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HIGHLIGHTS

and Electrical Techniques

Xing’an Luo'?, Yueying Zhang?, Yingjian Yu' **, Wenbo Liu® **

e Establishing a three-dimensional classification and comparison framework based on physical modalities.

e In-depth analysis of signal interference and decoupling bottlenecks, unveiling commercialization engineering obstacles.

e Systematically outlining the specific technical path of Al empowering smart batteries.

ABSTRACT Lithium-ion batteries (LIBs) have emerged as the key devices for
energy storage, powering a global shift toward electrification in transportation and
portable electronics. However, the relentless pursuit of higher energy densities for
LIBs is fundamentally challenged by chemo-mechanical degradation, a process dur-
ing which electrodes undergo volume changes during cycling, which in turn pre-
cipitates internal stress and limits battery life span. While the importance of these
chemo-mechanical phenomena is widely recognized, a comprehensive review that
systematically categorizes the diverse landscape of in situ detection techniques for
stress and strain detection has been conspicuously absent. Herein, we address this gap
by introducing a framework that organizes these techniques based on their physical
modality: optical, acoustic, and electrical. Within this framework, we critically evalu-
ate key methods, including optical laser beam position detection and multi-beam
optical stress sensor, acoustic ultrasonic wave and acoustic emission, and electrical
resistance strain gauge and in situ expansion meter. For each method, we detail its

working principle, compare its advantages, and showcase key research applications
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that provide insight into improving battery performance. Finally, we outline the main challenges and future directions for in situ stress

and strain detection in lithium-ion batteries.
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1 Introduction

The global transition to sustainable energy is critically
dependent on advanced battery technologies [1-3], among
which lithium-ion batteries (LIBs) have emerged as the
predominant energy storage solutions. Their ascendancy is
driven by a combination of high energy density [2, 4, 5],
long cycle life [6, 7], and favorable environmental compat-
ibility [2, 4, 8—11], making them indispensable for applica-
tions from portable electronics to electric vehicles.
However, the capacity fading and safety risks associated
with LIBs during prolonged cycling are closely linked to the
deterioration of mechanical properties induced by internal
stress. (When an external force acts on the electrode material,
the internal particles will generate mutual interaction forces.
The internal force per unit area borne by the electrode
interior is expressed by stress.) This stress originates from
the fundamental chemo-mechanical coupling in active
materials, with lithium-ion intercalation and deintercalation
upon cycling directly inducing significant lattice expansion
and contraction. Such repetitive volume variations promote
the progressive accumulation of mechanical stress, leading
to structural degradation and dimensional instability
within the electrode. This chemo-mechanical stress field
is further complicated by interfacial dynamics at the SEI,
internal pressurization from gas evolution, and abrupt phase
transitions [12-16], and its detrimental effects span multiple
scales: from atomic-level lattice distortions to mesoscopic
nanoparticle fracture and macroscopic electrode swelling.
Computational simulations provide an indispensable
theoretical framework for exploring the intrinsic connec-
tion between stress evolution and electrode microstructure.
Diverse models, such as the phase field analysis model, have
been developed to describe the coupling of lithium diffusion
and stress, and to predict phenomena like crack propagation
[17-19]. A notable example is the study by Hao et al., which
used modeling to show that engineered surface tension in
nanowire electrodes can generate a beneficial compressive
stress field, thereby suppressing the internal tensile stress
that drives fracture [20]. However, computational models
are fundamentally constrained by the immense difficulty of
integrating multi-scale physics. More crucially, their prac-
tical reliability demands validation against robust experi-
mental data obtained under realistic operating conditions,
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highlighting a significant gap that current modeling efforts
alone cannot bridge.

While conventional experimental in situ characterization
techniques like scanning electron microscopy (SEM) [21,
22], transmission electron microscopy (TEM) [23, 24],
and atomic force microscopy (AFM) [25-29] provide
vital postmortem evidence of mechanical failure (e.g.,
particle fragmentation and structural collapse), they are
fundamentally incapable of capturing the dynamic processes
within a cell. Their reliance on battery disassembly confines
them to static analysis and risks introducing preparation-
induced artifacts. Therefore, to overcome the fundamental
limitations of both theoretical simulations and post-event
analysis, it is imperative to employ advanced, in situ, and
nondestructive techniques that can probe chemo-mechanical
phenomena directly within operating LIBs.

The field of in situ chemo-mechanical detection research
for LIBs has recently undergone rapid evolution, marked
by the development of novel techniques that enable unprec-
edented insights into battery. Figure 1 provides a compre-
hensive roadmap of this progress, charting the key techno-
logical milestones that are driving the field toward greater
practical implementation [15, 30-34]. This progress is
characterized by several key trends, including internaliza-
tion, multi-dimensionality, high precision, and intelligent
integration. However, the field currently lacks a systematic
synthesis that classifies and critically evaluates the burgeon-
ing array of in situ techniques for stress and strain (strain
represents the relative deformation amount of the electrode,
which is the rate of change in the length of the original elec-
trode. It emphasizes the degree of deformation rather than
the magnitude of the deformation) analysis, hindering a clear
understanding of their relative strengths and weaknesses.

