (e.g., pouch cells) subjected to one or more
{111 and vacuum cycles. The fill and vacuum cycles refer to
filling of the pouch cells with electrolyte and subsequent
sealing under vacuum conditions. The fill and vacuum
cycles can lead to repeatable quality and allow for safe
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opening of gas bubbles created during formation. For
example, a plurality of i1dentical dry pouch cells may be
filled with the same amount of electrolyte, and subjected to
multiple fill and vacuum cycles, with their acoustic response
characteristics studied using the atorementioned techniques
over a course of their wetting times.

[0105] In the graph 500, processes related to two (2x)
fill/vacuum cycles and three (3x) fill/'vacuum cycles are
illustrated. An acoustic “wetting score” 502 on the y-axis
provides a measure of the time-to-uniform-wetting of elec-
trolyte, with a wetting time 506 identified 1n hours for
clectrolyte wetting time on the x-axis. The time-to-uniform
wetting refers to the time taken for the wetting score to
flatten out or reach an asymptote. For example, the wetting
score 502a shows a plot of the time-to-umiform wetting for
pouch cells subjected to the 2x fill/'vacuum cycles, and the
wetting score 5025 shows a plot of the time-to-uniform
wetting for the pouch cells subjected to 3x fill/vacuum
cycles. As seen the wetting score 5025 1s considerably
shorter for the 3x fill/vacuum cycles than the wetting score
502a for the 2x fill/vacuum cycles. Thus, the graph 500 can
cllectively indicate that subjecting the pouch cells to 3x
fill/vacuum 1s likely to improve electrolyte wetting time and
ciliciency.

[0106] Also identified 1n the graph 500 1s AC impedance
(ACR) 504. The ACR 3504 can be obtained by spectroscopy
or studying acoustic responses to measure the resistance and
capacitance properties of a battery, e.g., based on applying
acoustic pulses such as sinusoidal AC excitation signals. The
ACR 5044 1ndicates a graph of the ACR studied over the
course of the wetting time 506 for the battery cells subjecte
to the 2x fill/vacuum cycle and the ACR 35045 indicates a
graph of the ACR studied over the course of the wetting time
506 for the battery cells subjected to the 2x fill/vacuum
cycle. In the 1llustrated example, studying the ACR 5044 and
ACR 5045 1s not seen to provide suflicient information to
identify 1deal wetting times for the battery cells subjected to
the different fill/vacuum cycle process conditions. Thus,
wetting score 502 1s seen to provide a better indication of
soaking times, in comparison to the ACR 504.

[0107] FIG. 6 illustrates a graph 600 according to another
example electrolyte {ill process. The graph 600 can be used
for development and optimization of electrolyte fill pro-
cesses for one or more battery cells. The graph 600 can be
obtained by studying acoustic response characteristics for a
plurality of identical battery cells (e.g., pouch cells) filled
with the same amount of electrolyte with an 1dentical
clectrolyte fill process but with differing stack pressure
amongst at least two of the plurality of the identical battery
cells. The stack pressure refers to compressing of the pouch
cells (e.g., between two pieces ol acrylic with springs)
during a period of soaking (e.g., 24 hours) and formation
steps. For example, between two 1dentical cells, stack pres-
sure may be applied to one cell but not the other 1n obtaining
the graph 600. The resulting difference 1n the two 1dentical
cells can be seen in the post-formation acoustic wetting
scores 602 studied over a wetting time 606. For example, a
wetting score 602a 1s shown for the cell with the stacked
pressure (or stacked cell) and a wetting score 6025 1s shown
for the cell without the stacked pressure (or unstacked cell).
The difference between the wetting scores 602a and 6025
illustrates significant differences 1n formation capacities
between the two cells as 1llustrated.
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[0108] FIG. 6 also 1llustrates ACR 604 studied over the
wetting time 606 for the two cells. It 1s seen that AC
impedance ACR 604q for the stacked cell 1s not significantly
different from the ACR 60454 for the unstacked cell. Thus,
stacked pressure can provide another measure for identify-
ing process conditions which can lead to better wetting
scores/electrolyte wetting time and efliciency.

