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Context and Scale

The increased adoption of lithium-based rechargeable batteries requires advanced metrology tools across
the entire battery lifecycle. Ultrasound testing (UT) has emerged as a promising, low-cost, and scalable
technique for providing valuable insights at various stages of battery development and operation. This
review highlights the fundamental principles of UT and its diverse applications, spanning from lab-scale
research to manufacturing and field-deployed monitoring. In addition to a synthesis of the existing battery
UT literature, including acoustic detection of battery failure modes and decoupling different physical
phenomena, we emphasize emerging battery UT methods and applications. For instance, recent advances
in ultrasonic transducer technology may be adapted for enhancing battery UT resolution. UT techniques
could be used not only for battery cell characterization but also for in-line monitoring of slurry quality and
electrodes. Lastly, we draw connections from lab-scale research and development to in-line quality
assurance and metrology on the industrial scale. Underscoring this is a discussion of current challenges,
including signal processing complexity, the need for large datasets, and, especially pertinent to
manufacturing and field-deployed applications, cost and throughput. Addressing these issues through
methods such as new signal processing techniques, machine learning, and advanced sensors will help drive
UT’s adoption for batteries at industrial scale.

Abstract

This review provides a comprehensive overview of ultrasonic testing (UT) applied to battery research and
development, bridging the gap between fundamental acoustic principles and practical applications. We
begin by detailing the acoustic physics underlying UT and describing the hardware, software, and signal
processing algorithms necessary to extract useful information from battery systems. We then summarize
key academic findings and trends in UT analysis of lithium-based batteries, highlighting both foundational
studies that have shaped the field and recent advancements pushing the boundaries of UT application.
Following this, we provide an overview of lab-scale operando tools that complement UT analysis,
illustrating how they can enhance and validate its findings. The discussion is extended beyond academic
work to encompass UT applications in battery manufacturing, uniquely incorporating industry perspectives
on the challenges and opportunities in this space. Finally, we conclude with a discussion of future directions
in battery UT research. This review aims to provide a summary of the current state of UT applied to



batteries, equip readers with the tools to contextualize new UT studies and applications, and serve as a
practical guide for researchers and engineers seeking to implement UT in their work.
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Glossary

UT: Ultrasonic testing

BMS: Battery management system

NDE: nondestructive evaluation

SNR: signal-to-noise ratio

LCO: lithium cobalt oxide

TOFD: time-of-flight diffraction

SAM: scanning acoustic microscopy

EMAT: electromagnetic acoustic transducers
CMUT: capacitive micromachined ultrasonic transducers
PRF: pulse repetition frequency

SA: signal amplitude



ToF: time-of-flight

SoC: state of charge

SoH: state of health

NMC: nickel manganese cobalt oxide
LFP: lithium iron phosphate

LTO: lithium titanate oxide

SEI: solid-electrolyte interphase
OCV: open circuit voltage

TR: thermal runaway

AE: acoustic emission

Introduction

The escalating demand for batteries, projected to reach at least 2500 GWh by 2030,' necessitates rapid
innovation across all stages of battery technology. Research into novel materials, as well as how and why
current systems fail, is crucial. At the same time, industry requires improvements in manufacturing
processes like slurry control and formation monitoring. With the increasing numbers of field-deployed
batteries for diverse applications, battery management systems (BMSs) that ensure safe operation are also
vital. A common thread linking these efforts is the urgent requirement for high-performance, cost-effective,
high-throughput characterization tools to accelerate innovation and meet the ever-increasing demand.

Ultrasonic testing (UT) is a mature nondestructive evaluation (NDE) technique used in diverse fields from
medicine to construction, and it has recently been adopted for a wide range of battery applications. UT is
an active method that interrogates systems using acoustic waves at frequencies above 20 kHz.? The resulting
waveforms contain valuable information about internal conditions, material properties, and the evolution
of defects. The external nature of the transducers and low energy of the ultrasonic pulses enable
nondestructive and operando measurements at a relatively low cost compared to other characterization
techniques. Although the mechanical insights of UT alone are valuable, using this technique in conjunction
with other measurements can provide a rich picture of battery dynamics. In addition to assembled batteries,
manufacturing lines can integrate UT for rapid, in-line quality control at various stages of production.

This review highlights fundamental principles, implementation strategies, and applications of UT in battery
manufacturing and production processes. This review is organized into the following sections: ultrasound
theory, UT hardware and signal processing, overview of prior studies on batteries, integration of UT with
other operando techniques, and battery industry applications of UT. We conclude this review by discussing
future applications and perspectives. We intend to complement previous reviews by Majasan et al.,’
McGovern et al.,* and Deng et al.> by highlighting recent advancements. We also go beyond research to
incorporate discussions of manufacturing and field-deployed applications, combining perspectives from
academia and industry on the current state of the art, near-future research directions, and bottlenecks to
widespread application. This review is intended as a guide for battery scientists seeking to understand the
capabilities of UT as well as researchers aiming to implement UT in their own work.

Ultrasound Theory Applied to Batteries

This section provides the basics of ultrasonic propagation and how it extends to complex systems like
battery cells. UT operates on the basic principle that material properties in the acoustic path affect the
propagation behavior of sound waves. Sound waves are simply pressure waves, so their behavior is directly
related to the ability of vibrational energy to travel through the medium(s) in the acoustic path.
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Longitudinal waves are most commonly analyzed for UT, though shear and surface waves are sometimes
used. As shear waves attenuate rapidly in fluids, they are less applicable to battery cell systems as they
cannot propagate through materials such as couplant, electrolytes, and gas pockets. Surface waves are less
often discussed for battery applications, but are briefly mentioned in future sections due to their applications
in guided wave analysis.? Here, we focus our discussion on longitudinal waves due to their prevalence in
battery applications.

The speed of sound (c, m/s) is dictated by the material properties of the medium and the nature of the
vibration, or type of sound wave. For longitudinal waves, this relationship is captured by the Newton-
Laplace equation (Eqn. 1):

_ E(1-v)
€= \'p(l—v—ZVZ) (1
Here E is the Young’s modulus, v is Poisson’s ratio, and p the density.® Increasing Young’s modulus (stiffer
material) or decreasing density results in a faster speed of sound. This equation assumes negligible local

density changes, valid for frequencies > 1 MHz, typically used for UT on battery systems.” The reader is
referred to Kinsler et al.® for a derivation of these relationships from the fundamental wave equations.

As a waveform propagates through the system, it experiences attenuation, in which energy is lost to the
system. The sensors used in UT typically measure amplitude, which represents the sound wave pressure.
Signal intensity, or energy, is proportional to the square of acoustic pressure.” As energy is lost, the
measured signal amplitude (SA) decays exponentially with respect to the distance traveled, as described by
the following equation (Eqn. 2):

A = Age % (2)

Where A and A4 are the initial and final amplitudes, respectively, « is the attenuation coefficient, and z is
the distance traveled.? Attenuation can result from scattering in media containing heterogeneities such as
grain boundaries, defects, and porosity, or due to absorption, where elastic properties dissipate ultrasound
energy as heat.*

As acoustic waves interact with interfaces within the system at normal incidence, the energy of the waves
is partitioned based on the acoustic impedance difference between the subsequent materials. For a
waveform with normal incidence to the interface between materials 1 and 2, the ratios between incident
acoustic pressure (Po) to transmitted pressure (Pr) (Eqn. 3) and reflected pressure (Pr) (Eqn. 4) are defined
as follows:*3

Pr 27,

P~ Ty )
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Zi = pic; (5)

Here, Z;is the material acoustic impedance, which is a function of p; (density) and c; (speed of sound) of
the material i (Eqn. 5). These equations indicate that a greater mismatch between the acoustic impedance
of subsequent layers results in greater reflection and less transmitted signal. Ultrasound waves can also
experience refraction and mode conversion into different wave types at interfaces. For a complete derivation
of these equations, we refer the reader to Ensminger et al.?


https://paperpile.com/c/yGkBWG/4aKY
https://paperpile.com/c/yGkBWG/w3kT
https://paperpile.com/c/yGkBWG/tqkC
https://paperpile.com/c/yGkBWG/2dsV
https://paperpile.com/c/yGkBWG/4aKY
https://paperpile.com/c/yGkBWG/4aKY
https://paperpile.com/c/yGkBWG/4aKY

The ultrasound wavelength (A1) relative to the characteristic feature size of the system under study is of
fundamental importance. This is related to frequency (f) and speed of sound (c¢) (Eqn. 6):

A=2(6)

As with other wave phenomena, higher frequencies yield smaller wavelengths. Similar to optics, smaller
wavelengths can resolve finer feature resolution in the acoustic signal, as dictated by the following equation
(Eqn. 7):%10

A A
W= 2xNA. 2 ()

Here, W is the minimal detectable feature size, and N.A. is the numerical aperture of the transducer, which
is hardware-dependent, though resolution is typically estimated to be half of the wavelength. On the other
hand, higher frequencies can increase scattering and absorption contributions, attenuating the signal and
decreasing signal-to-noise ratio (SNR). As such, optimization of f and consequently A is crucial for UT
analysis.

The heterogeneous nature of batteries increases the complexity of UT analysis. A typical battery comprises
a repetitive, finely layered structure, which results in different waveform propagation than a bulk,
homogenous material would demonstrate. Furthermore, battery electrodes and separator materials are
porous solids filled with fluid, which behave differently than homogenous solids. Finally, the electrodes
themselves are composite materials made up of active material, conductive additives, and binders. In reality,
Eqgn. 1 needs to be adjusted to account for the effect of porosity, the different values of Young’s modulus
and density for each material, and the effect of layers on waveform propagation. Practically speaking,
experimental UT papers simplify this by discussing the effective elastic modulus, or effective stiffness (E.y)
of the system, and the overall system density (p):®!!

Eerr
= [=ZLL8
c= [FZ®)

Throughout this review, we will use £ to refer to the Young’s modulus of a pure material and E.y to refer
to the effective stiffness of an electrode film. This assumes that the system is an isotropic, homogeneous
solid.®” This is generally accepted if the ratio of the wavelength to the individual layer thicknesses is
sufficiently large (5-8).° Table 1 shows the wavelengths for medium- and high-frequency waves passing
through common battery components. We show both individual materials and composite electrodes, as well
as a full cell with electrolyte. While material properties vary across studies with factors including
measurement method, manufacturer, and composition, these values provide a rough comparison between
frequency-dependent wavelength and layer thickness.

Table 1. Material properties, sound speed (c), and frequency-dependent wavelengths of lithium cobalt
oxide (LCO) || graphite cell components at 0 % state-of-charge. For single materials, ¢ is calculated from
Young’s modulus (£) and Poisson’s ratio (v). For composite electrodes, the measured effective moduli (£.p)
incorporate the current collector, binder, conductive additives, and electrolyte. For the full cell, £y also
includes the separator. Wavelengths are compared with typical layer thicknesses reported in the literature.