This review first systematically classifies and discusses
the sources of stress in LIB electrode materials. At the same
time, based on the fundamental physical conversion princi-
ples of in situ detection—optics, acoustics, and electricity
(Fig. 2)—the most advanced in situ stress and strain detec-
tion methods are classified, thereby directly bridging a criti-
cal gap in the literature: the lack of a unified, principle-based
framework for evaluating in situ monitoring techniques. For
each modality, we present a rigorous, cross-cutting analysis
spanning fundamental operating mechanisms, representa-
tive implementations, performance trade-offs, and persistent
challenges in real-world deployment.

https://doi.org/10.1007/s40820-026-02275-9
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Fig. 1 Development history of in situ stress and strain detection methods for lithium-ion batteries

2 Evolution of Stress in Electrode Materials
2.1 Origins of Stress in Electrode Materials

The mechanical stress within electrode materials is a com-
plex phenomenon arising from a confluence of factors. To
systematically dissect this issue, we can classify these stress
into three principal categories based on source of stress:
internal stress, external stress, and “original stress” (Fig. 3).
Internal stress is intrinsically generated by the electrochemi-
cal process within the active materials themselves. Exter-
nal stress arises from the mechanical constraints imposed
by surrounding components in the battery configuration.
Finally, “original stress,” more formally termed residual
and assembly stress, is the stress state established during
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electrode preparation and cell assembly, existing even before
the first cycle [35].

2.2 Internal Stress

Internal stress originates from the physical and chemical
changes within electrode materials during electrochemical
cycling [36]. Its primary sources include: (1) phase
transformation and diffusion. The most significant source
is the volume changes associated with lithium insertion
and extraction. First-order phase transitions induce large,
localized stress at the phase boundary due to the molar
volume mismatch between the coexisting phases [37].
For instance, Cheng et al. designed a three-dimensional
porous silicon/carbon composite material (Galn-Si@
PCC) to alleviate the stress caused by lithiation and
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Fig. 2 Schematic diagram of in situ stress and strain measurement of lithium-ion batteries

achieve crack self-healing during delithiation [14]. In
addition, the H1 — HII phase transition in the LiCoO,
electrode is manifested as a stress plateau, suggesting an
internal stress regulation mechanism in the electrode [38].
Consequently, diffusion-induced stress arises from lithium-
ion concentration gradient, particularly during high-rate
operation. This typically results in compressive stress on the
surface and tensile stress in the interior. In silicon anodes,
the stress can reach 1.2-2.5 GPa, leading the material
beyond its elastic limit into viscous flow [13, 39-41]. (2)
Gas generation and thermal effects. Parasitic reactions, such
as electrolyte decomposition, can produce gas (e.g., H,, CO,,
C,H,) within the sealed cell [3, 42]. The accumulation of
this gas increases internal pressure, exerting a global
compressive stress on the electrode stack [43]. Especially
in the later stage of battery aging (SOH about 80%), it can
lead to a thickness increase of 20-50% [44]. Additionally,
Joule heating during cycling creates temperature gradients,
and the thermal expansion difference induces thermal

© The authors

stress. Although it is relatively small under normal cycling
conditions, it cannot be ignored under high-rate or thermal
runaway conditions. Advanced optical fiber temperature
sensors—such as ratiometric fluorescence fibers with sub-
0.2 °C accuracy [45, 46]—have been developed to monitor
internal temperature during cycling, and have revealed that
single-crystalline Ni-rich cathodes generate substantially
less polarization heat than polycrystalline counterparts [47,
48]. Not only that, the detection and analysis of gases inside
batteries are also a special challenge faced by the future
development of smart batteries. Tang et al. systematically
summarized the latest progress and core applications of
in situ differential electrochemical mass spectrometry
technology in the study of gas generation in rechargeable
batteries. For the first time, a complete knowledge chain
from “gas detection—mechanism revelation—performance
degradation—suppression strategy” was constructed, and
multi-level gas suppression schemes based on electrolyte
engineering, electrode interface regulation, and system

https://doi.org/10.1007/s40820-026-02275-9
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compatibility optimization were proposed [49]. Recent
operando studies employing embedded fiber bragg grating
(FBG) sensors have provided deeper insights into the
multi-component nature of stress generation. Zhang et al.
distinguished two fundamentally different stress components
in NCM811 cathodes: chemical stress, arising from
reversible unit-cell volume changes during (de)lithiation,
and structural stress, originating from the anisotropic
lattice strain of randomly oriented primary particles within
polycrystalline secondary particles [50]. Structural stress
manifests as an anomalous stress increase during delithiation
that is absent in single-crystalline NCM and ultimately
drives micro-crack formation [51].

The consequences of these internal stresses are severe.
It is a primary driver of mechanical degradation, including
particle cracking, pulverization, and delamination from the
conductive network, leading to capacity fade and imped-
ance rise. Moreover, stress is fundamentally coupled with
the electrochemical properties. Compressive stress gener-
ally reduces the driving force for lithiation, thereby rais-
ing the open-circuit potential and inhibiting the lithium-ion
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diffusion. Tensile stress has the opposite effect. This
“stress—potential” and “stress—diffusion” coupling creates a
dynamic feedback loop that directly influences the capacity,
Coulombic efficiency, and voltage plateau.