[0109] FIG. 7 illustrates plot 700 1llustrating variations
720-728 1n manufacturing conditions based on acoustic
inspection on battery cells during various stages of electro-
lyte wetting. A first batch of battery cells 41-44 are 1dentified
as examples of battery cells which are coated and stacked
identically during a first time-period under consideration
(e.g., on a particular day). A second batch of battery cells
45-48 are examples of battery cells which are assembled
(e.g., mto pouch packages) on a subsequent second time-
period (e.g., on a following day). All battery cells 41-48 are
subjected to acoustic testing using the aforementioned tech-
niques during various stages of their manufacture, such as
during soaking 702, formation 704, and after formation 706.
The battery cells 45-48 of the second batch which were
assembled during the second time-period are observed to
have minor defects attributed to poor storage in an illustra-
tive example. The difference between the two batches of
battery cells are i1dentified using an acoustic wetting score
720 (measured during soaking 702) and 1s correlated with
the battery cells’ different lifetime cycling performance
(number of cycles to reach 70% 1nitial capacity). By con-
trast, these differences are not easily observable by standard
state-of-the-art electrical methods like formation capacity
722, DC resistance 724, self-discharge rate 726, or cycle life
728. Accordingly, measuring acoustic wetting scores 720
using the above techniques during soaking 1s seen to provide

discernible and actionable insights which are not available
using the other methods 722-728.

[0110] Furthermore, measuring the quality of battery cells
using acoustic signals during soaking can provide the fol-
lowing advantageous characteristics during battery cell
development and production: faster optimization of process
parameters during development; and the ability for screen-
ing and identifying cells that may have been discarded
during commercial production due to poor quality, poten-
tially providing opportunities for remedying corresponding,
defects during the manufacturing process.

[0111] Accordingly, 1t will be appreciated that example
aspects include various methods for performing the pro-
cesses, functions and/or algorithms disclosed herein. For
example, FIG. 8 illustrates a process 800 for estimating
various aspects of battery cell quality, soaking time, process
development, etc., using acoustic features according to
aspects of this disclosure. The process 800 can include
determining acoustic features at two or more locations of the
battery cell, the acoustic features based on one or more of
acoustic signals travelling through at least one or more
portions of the battery cell during one or more points 1n time
or responses to the acoustic signals obtained during one or
more points in time, wherein the one or more points 1n time
correspond to one or more stages of electrolyte distribution
in the battery cell. The acoustic signals travelling through at
least one or more portions of the battery cell can include one
or more of acoustic signals transmitted 1nto the battery cell
or reflections of the acoustic signals transmitted into the
battery cell, while the responses to the acoustic signals can
include one or more of responses to the acoustic signals
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transmitted into the battery cell or responses to the reflec-
tions of the acoustic signals transmitted into the battery cell.

[0112] For example, at the step 802 of the process 800
includes collecting acoustic waveforms (e.g., the Rx signal
116) at various locations. For example, the sensors 206/306
may be used to collect the response signals at the one or
more locations on at least one surface of the battery cell
202/302, over one or more points 1n time.

[0113] The step 804 includes extracting one or more
acoustic signal features from the acoustic wavelorms. For
example, various algorithms (e.g., FFT, statistical functions,
etc.) may be used to determine acoustic signal features in
time domain, frequency domain, or combinations of time
and frequency domains. In some examples, the acoustic
signal features may include a centroid (mean) frequency,
first break time, first peak, amplitude, standard deviation of
frequency, etc., determined from the acoustic signal wave-
forms collected by the sensors.