Material | E (GPa) v p (g/em?®) | ¢ (m/s)* | A (um) @ | A (pm) @ Layer
2.25 | 15 MHZz" | Thickness (xm)
MHz"



https://paperpile.com/c/yGkBWG/rvDrt+9SfAw
https://paperpile.com/c/yGkBWG/w3kT+Fxk7
https://paperpile.com/c/yGkBWG/w3kT

Graphite 3212 0.322 |2.26" 4500 2001 300 65.5'4-9615

LCO 0.3 6990 3110 466 46.5'4-60"
17845 16 4.46"7

Copper 0.350+ 4710 2090 314 814-10%
12440.7 1 0.009'% | 8.93"

18

Aluminum | 69 0.33% 6140 2730 409 1015-121
2.71°

0.35 1084 482 72.3 15142515

Celgard 0.55' 0.75"
E.;(GPa) p(glem’) | cmisy | 1@225 | 1 @15 Layer
MHz" MHz? | Thickness (xm)

Composite 10.77 1.067 3180 1410 211 2007
Graphite/Cu
Composite | 27.87 1.547 4250 1890 283 1807
LCO/Al
LCO|| 4.767 1.607 17207 767 114 1707
Graphite
Cell

“calculated from Eqn 1.
bcalculated from Eqn 6.
°calculated from Eqn 8.

Based on the wavelengths and typical layer thicknesses presented in Table 1, this assumption of the battery
as a homogenous solid holds at medium frequencies (2.25 MHz) but loses accuracy at higher frequencies
(15 MHz). The implication of this from a practical standpoint is that higher frequencies can generate greater
scattering contributions and produce acoustic responses that are less representative of average cell
properties, although they may better resolve microstructure and small features. In addition to the tradeoff
between resolution and attenuation, this factor must be considered when choosing UT frequency.

Generating and Measuring Ultrasound

The instrumentation used to conduct an ultrasound experiment is relatively straightforward. The
fundamental components are a pulse generator, transducer(s), and a recording device. Several vendors exist
for pre-built UT instruments, but simple lab-built systems can also produce high-quality data at a far lower
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cost.?%2! This section will discuss the physical layout of various UT setups and review some experimental
choices related to hardware selection. Special attention is paid to transducer selection, with an eye towards
future applications of advanced transducer technology to battery research.

Ultrasound Testing Modes

Ultrasonic measurements rely on a transducer that converts electrical signals into acoustic waves and vice
versa. The type and placement of these transducers are carefully chosen to optimize signal collection for
the system and features of interest (Figure 1a). Two primary measurement modes are used for UT in battery
systems: through-transmission and pulse-echo. Through-transmission, or simply transmission, utilizes a
separate transmitting and receiving transducer. The transducers are placed across from each other such that
the received signal is a combination of the signal entirely transmitted through the battery and internal and
surface reflections. Though individual signal features are difficult to correlate to specific internal structures,
transmission can provide information on the average material properties of the entire through-thickness of
the cell in the direction of acoustic propagation.’? On the other hand, the necessity of this signal to pass
through the entire system requires lower frequencies to reduce attenuation, which limits feature resolution.
2.25 MHz has been found empirically to provide a good tradeoff between resolution and SNR for most
pouch cells, though other frequencies are often used.?*** Frequency-dependent transmission measurements
can also be performed to identify acoustic resonances within the cell.?*?* The transducers are typically
aligned in a transmission measurement, though useful information about scattering can also be gathered by
using a receiving transducer that is axially offset from the sending transducer.

In contrast, pulse-echo, or reflection, involves one transducer that transmits and receives the reflected
acoustic signal. Pulse-echo datasets contain a series of reflections from various interfaces within the cell.
Decoupling these reflections can allow for specific regions or features to be isolated. At deterministically
low frequencies, the signal can penetrate the whole cell and reflect to the transducer, often called the back-
wall reflection or first echo.? Analyzing the first echo yields information similar to through-transmission
since it has interacted with the entire cell. Pulse-echo can also utilize higher frequencies, sometimes up to
25 MHz,® to achieve greater resolution of small-scale defects and phenomena, though the resulting
attenuation can limit the penetration depth.?>?” While pulse-echo datasets may contain more information
than through-transmission due to the ability to decouple different reflections, the increased number of
reflections can yield lower SNR and more difficult signal deconvolution. Thus, the choice of pulse-echo
and through-transmission depends on the system and desired analysis. Fortunately, with the right hardware,
it is straightforward in most cells to operate both simultaneously.

The previously mentioned modes rely on normal incidence waves, in which the signal is sent and received
at a 90-degree angle to the battery surface. Additionally, there is a diverse body of literature on oblique
waves. In pitch—catch configurations, one transducer transmits while one or more receivers collect signals
at different angles. Using multiple receivers on the same or opposite sides of a battery enables analysis of
multiple propagation paths and larger interrogation areas. A typical application of pitch-catch is guided
wave analysis.!>?® This method has been cited to utilize less bulky acoustic probes and capture greater areas
with less attenuation. This can be valuable for field-deployed systems. However, guided waves support
multiple modes, including diffracted and surface waves, which complicates interpretation, and typically
operate at lower frequencies (~60-200 kHz), thereby reducing spatial resolution.'® To date, battery studies
have focused on planar geometries (pouch and prismatic cells), where guided waves propagate most
effectively, although cylindrical configurations have been explored in structural NDE.?* Another
application of pitch-catch is time-of-flight diffraction (TOFD), which uses contact transducers on the same
side to determine the size of an internal crack by comparing the arrival time of waves diffracted from the
top and bottom of the crack.*® This is often used for the evaluation of weld quality.
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While informative studies are done on a single point of a battery, it is also common to collect spatially
resolved information (Figure 1b). In scanning acoustic microscopy (SAM), this is typically done by
attaching the transducers to a gantry and rastering across the cell. Data is often collected in through-
transmission or pulse-echo mode, achieving millimeter-to-micron resolution depending on transducer,
coupling medium, and signal processing. This will be discussed further in the next section. Collection times
are limited by gantry scan speed and measurement time at each individual point. This can introduce
temporal heterogeneities within a scan, particularly for fine spatial resolution or large scan areas. This is a
hindrance for in-line applications, making SAM collection speed a major area of research.

Many transducers can be used simultaneously as an array to increase the acquisition speed. These can be
operated as multiple elements all conducting transmission or pulse-echo.! and they can be rastered to
increase SAM acquisition speed. Often in the battery literature, they are operated as phased arrays (Figure
1c¢). These work by adjusting the time delay between neighboring transducers such that the resulting
interference pattern produces a single acoustic wavefront across the width of the array.>* Manipulating the
delays can change the angle of the ultrasonic pulse with respect to the transducer, allowing large areas to
be scanned without needing to move the transducers physically.*? Beam steering and dynamic focusing also
enables resolution of depth-dependent features.®® There is growing interest in applying these arrays for
battery research due to their higher speed operation, which is useful for large battery formats and rapid in-
line characterization, and they have been successfully used to monitor defect formation,** gas
generation,, and state of charge (SoC).*® Thin micromachined arrays also offer more compact, field-
deployable options, though typically at lower frequencies.®! Still, the increased data complexity and higher
cost of arrays can limit applications. The tradeoffs of single-point and spatially-resolved methods are
summarized in Table 2.

Table 2. Summary of advantages and disadvantages of single-point, SAM, and array systems.

Method

Advantages

Disadvantages

Single-point

Minimal and low-cost equipment
requirements; small hardware footprint
enables integration with many systems

Lack of spatial resolution limits analysis
of heterogeneous or localized phenomena

temporal variation; phased arrays can
resolve depth-dependent features;
stationary probes facilitate integration
with many systems

SAM Provides spatial resolution; commercial Tradeoffs between spatial and temporal
systems available; can be built in-lab at resolution governed by scan speed and
lower cost than most spatially resolved area; scanning may be infeasible in some
operando characterization methods systems; coupling while scanning requires

non-contact immersion or air-coupled
transducers, or using more complex dry
coupled rollers; increased data volume

Array Enables rapid spatial analysis without Tradeoffs between hardware footprint and

frequency; higher cost; increased data
volume and analysis complexity
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Figure 1. a) Schematic of the different UT collection modes. b) Schematics of 2D scanning or rastering
with a single transducer to perform SAM. This produces an image where each pixel contains a full ultrasonic
data waveform. c) Simplified schematic of the operation of a phased array transducer.

Types of Transducers

Transducers can be categorized by the physical mechanism of transduction, which affects the ultrasonic
frequency, efficiency of generation and detection, and the requirements for coupling to the sample. The
most relevant transducer types discussed in this review are shown in Figure 2a: piezoelectric crystals,
electromagnetic acoustic transducers (EMAT), laser ultrasound, and capacitive micromachined ultrasonic
transducers (CMUT).

The most common ultrasonic transducer is the piezoelectric crystal. A helpful introduction to piezoelectric
transducers can be found in Shung and Zipparo,*? but we will summarize a few relevant points here. The
physical mechanism of these transducers is the piezoelectric effect, which occurs in materials with aligned
internal dipole moments. The aligned dipole moments allow them to interconvert between pressure and
electrical potential since any voltage exerts a force on the dipoles, and any change in the dipole moment
generates a voltage. The most commonly used piezoelectric materials for ultrasound are lead zirconium
titanate (PZT) ceramics and polyvinylidene difluoride (PVDF) based polymers. A piezoelectric crystal will
have a resonant frequency that depends on its geometry, which results in ultrasonic transducers having
limited bandwidth around a central frequency. Piezoelectric transducers typically produce longitudinal
waves, though specialized shear transducers are available.

Coupling of the transducer to the sample is another design consideration. Choice of couplant is important
to reduce signal loss due to reflection at the transducer surface and attenuation due to air gaps at the sample-
transducer interface (Figure 2b). The couplant can be a gel for direct contact, a pad for solid coupling, a
fluid like water or mineral oil for immersion transducers, or air for air-coupled transducers. Dry coupling
strategies have also been commercialized using a transducer immersed in silicone oil encased in rubber
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which is pressed onto the battery.>” The rubber case can be used as a roller, enabling transducer scanning
without the disadvantages of fluid or air coupling. In all cases, the acoustic impedance of the transducer
face should be matched to the sample or couplant to maximize transmission. Since the acoustic impedance
of a given piezoelectric material is a fixed property, matching layers are often added to the transducer to
move the impedance closer to the target material. This means that a transducer designed for water
immersion, for example, will not be interchangeable with one intended for use in air or for direct contact
with metal.

a) Piezoelectric EMAT Laser CMUT
Focusing Generation]] Interferometer Conducting
Voltage Layer Magnet Pulse w 5 Membrane
- N
|“ » AC Coil 5 c )))
- E
Backing Matching -
Layer Layer Battery AC Voltage

"I Lgd L Laged

Direct Contact Air Coupled Fluid Coupled Solid Coupling

Figure 2. a) Categories of ultrasonic transducers and their operating principles. b) Types of sample —
transducer coupling for piezoelectric and CMUT transducers. Note that both direct contact and solid
coupling require the transducer to be pressed into the sample. In direct contact, a small amount of a coupling
gel is sometimes used, while solid coupling uses a secondary material such as a rubber mat between the
transducer and the sample.

In addition to improving coupling, material layers can be added to the transducer to shape the ultrasonic
beam. These can be understood analogously to optical lenses, and enable cylindrical beams with minimal
divergence, or beams that are focused to a line or point for improved spatial resolution. Analogous to optical
microscopy, focused transducers can be used in SAM to produce near diffraction-limited images with
spatial resolution on the order of wavelength divided by two (Eqn. 7), i.e. tens to hundreds of microns,
depending on the frequency and propagation medium. Transducers designed for contact pulse-echo
applications may also have a delay line attached, which adds material for the ultrasound to pass through
before contacting the sample. This adds a delay between the generating pulse and the measured echo to
reduce interference and improve measurement quality. Piezoelectric transducers are a mature technology
that have not been fully applied to battery analysis, and many developments in this area may be inspired by
simply reading through a manufacturer’s catalog. For example, recent work has scanned focused
transducers perpendicular to the battery surface to produce depth-resolved images of lithium (Li) plating.?®

While piezoelectric transducers are the most common and accessible technology, others may improve on
some of their shortcomings. Piezoelectric transducers either require coupling fluid or suffer high attenuation
in air, which motivates using non-contact transducers such as EMATs. An EMAT uses a magnet and an
electric coil, much like a traditional speaker. An alternating current (AC) excitation pulse at the ultrasound
frequency is sent through the electric coil, generating magnetic eddy currents in the sample surface. These
interact with the magnet via the Lorentz force to induce acoustic deformation. Further details can be found
in other introductory texts.*® While this avoids contact with the battery, an EMAT typically has a lower
SNR and requires amplification and filtering to produce proper measurements.** EMATSs have only recently
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been applied to batteries,*’ but given the high demand in industry for non-contact metrology, it will likely
see increased research interest in the future.

Laser ultrasound is similarly non-contact but uses differing physical processes for generation and detection.
Ultrasound is generated by a high-power, short-duration laser pulse, which hits the battery and is partially
absorbed. The absorbed light is quickly converted to heat, which causes thermal expansion and a pressure
field propagating outward from the laser spot as an ultrasonic wave.*! The ultrasound frequency is a function
of the laser pulse width, which enables a broader generation bandwidth than is possible with a single
piezoelectric transducer.*! Detection is performed using a second laser by measuring its frequency or phase
change after reflecting from the sample, typically using a resonator, etalon, or interferometer.*' Like
EMATS, laser ultrasound does not require a couplant to the battery. In addition, the ultrasound generation
and detection area are constrained by the spot size of the lasers rather than the geometry of a piezoelectric
crystal, which may enable significantly improved spatial resolution. Laser-based ultrasound has the
shortcomings of variable coupling to samples (due to variation in optical absorption and thermal expansion
coefficients) and more complex instrumentation. It also requires localized heating of the sample, which
may induce thermal effects that are more difficult to analyze. While laser methods have tremendous
promise, there have been limited applications in the battery field so far.*>* Since the generation and
measurement use two different laser systems operating under different principles, it is possible to mix
transducer types to leverage the advantages of various kinds. For example, a contact piezoelectric
transducer generated guided waves within a battery that were mapped via non-contact laser doppler
vibrometry.*

The final transducer type is the CMUT. A CMUT is a capacitor fabricated into a substrate with an air or
vacuum dielectric cavity and a conductive membrane as the outward-facing plate of the capacitor. When
the capacitor is charged, the plates experience an electrostatic attraction which causes the membrane to
deflect inward until the mechanical elasticity of the membrane balances the attraction. To generate
ultrasound, an AC signal is applied to the capacitor, which causes the membrane to vibrate at the AC
frequency.® To detect ultrasound, the reverse process occurs: an acoustic wave causes the membrane to
vibrate, which is measured as a change in the CMUT capacitance.*’ A key advantage of CMUT technology
is its compatibility with silicon fabrication techniques, making it simple to create large arrays of CMUTs.*
They also offer a much broader bandwidth in liquids than piezoelectric transducers.* Due to their small
size and low cost, CMUTs have been proposed to be integrated directly into battery monitoring systems*’
but they remain underexplored in the battery literature.

Research within the field of ultrasonic transducers includes generating ultrahigh frequency (>100 MHz)
acoustic waves,*® transducers that can operate in extreme environments,*’ and flexible transducers.®® These
developments may be helpful to battery research, opening up new frontiers in spatial or time resolution with
higher frequencies, operando studies in extremely high or low temperature conditions, or new form factors
of transducers more suitable for integration into a BMS. Battery researchers should stay aware of these
developments and identify opportunities for collaboration with ultrasound-focused labs.

Ultrasound Generation and Measurement Instrumentation

In order to perform a UT experiment, instrumentation is needed to generate and measure the electrical
pulses from the transducers. We will discuss the hardware associated with piezoelectric transducers, though
there is some overlap with the other transducer types. The generation side is usually handled by a pulser or
arbitrary waveform generator, which sends a short duration, high voltage pulse to the transducer to cause it
to generate the acoustic wave. Important factors to consider are the pulse width, pulse voltage, and pulse
repetition frequency (PRF).
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The pulse width determines the frequency of ultrasound generated. A standard pulser will send a single
voltage pulse and produce a short duration ultrasonic wave with a Morlet wavelet-type shape. An alternative
is a tone burst pulser, which generates a sinusoidal wave with a controllable number of periods. There are
tradeoffs between the two: a tone burst contains more energy per pulse and has a better-defined frequency
than a Morlet, whose short duration limits how well-defined its frequency can be due to tradeoffs inherent
in the Fourier transform. On the other hand, tone burst pulses can suffer from near-field interference that is
less of a concern than for shorter wavelets.’! In general, tone burst pulses are preferred for air-coupled
experiments whereas Morlets are used for most other applications.

The pulse voltage determines the pressure of a single ultrasonic wave. For piezoelectric transducers, greater
voltage results in a greater displacement of the transducer, which causes each pulse to carry more power if
pulse width is kept constant. Higher pulse voltage will improve SNR, but applying too much power per
pulse can result in sample heating.

PRF is the rate that individual pulses are sent out from the pulsing transducers and determines how quickly
data can be collected at a single measurement point. It is limited by the hardware and the rate of attenuation
of'the UT signal - a pulse must be fully attenuated before the next one can be sent in order to avoid ambiguity
in interpreting the measurement. A typical PRF is on the order of 1-10 kHz. Depending on the intensity of
the measured signal, multiple pulses may need to be averaged together to produce a sufficiently high SNR
to detect features of interest. As a result, overall measurement rates for a UT experiment can range from
low kilohertz (PRF limited) to single hertz (averaging thousands of samples). This sampling rate is much
faster than even the fastest battery charging rates, meaning UT can provide hundreds to millions of
individual measurements during a single charge-discharge cycle.

On the measurement side, data is usually recorded by an oscilloscope. The pulser and oscilloscope must be
coordinated by a trigger in order to accurately measure the timing of the ultrasound moving through the
sample. Amplifiers are often required for pulse-echo measurements to increase the signal intensity from the
measuring transducer. In addition, an analog bandpass filter is sometimes applied to remove noise outside
of the targeted frequency.

Ultrasound Signal Processing for Batteries

This section provides an overview of common UT metrics, their physical interpretations, and fundamental
signal processing techniques used in battery research. By relating changes in recorded transducer voltage
over time (directly proportional to acoustic pressure) to the underlying physics of wave propagation (Figure
3a), UT offers valuable insights into battery behavior. This is not an exhaustive review, but rather a guide
to help readers interpret UT-based battery studies. Corresponding algorithms are detailed in Supplementary
Section S1.

SA (Figure 3b) is the magnitude of the received acoustic wave, and its physical interpretation is mode
dependent. In through-transmission, decreasing SA indicates higher acoustic impedance mismatches, where
signal is reduced. For pulse-echo mode, decreased SA of signal with limited penetration depth indicates a
lower acoustic impedance mismatch (more transmission, less reflection). In contrast, decreasing SA for the
first echo, which has propagated through the entire cell and reflected, means a higher impedance mismatch,
similar to through-transmission. Attenuation can also decrease SA in all modes. Thai metric is particularly
valuable for defect detection, as the formation of new interfaces directly affects the SA.

Time-of-flight (ToF) (Figure 3b) is the propagation time of the wave. This metric is directly related to the
speed of sound and effective material properties through the interrogated region (Eqn. 9).
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Here, x is the acoustic path length, and pa is the effective areal density. In through-transmission, x is defined
as the distance between the transducers. This is constant in a constant volume system (ex: stack pressure
restricts volume expansion), but variable if the transducers are allowed to move with cell expansion and
contraction. For pulse-echo systems, x is twice the penetration depth of the reflected signal. Typically, pa
is considered a constant since batteries are closed systems with a constant total mass (m), and the area (A)
under investigation is constant. Note that a fundamental assumption here is that m in the acoustic path is
essentially constant, meaning volume changes are primarily occurring in the direction of the acoustic path,
and therefore addressed by changes in x. ToF is often used to track material property changes and
degradation, as cell volume and elastic properties change with lithiation, delithiation and degradation.
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Figure 3. a2) Commonly encountered interactions between an acoustic wave and a material layer within a
battery. Note that scattering and absorption both contribute to attenuation. Analysis is often performed by
comparing the amplitude (b) or time of flight (c) between two cells with manufacturing variations or as a
single cell undergoes some physical process. (d) Schematic illustrating an acoustic pulse propagating
through a sample and being reflected, and the corresponding pulse-echo signal that would be measured. By
dividing the signal into sections (time gating), each signal can be assigned a depth within the sample. Note
that it is possible for pulses to reflect off of multiple interfaces before being measured, which makes depth
profiling by time gating an inherently approximate method.

Most UT battery papers focus on ToF shift, rather than absolute ToF. This involves calculating the change
in ToF relative to a reference waveform, often one taken at the top or bottom of charge. On the other hand,
absolute ToF, the first break or wave arrival time, can allow for direct calculations of E.s This involves
knowledge of m and A, which can be measured easily if assumed constant, and x, which can be set
continuous if the system volume is fixed, or measured operando using additional techniques.” Absolute
ToF algorithms are typically more sensitive to noise than ToF shift algorithms, which can lead to reduced
accuracy. To mitigate this, an absolute ToF algorithm can be applied only to the reference waveform, while
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a ToF shift algorithm is used to compute the relative ToF change with respect to that reference. This
combined approach reduces noise sensitivity and provides a more accurate estimate of the absolute ToF
evolution.

Recent studies have begun to explore damping in batteries, defining it either as the ratio of received to
incident waveforms>? or as the logarithmic ratio of successive echo amplitudes.> Increased damping
generally arises from greater absorption and scattering and may differentiate states of matter, with more
weakly packed phases (e.g., liquids) exhibiting higher damping than solids. Despite this, damping remains
relatively underexplored in the UT battery literature. One potential challenge is that evolving interfaces
during cycling could alter waveform shapes, complicating the interpretation of waveform ratios and peaks.
Nevertheless, damping may provide information similar to amplitude while normalizing for system-level
variations, highlighting its potential for improved cell-to-cell comparisons and warranting further
investigation.