[0114] In some examples, the process 800 includes deter-
mining acoustic features at one or more locations of the
battery cell, the acoustic features based on one or more of
acoustic signals travelling through at least one or more
portions of the battery cell during two or more points in time
or responses to the acoustic signals obtained during two or
more points 1n time, wherein the two or more points 1n time
correspond to one or more stages of electrolyte distribution
in the battery cell, and determining one or more character-
1stics of the battery cell based on the acoustic features at the
one or more locations of the battery cell. For example, by
studying the acoustic features at a single point or location
over the course of two or more points 1n time (e.g., the two
dimensional maps for one of the fill levels 352-360, studied
over two or more points in time 372-380 in FIG. 3B), can be
used to determine characteristics of the battery cell as
explained above.

[0115] In some examples, the process 800 includes deter-
mining acoustic features at two or more locations of the
battery cell, the acoustic features based on one or more of
acoustic signals travelling through at least one or more
portions of the battery cell during one or more points in time
or responses to the acoustic signals obtained during one or
more points in time, wherein the one or more points 1n time
correspond to one or more stages of electrolyte distribution
in the battery cell; and determining one or more character-
1stics of the battery cell based on the acoustic features at the
two or more locations of the battery cell. For example, by
studying the acoustic features at two or more locations at one
or more points 1n time (e.g., studying two or more points on
the two dimensional maps for at least one of the fill levels
352-360, over one or more points 1 time 372-380 1n FIG.
3B), can be used to determine characteristics of the battery
cell as explained above

[0116] In some examples, one or more of the following
steps 806, 808, 810 may be performed 1n any order to reach
the step 812 of determining or estimating the one or more
characteristics of a battery cell. For example, the step 812 of
the process 800 may be reached from the step 804 and/or
from one or more of the following steps 806, 808, 810. The
specific process steps to be employed may be chosen based
on specific needs or goals for the disclosed techniques.
Accordingly, before proceeding to describe the following
steps 806, 808, 810 in more detail, the step 812 will now be
described.
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[0117] The step 812 1s directed to determining one or more
characteristics of the battery cell based on the acoustic
teatures at the two or more locations of the battery cell. For
example, the step 812 includes estimating one or more
characteristics of the battery cell using the information
obtained from the acoustic features. The step 812 may
turther include performing actions such drawing conclu-
sions about, making decisions about, making any modifica-
tions, etc., regarding the battery cell’s process steps. These
actions may be regarding the battery cell quality, process
development, manufacturing, soaking times, etc. In the
examples described above, determining soaking times for
acceptable electrolyte distribution was specifically consid-
ered, and accordingly, determining the soaking times can be
one of the actions mcluded 1n the step 812. Since the step
812 may be reached based on an understanding of the
acoustic signal features derived from the various locations
on the surface, in one example, the process 800 may proceed
from the step 804 to the step 812.

[0118] In some examples, the process 800 may proceed to
the step 806 from the step 804. The step 806 includes
creating a two-dimensional map based on the acoustic
features at the two or more locations, wherein determining
the one or more characteristics of the battery cell based on
the acoustic features at the two or more locations of the
battery cell comprises determining the one or more charac-
teristics of the battery cell based on the two-dimensional
map. For example, a 2D spatial map of the acoustic signal

features can be generated, e.g., as shown in the spatial
distribution 200 of FIG. 2B.

[0119] Some examples further include creating a matrix
with two or more two-dimensional maps created using
acoustic features obtained at two or more points in time from
one or more battery cells at two or more electrolyte fill
levels. For example, the spatial maps may be determined for
various battery cells, e.g., at diflerent fill levels. The spatial
maps may also be generated at different soaking times. Thus,
the spatial maps may be organized in the form of the matrix
350 in some examples.