Frequency-domain analysis involves a unique set of metrics and considerations. System variations may
affect the propagation of different frequency components in the signal. For example, the development of
more microstructures, defects, and gassing in batteries can hinder the ability of high frequencies to pass
through the system.® Of particular interest is resonant analysis. Batteries, with their layered, quasi-periodic
structures, exhibit characteristic acoustic resonances. These resonances arise from constructive interference
of ultrasound waves reflecting within the repeating layers. As such, analyzing resonant frequency amplitude
can provide detailed information about the battery's internal structure and changes occurring within. For
instance, defects that disrupt the periodicity of the layered structure, such as delamination or cracking, will
weaken or shift the resonant frequencies. Resonant frequency amplitude can be a more sensitive indicator
of subtle structural changes than SA in the time domain.>*

Waveforms can be decomposed to provide richer insight into specific battery elements. Gating divides the
signal into time-bounded segments, analyzing each independently in both time and frequency domains
(Figure 3d).This can eliminate unnecessary signal components (e.g. front-wall reflections from cell
packaging that do not contain information about the internal cell) and isolate specific signal regions (first
echo, internal cell reflections, etc.).2!>* Correlating time-trace regions with cell depth can allow for depth-
resolved analysis. Combined with SAM, this can provide a 3D picture of the cell.”® Wavelet decomposition
has also been used to isolate reflections.?? Notably, these techniques are more relevant in reflection mode,
where the waveforms peaks can be assigned to specific regions, rather than transmission, where they
represent the bulk.

Signal quality is crucial to UT analysis. Outside of experimental and hardware-based improvements, post-
processing methods can improve signal quality by reducing noise and highlighting features of interest.
Upsampling by interpolating points within each individual waveform can improve resolution by artificially
increasing the sampling rate. This is useful for initial wave break and cross-correlation calculations,
especially for smaller systems such as single-layer pouch cells where cell variation has a negligible effect
on the acoustic signal.” SNR issues can be addressed using waveform averaging and smoothing techniques,
such as convolution, though these come at the expense of pulse time and waveform feature resolution. Post-
process bandpass filtering can remove frequencies which may result from electromagnetic interference or
unwanted reflections. The appropriate bandpass filters are determined by studying the present frequencies.
Power spectral density (PSD) shows the signal power distribution across frequencies.’® Alternatively,
continuous wavelet transforms (CWT) or empirical mode decomposition (EMD) can decompose the
waveform and isolate noise.?"’
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Ultrasound Applications to Battery Research

The basis of applying UT to batteries lies in the chemomechanical changes that the cell undergoes during
cycling, degradation, and failure. In this section, we discuss research findings for battery applications in
UT. In addition to providing an overview of some specific findings of interest, we highlight commonalities
across studies on ultrasound responses as they relate to particular battery phenomena and discuss the
physical reason for these trends. Unless otherwise noted, the systems discussed here are multilayered Li-
ion pouch cells with liquid electrolytes and the acoustic interrogation is conducted with longitudinal bulk
waves, due to the prevalence of these factors in UT literature.

SoC/SoH Tracking

A significant application of UT is tracking battery SoC and state of health (SoH). This analysis operates on
the principle that electrodes undergo repeatable material changes upon lithiation and delithiation. Some
SoC-dependent material properties relevant to acoustic response are highlighted in Table 3. We note that
E (Young’s modulus) of the individual materials is different from, but directly related to, E.y (effective
elastic modulus) of an electrode, as discussed in Eqn. 8. The combined effect of these electrodes results in
a repeatable intracycle acoustic response. Due to their commercial relevance, numerous studies have
investigated SoC variations in cells with graphite and commonly used positive electrodes such as LCO,
lithium nickel manganese cobalt oxide (NMC), and lithium iron phosphate (LFP). Linking physical changes
in the electrodes during cycling to UT metrics (Figure 4) makes an informative case study for interpreting
UT studies.

ToF is common in SoC tracking because the solid electrode particles have larger £ values than the liquid
components, meaning material changes strongly influence the ToF in these electrodes.’® During charge,
lithiation causes graphite E to increase and p to decrease, resulting in a ToF decrease, while delithiation
during discharge causes a ToF increase. This was confirmed experimentally by using an extra-thick
separator to isolate the graphite acoustic response.>® In contrast, during battery charge or delithiation of the
positive electrode, LCO and NMC tend to demonstrate a decrease in Young’s modulus and density. At the
same time LFP is reported to have an increase in both values. The same study that isolated graphite effects
found LFP showed an increase in ToF during charge, likely because the p increase dominated.” To our
knowledge, no reports have isolated the ToF change for the layered oxides NMC and LCO, but their
Young’s modulus and density changes would have contradicting effects on ToF. Interestingly, UT studies
using through-transmission, pulse-echo, and pitch-catch on NMC or LCO systems have found ToF
decreases on charge and increases on discharge for these systems. The same was observed in pulse-echo on
LFP systems.> Overall, this suggests that graphite dominates the acoustic response.'>!7-2260:61 While there
may be some contributions from the decreasing density of graphite and NMC or LCO during charge, most
studies attribute this to the three-fold increase in Young’s modulus graphite experiences during lithiation
(charge), which is more significant than the positive electrode density changes and modulus change.!'>!761
% This is further exacerbated by the larger volume of the graphite over the positive electrode in commercial
cells to achieve capacity matching.'7-%2
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Figure 4. ToF changes in an LCO-graphite cell during cycling. a) Representative ultrasonic signal during
cycling for several cycles of a LCO pouch cell at a C/20 charge/discharge rate. The TOF heat map shows
maximum and minimum waveform amplitudes in red and blue respectively. b) The same ultrasonic data
reduced to a time of flight and amplitude metric. The blue and red lines represent the single TOF shift and
amplitude measures respectively. c) Schematic of the material layers in the cell in the discharged (0 % SoC)
and charged (100 % SoC) state. Note the significant change in graphite volume after charging (lithiation).
d) A reference ultrasonic transmission waveform through the discharged state. e) Effects on the ToF versus
the discharged state for each material change in isolation and the observed overall change. Based on
experimental data, the change in graphite E.y dominates the ToF change during cycling. Detailed discussion
of the relative magnitude of each of these effects can be found in Davies et al.!” Panel a) and b) adapted
from !7. Copyright 2017 The Electrochemical Society. Reproduced by permission of IOP Publishing Ltd.
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SA exhibits SoC dependence. In LCO and NMC || graphite cells, SA increases during charge and decreases
during discharge for transmission, internal reflections, and back-wall reflections, with similar trends
observed in frequency-domain transmission amplitude.'”#*?¢62 When graphite contributions are isolated,
SA also increases upon charge, reinforcing the conclusion that graphite dominates the acoustic response.*
This behavior is commonly attributed to increased stiffness and reduced porosity during lithiation, which
lowers absorption and scattering and thus reduces attenuation.!>** Similar trends have been reported for
LFP || graphite cells, though attributed instead to evolving electrode acoustic impedance matching during
charge.”> However, this interpretation implies opposite SA responses for transmitted and internally reflected
signals, which contrasts with the commonly observed SA increase across all signals. Future work should
therefore jointly analyze internal reflections and transmitted signals to clarify the impact of impedance
effects versus absorption and scattering contributions. More broadly, SoC/SoH tracking using ToF and SA
would benefit from isolating electrode-specific acoustic contributions. This could be achieved through
system modifications, such as using an extra-thick separator, or by leveraging “zero-strain” materials like
lithium titanate oxide (LTO), which undergo minimal mechanical change and therefore have reduced
acoustic impact.®

Table 3. Young’s modulus and density of current collectors, separators, and electrode active materials at
0 % and 100 % SoC. We again note that there is variation in reported material properties across studies.

Material E@O0 % E @ 100 % SoC p @0 % SoC p @ 100 % SoC
SoC (GPa) (GPa) (g/cm?) (g/cm?)
Graphite (Cs — LiCs) 3263 109 2.26" 2201
a-Si (Si — Li3 75Si) 9295-105% 12654166 2.3% 1.18%7
Li - 268866 - 0.53¢%7
LCO (LigsCoOz — CoOz) | 178+5' 894316 4.46" 4.9V
NMC532
(LiNigsMng 3C09.20: 14598 115%8 4.76% 3.57*
— LigsNigsMnp3C00205)
LTO (L1T1204 — LizTi204) 20970 181 7 3 .7471’72 3 74b
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LFP (LiFePO4 — FePOys) 123.87 1257 3.59¢ 3.75¢

Cu 12440.7'8 8.931 -
6919 -

Al 2.71° -

Celgard 0.55" - 0.75' -

“Estimated based on the predicted volume change of -2.5 %%, noting this assumes negligible volume
change.

"LTO is largely considered a “zero-strain” material, exhibiting negligible volume changes (0.2 %). As such,
density is typically considered constant.®

“Calculated using lattice and structural information from Maxisch and Ceder 2006.7

SoC analysis via UT has also been investigated for next-generation chemistries. Anode-free Li metal
systems charge resulting in a ToF increase, contrary to the graphite trend.”*” This was attributed to the Li
metal having a smaller £ than the layered oxide electrodes, reducing the bulk effective stiffness of the cell.
Furthermore, plating Li metal increases volume, which increases the acoustic path length. Silicon (Si) also
exhibited a ToF increase on charge, this time attributed to its elastic softening and a 300 % volume
expansion on lithiation.%*’® A 30:53 ratio Si-graphite composite electrode showed similar behavior to other
graphite electrodes.”” The dominant weight fraction of graphite justified this. Given the commercial
relevance of Si-graphite composites and the uniquely significant volume expansion of Si, further work
should investigate the variable acoustic response of these systems. Outside of ToF, SA demonstrated clear
trends in Si systems with solid-state electrolytes. The volume expansion of the Si particles reduced the
porosity of the overall system, increasing SA with lithiation and decreasing SA with delithiation.”® Here,
UT is uniquely suited to study the critical mechanical variations within this system.

Intercycle acoustic variation over cycle life provides insight into SoH based on the irreversible material
changes in the battery. In anode-free Li metal systems, a ToF increase with cycling was attributed to the
buildup of dead Li decreasing cell stiffness and increasing volume.” Similarly, an overall ToF increase in
Si and Si-graphite systems was attributed to permanent volume expansion and softening of irreversibly
lithiated Si particles.”®”” In both cases, the increasing ToF was also hypothesized to result from the buildup
of electrolyte degradation products called the solid-electrolyte interphase (SEI).”*%"” Li and Si demonstrate
a more unstable SEI compared to graphite, particularly due to their greater mechanical change during
cycling. As the SEI is insufficiently passivated against further electrolyte decomposition, degradation
products accumulate. The resulting softening and volume increase is suggested to permanently increase
ToF.”” Results for layered oxide || graphite systems have varied between studies, with some citing decreased
ToF from increasing density due to SEI buildup.'*>® In contrast, others have noted an increase in ToF which
was attributed to softening with degradation.”*° Results for SA are less often reported. Some studies have
pointed out a “break-in” period where SA increases during initial cycles due to increased electrolyte
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penetration, resulting in decreased acoustic impedance.’® With aging, some studies have found decreasing
SA while others have found an increase.'>7880

The lack of consensus across these studies likely arises from differences in degradation pathways
contributing to SoH decline, which generate distinct acoustic responses that may also depend on the UT
mode employed. Slight differences in cell chemistries, formats, and cycling protocols also yield unique
degradation modes. Still, it has been repeatedly observed that acoustic trends do correlate with SoH,
opening up the possibility for SoH tracking via UT if the relationship between specific degradation modes
and acoustic response for different UT modes can be better defined. One way this can be achieved is through
rigorously controlled studies in which cell chemistry, format, and cycling conditions are carefully managed,
allowing specific degradation pathways to be repeatably linked to acoustic signatures and validated through
ex situ analysis.