[0120] In some examples, the process 800 may proceed to
the step 808 from the step 806. The step 808 can include
applying a dimension reduction algorithm to the acoustic
features obtained at the two or more points in time. For
example, the dimension reduction algorithm can be applied
to the two-dimensional map to determine a reduced-dimen-
sion score. In some examples, example, the spatial distri-
bution of a battery cell may be considered individually or in
combination with spatial distributions of other battery cells
to generate a dimension-reduced score. For example, the
graph 400 with the inhomogeneity index may be created for
various battery cells under consideration (e.g., for battery
cells having different electrolyte fill levels). Various dimen-
sionality reduction algorithms (e.g., principal component
analysis (PCA), uniform manifold approximation and pre-
diction (UMAP), non-negative matrix factorization (NMF)),
¢tc.), may be used 1n the step 508 to obtain the dimension-
reduced metric or score.

[0121] In the step 810, the process 800 can include plot-
ting the reduced-dimension score as a function of soaking
times for electrolyte distribution 1n the battery cell, wherein
the one or more characteristics comprise ideal soaking times
for the battery cell, and the reduced-dimension score com-
prises an inhomogeneity mdex or an electrolyte distribution
homogeneity 1ndex. For example, the dimensionality
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reduced score may be optionally augmented with an error
factor and then compared with a threshold (e.g., the thresh-
old 420). In some cases, such as for the soaking times, the
comparison may reveal mmhomogeneity status. In some
cases, comparisons with a reference battery cell’s score may
be used to determine potential deviations. The reference
battery cell may be a battery cell of similar characteristics
and type (e.g., same fill level as the battery cell under test).
A reference database may contain scores for various refer-
ence battery cells. The reference database may be stored 1n
a computer (e.g., the 110) 1n communication with the test
apparatus 100 shown in FIG. 1A or in any other remote
storage location (e.g., a cloud storage).

[0122] The step 812 has been previously described. The
one or more points 1n times referred to 1n the previous step
can belong to one or more of process steps comprising
soaking, formation, and self-discharge aging of the battery
cell, or to one or more charge/discharge cycles of the battery
cell. The estimations of the one or more characteristics 1n the
step 812 may be performed using any suitable algorithm that
uses the 2D spatial maps and/or scores, and/or comparisons
thereol discussed 1n the preceding steps.

[0123] In some examples, the one or more characteristics
include one or more of battery cell quality, 1deal soaking
time, process drifts, or manufacturing defects. For example,
the manufacturing defects can include one or more of
contamination, dry spots, voids, electrode and separator
folds or tears.

[0124] In some examples, the one or more characteristics
can 1include battery cell performance corresponding to one or
more of teardown analysis, formation capacity, Electro-
chemical Impedance Spectroscopy (EIS), self-discharge
aging, or charge/discharge cycling. For example, the step
812 can further include determining one or more process
parameters for electrolyte filling of the battery cell based on
the one or more characteristics, the one or more process
parameters comprising one or more ol a number of fill/
vacuum cycles, a fill amount of electrolyte per fill step,
vacuum pressure, 1ill temperature, or electrolyte imjection
distribution for the battery cell.

[0125] In some examples, the one or more characteristics
can 1nclude determining one or more pre-fill parameters for
implementing upstream process and materials optimization
of the battery cell based on the one or more characteristics,
the one or more pre-fill parameters comprising one or more
ol an electrodes materials and composition ratio, electrode
porosity, separator type, materials, porosity, and coatings;
clectrolyte chemistry, electrolyte composition, electrolyte
viscosity, electrode additives or electrolyte additives.

[0126] In some examples, the one or more characteristics
can include determining one or more soaking parameters for
a soaking process of the electrolyte in the battery cell based
on the one or more characteristics, the one or more soaking
parameters comprising one or more ol soaking temperature,
soaking time, stack pressure, voltage (e.g., bump, charge, or
hold) during soaking, battery cell orientation, or agitation
(e.g., press rolling or vibration) of the battery cell.

[0127] In some examples, the process 800 can include
comparing the acoustic features to a reference set of acoustic
features, the reference set of acoustic features obtained at
corresponding two or more locations of a reference battery
cell. In some examples, determining one or more character-
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istics of the battery cell can further be based on comparing
the acoustic features to predetermined corresponding thresh-
old values.

[0128] Additionally, the estimations obtained in the step
812 can be used to generate insights 1n the step 814, as
discussed further below. For example, one or more insights
can be based on the determined one or more characteristics,
the insights comprising hints for one or more ol process
design, process optimization, process monitoring, control, or
decisions about downstream processes for manufacturing
one or more battery cells.

[0129] Inthe step 814, the insights may be generated using
the estimates/actions/decisions obtained 1n the step 812. The
insights that may be used as hints 1n guiding the production
process of the battery cells. For example, in process devel-
opment the estimated characteristics of a battery cell (e.g.,
ideal soaking time, etc.) obtained from studying a battery
cell during a particular state or iteration of the battery cell
manufacturing process can be used to generate correspond-
ing insights such as the soaking time to be used in future
iterations. The subsequent next iterations of process design
can utilize these insights to potentially alter their soaking
times, or otherwise modily their cell design processes by
incorporating these mnsights. In some examples, the mnsights
from the step 814 can be used 1n monitoring a manufacturing
line for drift in quality. In some examples of battery cell
production, the insights can deliver real-time feedback into
process controls, e.g. to tune parameters to adjust for any
incipient deviations. In some examples, the insights can
guide decisions on how a production process for cell should
proceed 1n the downstream process steps (e.g., based on
wetting scores, the length of time a cell should be soaked for,
or how long to a cell which has been soaked should be
allowed to age before proceeding to subsequent steps, etc.)

[0130] Those of skill in the art will appreciate that infor-
mation and signals may be represented using any of a variety
of different technologies and techniques. For example, data,
instructions, commands, information, signals, bits, symbols,
and chips that may be referenced throughout the above
description may be represented by voltages, currents, elec-
tromagnetic waves, magnetic fields or particles, optical
fields or particles, or any combination thereof.

[0131] Further, those of skill in the art will appreciate that
the various illustrative logical blocks, modules, circuits, and
algorithm steps described 1in connection with the aspects
disclosed herein may be implemented as electronic hard-
ware, computer software, or combinations of both. To
clearly illustrate this interchangeability of hardware and
software, various illustrative components, blocks, modules,
circuits, and steps have been described above generally 1n
terms of their functionality. Whether such functionality 1s
implemented as hardware or software depends upon the
particular application and design constraints imposed on the
overall system. Skilled artisans may 1mplement the
described functionality in varying ways for each particular
application, but such implementation decisions should not
be interpreted as causing a departure from the scope of the
present mvention.

[0132] Accordingly, an aspect of the invention can include
a computer-readable media embodying a method of analyz-
ing electrolyte fill distribution 1n a battery cell. Accordingly,
the 1nvention 1s not limited to illustrated examples and any
means for performing the functionality described herein are
included in aspects of the invention.
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[0133] While the foregoing disclosure shows illustrative
aspects of the invention, it should be noted that various
changes and modifications could be made herein without
departing from the scope of the invention as defined by the
appended claims. The functions, steps and/or actions of the
method claims in accordance with the aspects of the mven-
tion described herein need not be performed 1n any particu-
lar order. Furthermore, although elements of the mmvention
may be described or claimed 1n the singular, the plural 1s
contemplated unless limitation to the singular 1s explicitly
stated.

[0134] Illustrative examples of the disclosure include:
[0135] Example 1: A method of analyzing a battery cell,
the method comprising: determining acoustic features at two
or more locations of the battery cell, the acoustic features
based on one or more of acoustic signals travelling through
at least one or more portions of the battery cell during one
Oor more points 1n time or responses to the acoustic signals
obtained during one or more points in time, wherein the one
or more points in time correspond to one or more stages of
clectrolyte distribution in the battery cell; and determining
one or more characteristics of the battery cell based on the
acoustic features at the two or more locations of the battery
cell.