In addition to these general trends, intracycle analysis can provide information on specific mechanisms
during cycling. Some studies have attributed intracycle trends to the development of stress in electrodes.
Following ToF changes associated with charge and discharge, a relaxation of ToF was observed during
constant voltage holds and open circuit voltage (OCV), suggesting that UT is sensitive to the relaxation of
the Li gradients.®*®! These changes were observed to become more significant with increasing C-rate, which
is expected given that Li gradients within the electrodes are more significant under these conditions.
Additionally, SA changes have been attributed to impedance changes resulting from Li concentration
gradients between the electrode and electrolyte.’® Some studies have hypothesized that significant SA and
ToF changes at the top and bottom of charge are associated with layered oxide phase transformations.'>!7:62
Notably though, increases in impedance at the top and bottom of charge also generate heat, which scales
proportionally with C-rate. As will be discussed, it is essential to decouple the effects of internal temperature
changes on acoustic signals from SoC-dependent variation to validate the observations of stress. Still, while
the negative electrode typically dominates general trends, this motivates using intracycle trends to observe
positive electrode behaviors. For example, Sun et al. detected liquid-to-solid phase transformations in sulfur
(S) electrodes using intracycle ToF and damping.’* While the overall trend was dominated Li metal, as
confirmed by operando pressure measurements, the nonlinear intracycle trends were attributed to the S
electrode based on the linear behavior of Li plating and stripping.>* Variations in these intracycle trends
throughout cycle life can provide greater insight into degradation modes.

A handful of studies have applied UT to track SoC/SoH in 18650 cells, specifically nickel cobalt aluminum
oxide (NCA) || graphite®>*? and NMC || graphite.’** The cylindrical geometry significantly increases the
complexity of the waveform by increasing scattering and introducing circumferential waveform
propagation around the casing.®® Overall ToF trends with SoC still show good agreement with pouch
systems, but SA trends show greater variability between studies.®” This variability in SA is believed to be
due to the unique interactions of jellyroll swelling and deformation in a constrained cylindrical
environment, as well as the complexity of scattering between jellyrolled layers.®*®* At this point, most
cylindrical studies focus on correlative trends, with limited discussion of intracycle trends and their
implications for evolving material properties. Future work should look to improving analysis through a
better understanding of wave propagation in cylindrical formats and how constrained systems versus
flexible pouch cells may affect trends. Different analysis metrics, such as those in the frequency-domain
metrics may produce more meaningful results than time-resolved SA alone.*® Furthermore, advanced UT
setups, such as curved transducers, may improve signals and yield more repeatable results. Finally, existing
studies use a range of frequencies from 100 kHz to 5 MHz, but the impact of frequency in these systems
should be thoroughly investigated.

Acoustic models often complement SoC/SoH UT studies. This necessitates estimation of E.yand p of the
electrodes and separator. A first-pass estimate of these values is the weighted average of the material
properties. Some representative values are shown in Table 2. Otherwise, some models have leveraged
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models of granular materials, with methods such as Hashin-Shtrikman, Voight, and Reuss bounds.”!” The
typical treatment of the layered battery structure as an isotropic, homogenous solid is often achieved via
Backus averaging, which takes the harmonic average of the effective material properties of n individual
layers (M¢sf,;) to calculate the effective material property of the cell (Myf cerr) (Eqn. 9).7

1 —
Meff,cell =nX (Z?:O Meff,i) ! (10)

This estimation results in wave speed predictions that are up to 20 % faster than those that were
experimentally observed.!”*? Given the lack of reported and validated viscoelastic values for involved
materials, Ladpli, Kopsaftopoulos, and Chang 2018'° further assumed all materials to be elastic, which
would notably remove absorption effects from the model. With these assumptions, these particular studies
were able to generate models that mimicked the general relative trends in ToF and SA for layered oxide ||
graphite systems. On the other hand, these models failed to capture intracycle trends accurately. Improved
models of granular materials may address this, which is an ongoing research area, and better estimations of
material properties.>!> The Biot model for fluid-saturated porous media is commonly discussed in this
context. While it has been found to accurately portray the separator material,®® applications to the electrodes
have shown inconsistencies with experimental findings. Some studies have instead used the slurry model,
positing that the mechanical behavior of the electrode systems is more similar to a dense liquid than a
porous fluid-filled solid. Intracycle SA trends were also captured using the Dualfoil model to capture Li-
ion concentration gradients in the electrode and electrolytes during a cycle.>® Furthermore, replacing Backus
averaging with layer-by-layer modelling can improve model accuracy, particularly by incorporating
considerations of dispersion at layer interfaces.’** Some works have leveraged more complex
mathematical models using the transfer matrix method to model layer stratification.”* Advancing modeling
of ultrasound behavior in batteries can not only improve the interpretation of UT results, can also enable
additional UT capabilities such as visualizing the internal structures of batteries without a priori knowledge
and better deconvolution of individual material contributions to the resulting signal.

One of the challenges of SoC/SoH tracking and other UT applications is the sensitivity of acoustic
propagation to temperature. Since acoustic propagation occurs via vibrational energy traveling between
particles in the system, temperature directly affects material properties and the resulting acoustic signals.
Heat generated in cells due to impedance (Joule heating) and exothermic parasitic reactions can increase
temperature even under standard cycling protocols. UT analysis on OCV cells undergoing temperature
fluctuations within the manufacturer-specified range has observed an increase in ToF and a decrease in SA
with rising temperature, attributing this to thermal expansion of the cell increasing path length and,
consequently, attenuation.®! It has also been suggested that decreasing viscosity can increase attenuation.
Although studies have observed SoC to dominate the acoustic signal, temperature can still affect results.
Many battery studies have addressed this using low C-rates such that Joule heating contributions are
minimal. Otherwise, temperature compensation is needed. One way this can be achieved is through the
experimental collection of acoustic metrics versus temperature. This must be done at different SoCs to
account for the SoC-dependent material properties.®! Then, with knowledge of the cell temperature from a
thermistor measurement, the temperature component of the acoustic signal can be subtracted, resulting in
acoustic trends that are solely a result of SoC.?' Still, improving experimental design and algorithms for
temperature compensation, and developing more accurate methods for cell temperature measurements, is
valuable future work.

While UT has been applied across a range of C-rates, most studies favor relatively slow cycling (C/20—
C/10).% This minimizes, though does not fully remove, Joule heating impacts depending on chemistry and
SoH. Still, acoustic response has been shown to vary with C-rate even when temperature effects are
removed. Variations in intracycle acoustic trends have emerged when comparing slow C-rates (~C/10) to
faster C-rates (~1C). These may result from a variety of factors, including different stress-strain behavior
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and C-rate-dependent material properties, such as current-dependent graphite staging.®'#” One study even
observed different overall SA trends with C-rate.3? These factors must be carefully considered when
comparing UT results across SoC studies, particularly when moving toward higher, more realistic C-rates.
Despite this complexity, UT studies under drive-cycle conditions with rapidly varying currents have shown
promising SoC tracking, with temperature-compensated ToF maintaining reasonable predictive capability
despite some variation in intracycle behavior.®#” Further work is needed to extend these findings across
different chemistries and SoH.

A significant application of SoC/SoH tracking from a research and development perspective is gaining
insight into degradation modes to drive forward new chemistries. Bommier et al.”” used intracycle trends
to distinguish silicon and graphite behaviors, and with this were able to attribute observed capacity losses
to primarily passivation and irreversible lithiation of the Si particles. Chang et al.”* compared dQ/dV
analysis to dE/dV analysis. They found that initial behavior followed a generally linear dE/dV trend, which
tracks the expected behavior of ideal Li plating and stripping. With cycling progression, they correlated
deviations from linearity with nonideal behavior, such as mossy Li plating, incomplete Li stripping, and
SEI buildup. This analysis was used to gain further insight into the impact of both electrolyte and formation
rate on the chemomechanical stability.

From a field-deployed perspective, UT also has the potential to improve SoH/SoH tracking and prediction
through integration with existing BMSs. Current SoC estimation methods rely on voltage tracking and
Coulomb counting, which can be inaccurate. Voltage is affected by voltage fade, impedance changes, and
the dependence of overpotentials on current, while Coulomb counting can be affected by capacity loss in
the cell or environmental conditions.!” The addition of the chemomechanical insights provided by acoustics
into SoC estimations, typically made by BMS systems, can improve the accuracy of these estimations.
Davies et al.!” demonstrated a machine-learning model for LCO || graphite. While the use of ToF and
amplitude alone led to slight improvements in SoC estimation over voltage alone (2.3 % vs. 3 %), the
combination of voltage, ToF, and amplitude led to a ~1 % error. This suggests integrating acoustic data
alongside electrochemical information can improve prediction capabilities. This improvement was even
more drastic for LFP (6 % to 1 %), where the flat voltage profile and voltage hysteresis generally make
SoC estimation more difficult. Similar results were found even when the model trained on healthy cells was
extended to one damaged by overcharging. Owen et al.3! further used temperature-compensated ToF to
predict SoC under drive cycle conditions using fitting of collected SoC versus ToF data, demonstrating the
applicability of this method under conditions more realistic for field-deployed batteries.®! This can be
further extended to SoH determination. In the same work, Davies et al.'” showed significant promise of
machine learning with combined acoustic and electrochemical insights for predicting the SoH of cells.

This is valuable for field-deployed batteries, which may not be able to undergo electrochemical tests during
real-time use. While laboratory results have been promising, it should be noted that the collection of
representative datasets determines prediction accuracy to generate accurate SoC vs. acoustic parameter
relationships. Collecting this data will likely be a challenge given the wide variety of batteries used in field-
deployed applications, and the numerous cycling protocols used. Furthermore, extensive data on cells with
varying SoH will be necessary to retain prediction accuracy throughout battery life. The development of
rich data sets for individual battery chemistries and formats, and improved knowledge of cell-to-cell
variation within batches, can allow for correlations between acoustic information and SoH with limited a
priori knowledge of the particular cell.'> There is also the potential for the insights generated from acoustics
to show degradation before it affects electrochemical performance. For example, Chang et al.”* showed that
an effective stiffness decrease in an anode-free cell happened before any electrochemical change was seen
(within 30 cycles). Extrapolating this further, it is possible that this chemomechanical variation can be an
indicator of future failure but implementing this realistically will require large data sets and advanced
algorithms.
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Gas Detection

Another wide-ranging application of UT is the detection of gas in cells. In this section, we discuss gas in
the context of both dry regions in the cell and gas bubbles forming byproducts of side reactions. Ultrasound
is particularly sensitive to this due to the high acoustic impedance mismatch between gas and condensed
matter. At these interfaces, ultrasound waves experience greater reflection and dispersion and,
consequently, less transmission. Through-transmission is therefore very sensitive to gas because even small
amounts of gas trapped between electrode layers can significantly hinder the ability of the waveforms to
propagate through the entire system. This results in signal attenuation. In pulse-echo, this is dependent on
the signal penetration depth. When only surface layers are examined, such as in cases with high-frequency
transducers with limited penetration depths, the signal increases due to increased reflections on the gas-
condensed matter interface. Attenuation increases with increasing penetration depth, as the ability for the
signal to transmit past the initial gas layer is hindered. As a result, the first echo tends to exhibit significant
signal attenuation with gassing, similar to the through-transmission results.®®* While ToF also shows an
increase with gas formation, the signal attenuation is a more evident and detectable change and hinders the
extraction of other acoustic metrics by increasing SNR. As such, most gassing studies focus on SA or signal
energy. The effects of gas formation on UT signals are summarized in Figure 5a.

The sensitivity of ultrasound to solid or liquid to gas interfaces has been used to study the electrolyte wetting
process. Battery electrodes are porous, and it takes a significant amount of time for the electrolyte to
displace gas in the film. Acoustically, this results in highly reflective solid-gas interfaces being replaced by
transmissive solid-liquid interfaces, causing the intensity of the transmission signal to increase and pulse-
echo signal to decrease. This process has been directly observed by SAM (Figure 5b), though only for a
few electrode and electrolyte combinations.?**>* The wetting process is a significant time bottleneck in
battery production, so nondestructive monitoring represents a major avenue of optimization and further
research.’!

This analysis has also been used to detect electrolyte saturation/dryout and gassing during precharge,
formation, and aging. Deng et al.”® observed signal attenuation while cycling NMC532 || graphite and
LFP||graphite cells. This was attributed to gassing and electrode swelling which resulted in insufficient
wetting, both consequences of degradation modes caused by continuous cycling. These were further
correlated with capacity losses, pointing to UT’s value for identifying specific failure mechanisms in aging
cells. A similar result was found by Louli et al.”” in anode-free Li metal cells paired with NMC532. Here,
more signal attenuation was observed in the system with lower stack pressure than with higher stack
pressure. X-ray tomography observed more porous Li plating in the low stack pressure configuration,
suggesting the attenuation results from electrolyte depletion. Notably, both studies utilized spatially-
resolved ultrasound. This was beneficial as it revealed inhomogeneities and allowed for a better comparison
of the degree of dryout throughout the cell area. In contrast, Bommier et al.”’ observed significant
attenuation in stationary transmission data during the initial cycles of Si-graphite electrodes, attributing this
to gaseous byproducts resulting from the formation of the initial SEI. Such a finding suggests potential for
using UT as a means for rapidly identifying incomplete formation and other acute events that can yield gas.
In addition to the SoH metrics described previously, electrolyte dryout and gassing analysis are other ways
to extend UT for long-term stability evaluation.

A similar application is the evaluation of interfacial contact in solid-state batteries. Poor contact between
the electrode and the solid electrolyte results in small gas-filled pores, which results in transmission signal
attenuation. Studies have leveraged spatially-resolved ultrasound as a means of observing contact
heterogeneities, differentiating between poor contact and active gas formation, and studying the evolution
of interfacial contact with cycling.”*** This method has proven useful for evaluating methods for improving
interfacial stability.
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Figure S. a) Changes in ultrasound upon gas formation. Transmission shows a decrease in amplitude and

simultaneous increase in ToF. In pulse-echo mode, formation of bubbles will cause new features to appear
that will grow in amplitude and decrease in ToF as the bubbles get larger. b) Electrolyte wetting process of
an LFP || graphite pouch cell. SAM images are overlaid with photos of the cell, with the color bar indicating
the SA. An increase in SA accompanies the electrolyte displacing gas, with 34 hours required for uniform
wetting. ¢) Changes in ultrasound upon Li plating. A layer of Li will add a new reflecting interface with a
higher speed of sound than the electrolyte it displaces. As a result, transmitted SA and ToF increase while
pulse-echo will arrive sooner and may have a higher SA if the impedance mismatch between electrolyte
and Li is greater than that of electrolyte and electrode. Panel b) reproduced with permission from .
Copyright 2020 Elsevier.

One of the significant challenges of gas analysis via UT is quantification. The presence and formation of
gas and dry regions in cells are generally localized and develop stochastically. Studies that use only one or



a few transducers may miss instances of gas outside the acoustic path. Gas which forms operando also
travels through the cell, which can result in transient acoustic signatures.”” This was addressed in some of
the previously mentioned works with spatially-resolved acoustic scans which can capture the initial location
and movement of gas. With a single transducer, or a pair of transducers, this measurement is still limited
by the scan speed relative to the formation and movement of the gas. In contrast, transducer arrays can
simultaneously cover a significant cell area, providing an instantaneous picture of gas formation. Still,
techniques using a normally incident and received signal are limited to 2D quantification since ultrasound
cannot penetrate through the initial gas interface. Work by Xu et al.* utilized FMC with a phased array to
transmit and receive both normal and oblique waves. The total focusing method (TFM) was then applied,
in which signals from all transmit-receive pairs are coherently summed at each imaging point to produce a
focused intensity map. This multi-angle approach effectively “sees around” gas bubbles, enabling 3D
imaging and quantitative measurement of bubble size across multiple layers. Notably, the implementation
of these spatially resolved techniques, as well as the increased data overhead, increases system complexity
and cost, while also limiting field-deployed use.

Lithium Plating

UT has also been leveraged to observe Li plating. Li plating occurs when Li-ion batteries cannot properly
intercalate into the negative electrode, forming metallic Li on the surface. These deposits can lead to lost
capacity, increased impedance, additional electrolyte reactions, and in some cases, internal short circuits.
Li plating is associated with aging, nonuniform pressure, high charge rates, and low temperatures. The basis
for UT analysis of Li plating is the different material properties of Li metal compared to the electrodes,
resulting in a high acoustic impedance mismatch. Similar to gassing results, Li plating results in attenuation
of through-transmission® signals and an increase in internal layer reflections.?® Furthermore, the formation
of Li metal has a significant effect on the speed of sound, with ToF increasing with Li plating due to its
much smaller Young’s modulus, and possible thickness increases. The expected changes to the UT signal
are summarized in Figure Sc.

Spatially-resolved methods are of particular interest here to identify the location of Li plating. Using SAM
with through-transmission, Chang and Steingart™ attributed signal attenuation around the tabs which
increased with cycling to Li plating. Using a 25 MHz transducer with SAM, Wasylowski et al.?® observed
the opposite trend in SA in regions where Li plating was induced using markers, attributing this result to
increased reflections due to the higher impedance mismatch. Here, spatially-resolved data is helpful as Li
plating results heterogeneously throughout the cell.

Relative quantification of Li metal plating has also been explored using UT analysis. Xu et al.** leveraged
amplitude analysis in the frequency domain. They specifically showed that the amplitude of the resonance
frequency (3.8 MHz) was more sensitive to Li plating than typical transmission frequencies (2.25 MHz)
due to the effect of Li plating on the battery structure, and consequently the resonance behavior. With this,
they showed that the differential amplitude decreased with a magnitude proportional to the amount of Li
plating. Furthermore, Bommier et al.”® found a statistically significant correlation between current rate,
temperature, and ToF endpoint, defined as the difference between ToF at the end of charge between non-
plating and plating conditions. Specifically, they found the ToF endpoint to increase with the magnitude of
plating, as confirmed with ex situ methods. Li plating quantification also motivates increased acoustic
accuracy through temperature decoupling. Meyer et al.”” achieved this using an experimentally-derived
relation between cell temperature during Li stripping and signal intensity. These works demonstrate the
ability of amplitude and ToF to track Li plating, and show promise for this method as a more quantitative
tool.

One of the challenges of detecting Li plating is decoupling its acoustic signature from gassing. These
phenomena have similar effects on SA and ToF in both through-transmission and pulse-echo modes, and
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Li plating often results in gas formation due to electrolyte reactions. Gassing may be assumed based on the
transient effect on the acoustic signature, as gas bubbles travel out of the electrodes and into the gas pouch.
Still, the absence of transience could be associated with either electrolyte dryout or Li plating.”’
Furthermore, Li plating is sometimes transient, as deposited Li metal can reintercalate into graphite.>* Here,
spatially-resolved methods can provide more insight into the movement of regions with changed acoustic
properties. For example, Wasylowski et al.?® showed that SAM scans of cells demonstrated static regions
of increased reflection which correlated to Li plating, whereas gas would have shown dynamic, mobile
regions. Furthermore, they observed gas pockets to visually form more distinct, homogenous regions of
signal change, whereas Li plating showed more diffuse and heterogeneous regions of signal variation. Still,
there is a need for more definitive and quantitative methods for decoupling these phenomena, especially as
spatially-resolved methods are more challenging to implement.

Other Applications to Failure Analysis

Given the ability for UT to detect both overall degradation, as shown by SoH studies, and acute events such
as gassing and Li plating, many studies have leveraged UT as a means for detecting battery failure under
abuse conditions such as overcharge, overdischarge, and extreme temperature fluctuations. In addition to
performance fade, such situations can trigger an uncontrolled chain of heat-generating reactions and events
in the cell, sometimes resulting in thermal runaway (TR), which may cause battery fires and explosions.
UT shows much promise in detecting some of the initial indicators of failure. In addition to being sensitive
to chemomechanical variation, the in situ and operando capabilities are especially useful for evaluating
realistic abuse scenarios, particularly during battery cycling.

A promising application of UT is internal temperature detection. The generation of internal heat from
various phenomena including internal short circuits and electrolyte degradation is a clear indicator of cell
failure. Although the initial source of this heat may be localized, it can lead to chain reactions that can
eventually cause TR. As such, rapidly detecting abnormal heat flow is a vital prevention mechanism for
TR. While temperature measurements are currently implemented in many BMS systems, these systems
typically rely on external thermistors which measure the surface temperature. Unfortunately, these
measurements can be inaccurate detectors of localized heat formation due to heat dispersion throughout the
battery. Furthermore, the lag associated with heat flux to the sensor can make this a poor warning system.
UT, on the other hand, is a powerful tool for detecting the internal cell environment. As mentioned,
increasing cell temperature leads to thermal expansion and decreasing viscosity, increasing ToF and
decreasing amplitude. ToF is particularly valuable due to its approximately linear correlation with
temperature, whereas SA exhibits nonlinear behavior.*#? Quantitative internal temperature determination
using UT requires independent knowledge of SoC to decouple SoC-dependent material property effects. A
prior calibration using thermal cycling at multiple SoCs is necessary, since the effect of temperature on
material properties varies with SoC.*! This approach relies on high-precision SoC measurements and
becomes increasingly challenging as cells degrade. While feasible at the laboratory scale, a more practical
field-deployable application is the detection of abnormal internal temperature through deviations from
expected acoustic behavior. Under externally applied heating conditions, significant increases in ToF were
observed beyond the established baseline range before the onset of other failure indicators, including gas
evolution or voltage change.** While this shows promise for early failure detection, future work should
investigate the accuracy of these warnings with concurrent cycling and at varying SoH.

Outside of temperature increases, abuse conditions result in various mechanical changes within the cell
which are acoustically detectable. For example, early stages of overcharge and overdischarge exhibit
increases in stress on the electrodes which correlate with amplitude changes. In a study on SoC/SoH
analysis, Davies et al.!” correlated a spike in the amplitude at bottom of charge to significant structural
evolution during overdischarge. More aggressive abuse conditions result in gas formation from electrolyte
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degradation, side reactions, or electrolyte volatilization. These gassing events can also induce or be
accompanied by electrode delamination, and expansion. These factors hinder signal propagation due to
higher impedance mismatches and decreased interfacial contact. Studies leveraging through-transmission
and pulse-echo have observed decreasing amplitude corresponding with the onset of degradation under
abuse conditions. In contrast to through-transmission and pulse-echo, McGee et al.”® saw an amplitude
increase in their guided wave analysis, hypothesizing that this results from delamination yielding a thinner
elastic wave guide. Other significant events leading up to TR, including changes in material properties and
porosity, have a marked effect on the acoustic response. Failure progression has been shown to show a
repeatable, staged effect on UT for graphite-containing systems with varying positive electrodes and form
factors, showing promise for this method across numerous cases.”