[0136] Example 2: The method of Example 1, further
comprising creating a two-dimensional map based on the
acoustic features at the two or more locations, wherein
determining the one or more characteristics of the battery
cell based on the acoustic features at the two or more
locations of the battery cell comprises determining the one
or more characteristics of the battery cell based on the
two-dimensional map.

[0137] Example 3: The method of any of Examples 1 or 2,
further comprising creating a matrix with two or more
two-dimensional maps created using acoustic features
obtained at two or more points 1n time from one or more
battery cells at two or more electrolyte fill levels.

[0138] Example 4: The method of any of Examples 1-3,
further comprising applying a dimension reduction algo-
rithm on the acoustic features to determine a reduced-
dimension score.

[0139] Example 5: The method of any of Examples 1-4,
turther comprising plotting the reduced-dimension score as
a function of soaking times for electrolyte distribution 1n the
battery cell, wherein the one or more characteristics com-
prise 1deal soaking times for the battery cell, and the
reduced-dimension score comprises an inhomogeneity index
or an electrolyte distribution homogeneity index.

[0140] Example 6: The method of any of Examples 1-5,
wherein the one or more points in times belong to one or
more of process steps comprising soaking, formation, and
seli-discharge aging of the battery cell, or to one or more
charge/discharge cycles of the battery cell.

[0141] Example 7: The method of any of Examples 1-6,
wherein the one or more characteristics include one or more
of battery cell quality, ideal soaking time, process driits, or
manufacturing defects.

[0142] Example 8: The method of any of Examples 1-7,

wherein the manufacturing defects comprise one or more of
contamination, dry spots, voids, electrode and separator
folds or tears.

[0143] Example 9: The method of any of Examples 1-8,
wherein the one or more characteristics include battery cell
performance corresponding to one or more of teardown
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analysis, formation capacity, Electrochemical Impedance
Spectroscopy (EIS), self-discharge aging, or charge/dis-
charge cycling.

[0144] Example 10: The method of any of Examples 1-9,
turther comprising determining one or more process params-
cters for electrolyte filling of the battery cell based on the
one or more characteristics, the one or more process params-
eters comprising one or more ol a number of fill/vacuum
cycles, a fill amount of electrolyte per fill step, vacuum
pressure, 11l temperature, or electrolyte injection distribu-
tion for the battery cell.

[0145] Example 11: The method of any of Examples 1-10,
turther comprising determiming one or more pre-fill param-
cters for implementing upstream process and materials opti-
mization of the battery cell based on the one or more
characteristics, the one or more pre-fill parameters compris-
ing one or more of an electrodes materials and composition
ratio, electrode porosity, separator materials, electrolyte
chemistry, electrolyte composition, electrolyte viscosity,
clectrode additives or electrolyte additives.

[0146] Example 12: The method of any of Examples 1-11,
turther comprising determining one or more soaking param-
eters for a soaking process of the electrolyte in the battery
cell based on the one or more characteristics, the one or more
soaking parameters comprising one or more of soaking
temperature, stack pressure, voltage during soaking, battery
cell orientation, or agitation of the battery cell.

[0147] Example 13: The method of any of Examples 1-12,
wherein the acoustic features comprise one or more of a
time-oi-flight, centroid (mean) frequency, first break time,
first peak, amplitude, or standard deviation of frequency of
the acoustic signals.

[0148] Example 14: The method of any of Examples 1-13,
wherein the acoustic signals travelling through at least one
or more portions of the battery cell comprise one or more of
acoustic signals transmitted into the battery cell or reflec-
tions of the acoustic signals transmitted into the battery cell.
[0149] Example 15: The method of any of Examples 1-14,
wherein the responses to the acoustic signals comprise one
or more of responses to the acoustic signals transmitted into
the battery cell or responses to the reflections of the acoustic
signals transmitted 1nto the battery cell.

[0150] Example 16: The method of any of Examples 1-15,
wherein the acoustic features are determined from one or
more time-domain characteristics, one or more frequency-
domain characteristics, or one or more time-irequency
domain characteristics of the transmitted acoustic signals or
the response signals or combinations thereof.

[0151] Example 17: The method of any of Examples 1-16,
turther comprising comparing the acoustic features to a
reference set of acoustic features, the reference set of
acoustic features obtained at corresponding two or more
locations of a reference battery cell.

[0152] Example 18: The method of any of Examples 1-17,
wherein determining one or more characteristics of the
battery cell 1s further based on comparing the acoustic
features to predetermined corresponding threshold values.

[0153] Example 19: The method of any of Examples 1-18,

wherein the one or more characteristics comprise a quality
of a solid electrolyte interphase (SEI) layer of the battery
cell.

[0154] Example 20: The method of any of Examples 1-19,
turther comprising determining one or more msights based
on the determined one or more characteristics, the insights
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comprising hints for one or more of process design, process
optimization, process monitoring, control, or decisions
about downstream processes for manufacturing one or more
battery cells.
[0155] Example 21. A non-transitory computer-readable
medium having stored thereon computer-readable instruc-
tions that, upon being executed by one or more processors,
cause the one or more processors to: determine acoustic
features at two or more locations of the battery cell, the
acoustic features based on one or more of acoustic signals
travelling through at least one or more portions of the battery
cell during one or more points 1 time or responses to the
acoustic signals obtained during one or more points 1n time,
wherein the one or more points 1n time correspond to one or
more stages of electrolyte distribution in the battery cell; and
determine one or more characteristics of the battery cell
based on the acoustic features at the two or more locations
of the battery cell.
[0156] Example 22. A system comprising one or more
processors; and memory including instructions that, upon
being executed by the processor one or more processors,
cause the system to: determine acoustic features at two or
more locations of the battery cell, the acoustic features based
on one or more of acoustic signals travelling through at least
one or more portions of the battery cell during one or more
points 1n time or responses to the acoustic signals obtained
during one or more points in time, wherein the one or more
points 1n time correspond to one or more stages of electro-
lyte distribution in the battery cell; and determine one or
more characteristics of the battery cell based on the acoustic
features at the two or more locations of the battery cell.
[0157] Example 23: A method of analyzing a battery cell
according to any of the Examples 1-22, the method com-
prising: determining acoustic features at one or more loca-
tions of the battery cell, the acoustic features based on one
or more ol acoustic signals travelling through at least one or
more portions of the battery cell during two or more points
in time or responses to the acoustic signals obtained during
two or more points 1n time, wherein the two or more points
in time correspond to one or more stages of electrolyte
distribution 1n the battery cell; and determining one or more
characteristics of the battery cell based on the acoustic
features at the one or more locations of the battery cell.
What 1s claimed 1s:
1. A method of analyzing a battery cell, the method
comprising;
determining acoustic features at two or more locations of
the battery cell, the acoustic features based on one or
more of acoustic signals transmitted through a battery
cell;
generating a score based on the acoustic features, the score
being an index of homogeneity of electrolyte distribution in
the battery cell; and
assessing the battery cell using the score.
2. The method of claim 1, further comprising:
creating a two-dimensional map based on the acoustic
features at two or more locations across the battery cell,
wherein assessing the battery cell 1s based on the
two-dimensional map.
3. The method of claim 1, further comprising:

applying a dimension reduction algorithm on the acoustic
features to determine the score.

4. The method of claim 1, wherein the one or more
acoustic signals are transmitted at one or more points 1n
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time, the one or more points 1n times at which one or more
of process steps occur, the one or more process steps
comprising soaking, formation, self-discharge aging of the
battery cell, or one or more charge/discharge cycles of the
battery cell.

5. The method of claim 1, wherein the battery cell 1s
assessed to determine one or more characteristics of the
battery cell, the one or more characteristics including at least
one of battery cell quality, 1deal soaking time, process driits,
and manufacturing defects.

6. The method of claim 5, wherein the manufacturing
defects comprise one or more ol contamination, dry spots,
voids, electrode and separator folds or tears.