Studies have also conducted more quantitative analyses on battery failures. McGee et al.”® further noted a
positive correlation between the rate of attenuation and hold temperature, showing that UT can detect failure
severity. Chang et al.!” monitored cells undergoing rapid temperature shifts within the manufacturer-
specified temperature range, noting significant gassing. They expanded on this result, correlating the onset
of attenuation to the magnitude of temperature change and finding an Arrhenius relationship which helped
evaluate the temperature-dependence of Li plating-induced gassing. As mentioned previously, Bommier et
al®® also found a statistically significant correlation between ToF shift and the amount of Li plating. While
these results must be qualified against larger sample sizes of cells, these preliminary results suggest that
ultrasound results could be used to quantify battery failures.

Clearly, UT is a powerful tool for detecting abnormal battery behaviors. Implementation of UT failure
detection algorithms into field-deployable BMSs, along with existing temperature and voltage measuring
protocols, can enable early warning systems. Protocols can establish a “normal” acoustic range associated
with material and temperature changes associated with standard cycling. Any deviations from this range,
whether internal heating, gassing, Li plating, or another mode, would indicate a failure and trigger a
warning. Furthermore, correlating specific acoustic responses to stages of failure, as well as acoustic metric
magnitude changes with failure severity, allows for a hierarchical warning system.” For example, ToF
deviations could trigger early warnings for internal heating, while signal attenuation could indicate gassing
or Li plating at higher warning levels.**® These levels can then inform BMS protocols for corrective action
and emergency stops, potentially enabling recovery of normal battery cycling with minimal performance
loss before catastrophic failure.!"!

Operando Techniques for Lab-Scale Battery Research

A significant advantage of UT is its flexible and straightforward hardware, which leaves room for other
probes. Interpreting ultrasound data and extending its analysis to specific chemomechanical changes within
a cell often requires a secondary method to confirm the hypothesis. Therefore, combined experimental
approaches will be essential for improving the application of ultrasound to new chemistries and battery
metrics. A list of operando techniques that have been used with ultrasound is shown in Table 4. Values in
this table are rough orders of magnitude for the purposes of qualitative comparison and are often subject to
tradeoffs i.e. increased spatial resolution at the cost of longer measurement time. This is not an exhaustive
list and we refer the reader to other relevant reviews for more information on the range of specific
techniques.'®'%7 Our emphasis here is on the relation of other operando measurements to ultrasound both
in the overlap in the information they provide and the possibility of directly integrating ultrasound in a
multimodal measurement. The goal of such combined experiments is twofold: enable the use of fast, low-
cost UT in an industrial context to provide similar insights to those gained from much more expensive and
slow measurements, or to use UT in combination with other probes to gain information that is not accessible
from either technique in isolation.
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Table 4. Operando battery measurements that have been combined with UT
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Combined approaches are necessary to improve the physical interpretation of ultrasound. Many studies
establish a correlation between a battery property and an ultrasound metric (i.e. ToF changes with SoC),
but secondary methods are needed to establish why this occurs. For this reason, multimodal experiments
that combine more chemically insightful techniques with ultrasound are essential to developing the
technique. Examples include X-ray diffraction (XRD) to identify the structural transitions responsible for
acoustic signal changes during cycling® or solid-state magnetic resonance to characterize the Li - solid
electrolyte interface.''® Perhaps the most commonly used technique in this regard is X-ray computed
tomography (CT), which is used to verify the structural interpretation of acoustic data,?33+88.109

Ultrasound can provide complementary information to another operando technique. For example,
electroanalytic techniques can provide whole-cell-level insights into battery behavior that can be spatially
resolved using SAM. For instance, electrochemical impedance spectroscopy (EIS) and OCV can be
measured simultaneously with SAM to track electrolyte wetting on a global and sub-mm scale.?’ UT can
also provide a different mode of measuring the same properties. For example, acoustic emission (AE) uses
similar instrumentation to passively ‘listen’ to the sample and measure acoustic waves emitted by various
processes such as crack formation or gas generation.''*!'> AE and UT have been combined for enhanced
early failure detection,'!! and given the similarities between the two techniques further developments along
these lines are expected. Similarly, UT has been combined with infrared (IR) imaging to improve TR
detection.'” Other recent work has combined UT with IR imaging, X-Ray CT, and XRD to examine the
impact of pouch cell orientations within an electric vehicle (EV) battery pack on their SoH.!'? This multi-
technique approach is immensely valuable for fundamental battery science and improving ultrasound
method analysis. Beyond those discussed here, many opportunities exist to combine other measurement
techniques with ultrasound.

Measurement Techniques for Battery Component
Manufacturing

While UT of finished batteries has been the focus of most academic work, there is demand in industry for
nondestructive and fast testing of the electrode manufacturing and cell assembly steps before evaluating the
finished product. Example measurements include evaluating electrode coating slurries for uniformity and
rheology, monitoring thin film coating uniformity and detecting defects in coated electrodes, and checking
the stacked electrodes’ alignment and tab weld quality.*!%!'%!"7 We will briefly discuss existing techniques
for making these measurements and how ultrasound can provide complementary information. Particular
emphasis is placed on fast, inline measurement in a production setting. For a more comprehensive
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discussion of existing inline methods for battery manufacturing, we refer readers to several existing
reVieWS 4,116,117

Consistent deposition of electrodes from a slurry requires maintaining a variety of metrics within tolerance.
These include viscosity, particle size, uniformity, and solid content, typically measured via rheometer, laser
sizing, and densimetry.!'® Ultrasound can measure many of these slurry metrics, though the analysis often
requires assumptions about the other properties or extensive modeling.!'® For example, acoustic particle
sizing measures the frequency-dependent acoustic attenuation and relates this to particle size by scattering
theory, assuming other parameters such as viscosity are known.!' Similarly, ultrasonic densimeters
leverage the sensitivity of reflection at an interface to the slurry’s acoustic impedance (and therefore
p).!18120 Ag a result, UT of a slurry could complement other methods, providing additional verification of
measured properties or additional information that cannot be gained from one measurement alone. In
addition, many of these techniques are fast and require small equipment footprints, making them amenable
to inline integration for real-time monitoring of electrode slurries as they are deposited.!!'s!2!

Electrode fabrication includes several steps that require measurement. Determinations of critical
parameters, including p and porosity, are made with methods including optical interferometry for film
thickness, beta gauges for mass loading, and computer vision for surface quality.!' Other emerging
techniques that may be used in electrode measurements include THz imaging'?* and spectroscopic
ellipsometry.'?*!2* Ultrasound can complement these techniques as ToF and attenuation can be related to
the film density and thickness with certain assumptions. Thus far, UT has been used to monitor the electrode
drying process,'? calendering,'?*!?” and defects in electrode films.'?” More advanced models may be able
to directly calculate from ultrasound data a film’s porosity and tortuosity,” characterize density gradients
and binder migration within a film, or detect subsurface cracks and delamination.

Cell assembly involves stacking electrodes, welding tabs, and electrolyte filling.* The stacking step requires
precise alignment of the electrodes and separator in order to maximize active material use and avoid shorts.
Evaluating the stacking is typically done visually, with internal issues (misfolds, damaged electrodes, etc)
only becoming apparent during later formation steps. There is interest in identifying these stacking errors
earlier using nondestructive imaging techniques such as X-Ray CT,'?® magnetic resonance,'?’ or by UT.3*53
Extracting detailed structural information from complex acoustic waveforms is an active area of
research.?>!3% After stacking, there is need for further development in NDE of the tab welds. This is a
challenge for existing methods because the tabs are extremely thin (~10 um) and buried within the battery
stack.* Whether ultrasound could solve this challenge is still an open research challenge.*'™'% After
stacking and welding, the electrode assembly is inserted into packaging and electrolyte is added. This is
followed by a wetting and pre-charge step, formation, and then degassing, all of which can be monitored
with UT."3

Challenges and Opportunities in Scaling to
Industrial Manufacturing

Despite the promise of UT highlighted in the previous sections, widespread commercial adoption remains
elusive. Industrial-scale pilot trials confirm UT’s potential as an attractive non-destructive option for
safeguarding high-value battery components and inspecting work-in-progress and assembled cells for
quality,, as it interrogates their internal structure without exposing materials or operators to ionizing
radiation.'* Yet, the same evaluations expose several barriers that currently prevent UT from serving as a
front-line, 100 % inline inspection method. In this section, we combine the perspective of a company
focused on ultrasound instrumentation commercialization and that of a large automotive manufacturer to
examine remaining barriers to adoption and highlight important areas for improvement.
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Transferring technologies demonstrated in laboratory environments to production presents a significant
challenge due to the scale, speed, and sensitivity required.!'?® Battery cell plant capacities in the tens of
GWh!* and cell capacities around 100 Ah'*’ are publicly disclosed parameters. From an example electric
vehicle original equipment manufacturer (OEM), a calculation of the maximum daily cell plant output in
capacity and cells across all of its lines follows (Eqns. 11 and 12).

400 GWh Year Week MWh
=114 —=(11)
Year 50 Weeks 7 Days Day
MWh 1 Cell Cells
114 X — X = 327,000 —= (12)
Day 35V 100 Ah Day

To achieve this scale, the coating, drying, and calendaring stages of cell manufacturing lines typically
operate at 50 to 100 meters per minute without interruption,* a significant speed increase over doctor blade
coating (1-5 m/min) found in many academic labs'**!* or pilot line coaters (5-10 m/min) found in many
scale up test facilities.!**!*! Existing transducer bandwidths, data-acquisition rates and reconstruction
pipelines cannot keep pace, forcing manufacturers to choose between throughput loss, low resolution
measurements, or sparse spot checks.!**!* Innovations in the design of transducers, data collection
electronics, inspection equipment, and computational algorithms are required to enable UT to be effectively
implemented in-line at industrial manufacturing scales.

Detection sensitivity and decoupling of features is another challenge. First, in-plane spatial resolution for
air-coupled arrays or roller probes is typically limited to ~100 um, which is insufficient to resolve the micro-
voids, foil-edge burrs and sub-laminate cracks that most often trigger scrap or latent safety hazards.>>!#
Many of those critical defects also exhibit only weak acoustic contrast, so they remain undetectable even
when the system is tuned for maximum sensitivity.!*> Beam-focusing with phased array transducers may
improve lateral resolution, but still may require large volumes of sample data to train effective defect
detection algorithms. Furthermore, validating ultrasound’s ability to detect defects it is suited for (dry spots,
Li metal plating, separator tears, gas bubbles, etc.) remains difficult since these are not directly observable
by other inspection modes.