7. The method of claim 1, wherein the battery cell 1s
assessed to determine battery cell performance correspond-
ing to one or more of teardown analysis, formation capacity,
Electrochemical Impedance Spectroscopy (EIS), self-dis-
charge aging, or charge/discharge cycling.

8. The method of claim 1, wherein the acoustic features
comprise one or more ol a time-of-tlight, centroid (mean)
frequency, first break time, first peak, amplitude, or standard
deviation of frequency of the acoustic signals.

9. An apparatus comprising;

one or more memories configured to store computer-

readable 1nstructions;

one or more processors configured to execute the com-

puter-readable instructions to:

determine acoustic features at two or more locations of a

battery cell, the acoustic features based on one or more
of acoustic signals transmitted through a battery cell;
generate a score based on the acoustic features, the score
being an index of homogeneity of electrolyte distribution in
the battery cell; and
assess the battery cell using the score.

10. The apparatus of claim 9, wherein the one or more
processors are further configured to execute the computer-
readable 1nstructions to create a two-dimensional map based
on the acoustic features at two or more locations across the
battery cell, wherein the battery cell 1s assessed based on the
two-dimensional map.

11. The apparatus of claim 9, wherein the one or more
processors are further configured to execute the computer-
readable instructions to apply a dimension reduction algo-
rithm on the acoustic features to determine the score.

12. The apparatus of claim 9, wherein the one or more
acoustic signals are transmitted at one or more points 1n
time, the one or more points 1n times at which one or more
of process steps occur, the one or more process steps
comprising soaking, formation, self-discharge aging of the
battery cell, or one or more charge/discharge cycles of the
battery cell.

13. The apparatus of claim 9, wherein the battery cell 1s
assessed to determine one or more characteristics of the
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battery cell, the one or more characteristics including at least
one of battery cell quality, 1deal soaking time, process driits,
and manufacturing defects.

14. The apparatus of claim 13, wherein the manufacturing

defects comprise one or more ol contamination, dry spots,
volds, electrode and separator folds or tears.

15. The apparatus of claim 9, wherein the battery cell 1s
assessed to determine battery cell performance correspond-
ing to one or more of teardown analysis, formation capacity,
Electrochemical Impedance Spectroscopy (EIS), self-dis-
charge aging, or charge/discharge cycling.

16. One or more non-transitory computer-readable media
comprising computer-readable instructions, which when
executed by one or more processors, cause the one or more
pProcessors to:

determine acoustic features at two or more locations of a
battery cell, the acoustic features based on one or more
of acoustic signals transmitted through a battery cell;

generate a score based on the acoustic features, the score
being an 1ndex of homogeneity of electrolyte distribution in
the battery cell; and

assess the battery cell using the score.

17. The one or more non-transitory computer-readable
media of claim 16, wherein the execution of the computer-
readable media further cause the one or more processors to
create a two-dimensional map based on the acoustic features
at two or more locations across the battery cell, wherein the
battery cell 1s assessed based on the two-dimensional map.

18. The one or more non-transitory computer-readable
media of claim 16, wherein the execution of the computer-
readable media further cause the one or more processors to
apply a dimension reduction algorithm on the acoustic
features to determine the score.

19. The one or more non-transitory computer-readable
media of claim 16, wherein the one or more acoustic signals
are transmitted at one or more points 1n time, the one or more
points in times at which one or more of process steps occur,
the one or more process steps comprising soaking, forma-
tion, self-discharge aging of the battery cell, or one or more
charge/discharge cycles of the battery cell.

20. The apparatus of claim 9, wherein the battery cell 1s
assessed to determine one or more characteristics of the
battery cell, the one or more characteristics including at least
one of battery cell quality, 1deal soaking time, process driits,
or manufacturing defects, the manufacturing defects being
one or more of contamination, dry spots, voids, electrode
and separator folds or tears.
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