Additionally, implementations of UT in cell plants must continually adapt and evolve as cell manufacturers
and automotive OEMs adjust their strategies to optimize cost, performance, while improving vehicle
safety.!* Electrode manufacturing processes often transfer across form factors, however the wide range of
cell sizes, shapes, and internal constructions across pouch, prismatic, and cylindrical formats presents a
significant engineering challenge. These variations demand customized fixturing, tailored scanning
strategies, and specialized approaches to signal processing and data analysis. For example, 4680 cylindrical
cells are thicker than many prismatic cells, requiring different signal frequencies to maintain high signal
quality and adequate penetration. These challenges are further compounded by the lack of standardized
inspection protocols or quality benchmarks in battery manufacturing, particularly for newer techniques like
ultrasound.

Finally, although UT hardware costs have fallen in recent years, the total cost of ownership including
couplant management, probe wear and high-performance computing still exceeds that of mature alternatives
such as beta-gauge mass-thickness sensors or high-speed machine vision, making plant managers reluctant
to justify full-coverage deployment.'#”-!*® Consequently, today’s industrial consensus frames UT as a
valuable complementary tool for offline diagnostics or targeted inline audits rather than a universal, primary
inspection modality. Table 4 compares some conventional battery inspection techniques to UT.

Addressing the challenges presented requires close collaboration between battery and UT companies.
Signal quality optimization is one of the top concerns for customers of battery ultrasound equipment. For
implementation in a lab setting, it is possible to optimize purely for signal quality using liquid or gel
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coupling. However, for implementation in high-throughput gigafactories, there must be a balance of
throughput, complexity, and operational risk in determining the optimal solution. Dry coupling, which can
achieve good signal quality with the use of specialized elastomers, strikes a balance by avoiding the
complexity and risk associated with liquid and gel coupling.

Table 5. Comparison of conventional battery inspection techniques with UT

Pros with respect to UT

Cons with respect to UT

X—ray / CT149,150

* True volumetric image of
internal features

* No contact/couplant

» Mature defect libraries

* Jonizing radiation:
shielding/licensing

* Higher capital and operating
expenses

* Throughput limited for full CT
(~mins-hours per cell)

>100 meters per minute
» Lowest per-channel cost

* Instantly interpretable images

Beta Gauges!'3!16 « Simple scalar output; easy » Radioisotope
PLC feedback handling/disposal costs
* Excellent long-term stability * Gives average thickness
(ppm drift) only—misses local
voids/delaminations
* Immune to surface gloss/color
* Licensing paperwork per
line/site
Visible Light Imaging!3!-152 * Sub-10 um pixel resolution at | * Cannot see beneath top

surface

* Sensitive to reflectivity &
dust; needs custom lighting

* High false-positive rate on
cosmetic blemishes

In order to improve defect sensitivity and identification, it is important for UT companies and researchers
to partner with manufacturers to build representative datasets by introducing controlled defects or process
variations, which then inform predictive models. Quantity and quality of data is especially important when
machine learning is leveraged to improve defect detection capabilities. A complementary strategy is to
leverage physical simulation to accelerate system configuration and signal feature selection for specific
detection applications. This approach can be used, for example, to guide defect detection by informing how
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to set measurement parameters in the real world, as well as quickly determining where in the resulting
measurement signal to look for meaningful features during analysis.

Looking ahead, the path to broader adoption of in-line ultrasound inspection can be accelerated with a
phased approach: starting with in-line process monitoring to establish a robust data foundation, then
layering on targeted defect detection and classification as models mature. To maximize the value of in-line
inspection, manufacturing equipment and inspection systems need to be digitally connected. This
connectivity enables detection of quality issues, traceability to the root cause or specific process steps, and
monitoring of production performance and consistency. As ultrasound systems are deployed more widely
and digitally connected quality control systems become more accepted, we anticipate the emergence of
shared standards and stronger integration with complementary inspection methods, unlocking more
predictive, data-driven process control across the battery manufacturing line.!'>

Perspectives and Future Applications
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Figure 6. Summary of future directions in battery ultrasound research.
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Ultrasound has been established as a fast, nondestructive technique for battery characterization and shows
promise for inline quality control in manufacturing. Due to its accessibility, we expect routine use of UT in
battery research to continue to grow as an easy complementary measure to standard electrochemical
characterization. With this, researchers should target several functional areas to improve the value of the
technique for the wider community (Figure 6).

To promote the widespread adoption of UT in battery literature and improve reproducibility,
standardization of reporting is necessary. This standardization falls within two categories: physical setup
and signal processing.

On the setup side, ultrasound hardware must be fully specified, including the pulse and measurement
electronics, and the specific transducer models. The pulse shape should be included when possible, ideally
through direct measurement in a simple system such as water or through a homogenous material such as
steel or aluminum. Beyond listing the hardware, experimental details such as the transducer-battery distance
(in a liquid- or air-coupled system), the couplant and clamping pressure (in a direct contact or solid-coupled
system), and measurement temperature should be explicitly addressed. An explanation of how these
parameters are kept constant, or exact measurements of their values, should be included.

Within the signal processing side, details of signal pre-processing such as hardware-level filters,
oscilloscope downsampling, or post-collection digital processing must be specified, even when using
default hardware values. Data processing and analysis code should also be accessible to researchers both to
ensure reproducibility and help in widespread adoption of UT. All code should either use standard code
libraries or be publicly available through free hosting platforms. Furthermore, user-specified parameters for
data processing algorithms, such as those used in many ToF calculations, must be stated to ensure
reproducibility of analysis.

Looking forward, UT studies should explore a wider array of relevant battery chemistries and formats.
Future research should leverage UT to further study operando chemomechanical behaviors of next-
generation electrodes and solid electrolytes. Furthermore, impact of cell formats past multilayer pouch cells
warrants more rigorous analysis. Greater attention is needed for cylindrical and prismatic cells, particularly
to understand acoustic propagation in cylindrical cans and enable more rigorous UT analysis of formats
such as 18650 and 4680. Finally, the effect of cell constraint should be systematically examined. Existing
studies employ a range of clamping approaches for pouch cells, despite the fact that constraint alters
acoustic propagation and mechanical response. Additionally, cylindrical and prismatic cells have uniquely
constrained configurations which could alter acoustic trends. Improved understanding of these factors can
improve analysis and possibly inform setup standardization across the field.

Thus far, much UT battery research has studied SoC/SoH and failure tracking in a lab setting. To close the
gap between research and field-deployed applications, studies should explore more realistic cycling
protocols, considering the combined effects of faster C-rates, drive cycle conditions, and their consequent
temperature effects. These behaviors must also be differentiated from those indicative of degradation and
early-stage TR. Improved temperature compensation methods will likely be of increasing importance.

Even with these advancements on the research side, a significant challenge with implementing SoC/SoH
tracking in field-deployed applications is the need for numerous, large datasets of UT data compared to
SoC/SoH. Substantial amounts of data will be necessary for accurate predictions of single systems, and
representative data will need to be collected for individual chemistries and formats. Optimized data
collection and improved machine learning (ML) algorithms can support this. In addition to improvements
in analysis, innovations in cheap UT hardware are needed to enable integration with a BMS. Low-cost
CMUT arrays directly fabricated onto battery casings may be a route toward this goal, but other innovations
may be possible.



There are several barriers to widespread industrial adoption of UT in battery manufacturing. While fluid-
coupled transducers offer consistent contact and high signal, the need for immersion in a fluid makes them
unsuitable for high-throughput manufacturing applications. Alternative coupling methods are needed that
can match the signal offered by fluids. Air-coupled transducers, solid-coupled transducer arrays, EMATs
or laser transducers are all promising candidates. Improvements in speed and spatial resolution are also
desired for inline applications. Integrating cutting-edge transducer arrays into R&D efforts are needed to
push these limits. Advances in medical imaging may also inspire this area. Using more advanced analysis,
particularly data intensive ML-based ones, may also create computational bottlenecks. Algorithmic
efficiency and the possibility of hardware-level processing are essential considerations for any inline
technique.

Battery manufacturers have several measurement needs that could be met by ultrasound. Very few methods
are available for identifying buried defects during the assembly phase. UT may be able to assist in this, but
only if the above issues with coupling, resolutions, and speed are solved. Evaluation of the fragile tab welds
is another area where ultrasound may be helpful, if improvements to depth resolution can be realized. Earlier
in the manufacturing process, ultrasound could be used to complement viscosity, density, and particle size
measurements. Following the coating process, UT is well suited for monitoring the drying and calendering
process and identifying defects, provided measurement and analysis can be sped up to match the high speeds
needed to run GWh-scale production facilities.

UT may also be used in second-life battery applications. As battery recycling becomes increasingly
essential, companies seek to repurpose battery components, or in some cases, entire batteries.!>* The ability
of UT to rapidly and nondestructively determine SoC and SoH suggests it will be a valuable tool for
determining the suitability of a battery for recycling or second-life applications.

Any advancement in UT analysis should be accompanied by other measurement techniques for verification.
The small footprint and simple instrumentation of UT makes it ideal for integration with other
measurements, and multimodal experiments are an important part of the future of battery research. Beyond
model verification or the scientists’ urge to simply gather as much data as possible, future work should
consider how simultaneous measurements can be leveraged to provide more information than would be
possible with single measurements. An ultrasonic signal results from the complex interplay of mechanics
and chemistry in a multilayered structure, and the more details that can be established by another measure,
the more informative the ultrasound becomes.

Outside of specific research questions or industry needs, there are broad improvements to the UT technique
that would be widely useful. Improvements in spatial resolution are needed. Wider adoption of focused
transducers, laser methods, or improved image processing may be a path forward. Techniques from super-
resolution microscopy that have been adapted by medical ultrasound researchers may be another source of
inspiration.'> The potential for high time resolution ultrasonic measurements has also been minimally
explored in batteries. Under good conditions, PRF limited measurements can be performed on the 100 ps
timescale. Investigating dynamic processes such as fast charging or TR may benefit from such high-speed
measurements. Beyond improving resolution, there is a lot of information contained in an ultrasound
measurement that is not well utilized. A fully deconvoluted pulse-echo measurement containing a back
reflection theoretically carries information about every layer in a battery, meaning 3D tomography is in
principle possible with SAM. In order to extract this information, advances in deconvolution and acoustic
modeling are needed.

In addition, clever signal processing, use of multiple frequencies, or multimodal measurements may be
ways to overcome the frequency - resolution - penetration depth tradeoff. Combining multiple
measurements in different configurations or frequencies may also be used to reduce uncertainties or
underdetermination in modeling of chemo-mechanical properties from acoustic data, as well as decouple
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overlapping effects such as gassing and Li plating. To leverage these different techniques, a clearer
understanding of UT rooted in fundamental acoustic physics rather than empirical correlations, is critical.
This could help resolve some of the inconsistencies seen across different studies, particularly for SoH
trends. More extensive acoustic modeling, informed by accurate material properties and layer-resolved
models, could also enable new UT capabilities such as measurement of electrode porosity or monitoring
crack formation. Finally, while studies on emerging chemistries often extend the same methods used on
conventional systems, materials such as Li metal, sulfur, and solid electrolytes undergo fundamentally
different mechanical evolution, motivating dedicated modeling and analysis for these systems.

Ultrasonic NDE is a well-established field, and techniques developed for e.g. geology or medical imaging
may prove useful for batteries. We urge readers interested in developing battery UT to search the literature
in journals outside of the battery field, as many problems we encounter now have likely been discussed in
a different form decades ago. Readers who may be involved in ultrasound research in other domains - come
over to the battery side. The problems are interesting and the results might shock you.
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