2.3 Electrode Material External Stress

External stress originates from the mechanical constraints
imposed by other components in the electrode structure. The
current collectors (such as Cu and Al foils) with high stiff-
ness and low expansion rate strongly restrict the in-plane
deformation of electrode materials, thereby inducing in-
plane biaxial stress. For instance, the elastic modulus and
distribution pattern of the binder directly affect the constraint
strength on active particles. A binder with high stiffness,
such as sodium alginate, induces approximately 150 MPa
of compressive stress in a composite Si electrode [52]. In
addition, the binder in the electrolyte will undergo swelling
behavior. Sethuraman et al. measured through experimen-
tal tests long ago that this swelling behavior would add an
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extra compressive stress of approximately 2 MPa [53]. For
instance, Nadimpalli et al. investigated the influence of the
SEI layer on the overall compressive stress development dur-
ing the lithiation process of thin-film silicon electrodes by
monitoring the stress changes in the copper current collector
caused by the formation or growth of the SEI layer. They
found that a 100-nm SEI layer on the thin-film silicon elec-
trode would generate a maximum stress of up to 240 MPa
[54]. Li et al. summarized the deformation caused by lithi-
ation and that caused by side reactions reported in previous

research literature in Fig. 4a, b. They found that when the
battery degraded to approximately 80% of its initial state, the
deformation caused by side reactions could reach 20-50%
[49].

Moderate external pressure can improve interlayer con-
tact, suppress lithium dendrite growth, reduce interface
impedance, and enhance cycling stability; however, exces-
sive external pressure can lead to pore closure, a sharp
increase in the ionic impedance of the separator, uneven
local current density, and accelerated lithium deposition,
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thereby inducing internal short circuits and thermal runaway,
and significantly shortening the battery’s life span. In terms
of the coupling between external stress and electrochemi-
cal properties, external pressure directly affects the ionic
and electronic transport impedance by altering the porosity,
tortuosity, and contact state of the electrodes: Compression
in the initial stage can reduce ohmic impedance, but exces-
sive compression will cause the ionic impedance to increase
exponentially. Additionally, the superposition of external
pressure and internal stress will affect the growth stress
and stability of the SEI layer: The irreversible compressive
stress generated during SEI formation can change the local
potential distribution on the electrode surface, thereby regu-
lating the composition and thickness of the SEI, forming
“stress—interfacial reaction” positive feedback. Therefore,
the optimization of external stress is not only a mechanical
design issue, but also a key means to extend battery life by
regulating electrochemical kinetics.

2.4 “Original Stress” of Electrode Material

During the battery packaging and initial activation stages,
the initial stress mainly originates from the mechanical
constraints of module assembly. When the electrode
material are inserted into a hard shell or pouch and pre-
tightening force is applied through bolts, end plates, etc.,
the cells undergo axial or radial compression, resulting in
initial compressive stress within the electrode materials; the
magnitude of this stress is closely related to the stiffness of
the shell, the size of the pre-tightening force, and the buffer
material [53, 56, 57].

During the electrode preparation stage, the initial
stress mainly comes from thin-film deposition, rolling
treatment, and binder swelling. For thin-film electrodes,
the active materials are typically deposited on the current
collector at temperatures above room temperature using
gas-phase or electrochemical methods. During the cooling
process, due to the mismatch in thermal expansion
coefficients and lattice parameters between the material
and the substrate, residual tensile or compressive stress
is generated (which can be either tensile or compressive).
For porous composite electrodes, after coating and drying,
the electrode undergoes pressing treatment under tens of

SHANGHAI JIAO TONG UNIVERSITY PRESS

to hundreds of megapascals of linear pressure, resulting in
particle rearrangement, fragmentation, and pore closure.
After unloading, some of the compressive deformation is
locked in, forming residual compressive stress (Fig. 4c).
Additionally, when the electrode contacts the electrolyte
(such as during the filling stage), the polymer binder
absorbs the solvent and undergoes volume expansion
(the change in the occupation of the overall space).
However, due to the mechanical constraints of the active
particles and the current collector, it cannot expand
freely, thereby inducing compressive stress within the
electrode [58, 59]. These initial stresses already exist
before the electrochemical cycling begins and directly
affect the stress evolution and structural stability during
the subsequent cycling.

3 In Situ Optical Detection

Numerous in situ detection methods face limitations in
real-time monitoring of electrode materials, and certain
techniques exhibit inherent time delays. Owing to the
propagation characteristics of light, optical detection
methods enable rapid and efficient acquisition of dynamic
in situ information from electrode materials. These
techniques utilize signals generated through the interaction
of photons with matter—such as scattering, diffraction,
and interference—constituting a nondestructive, high-
precision detection approach with strong resistance to
magnetic interference. These distinctive advantages render
optical methods particularly effective for investigating
the structural evolution of electrode materials and the
underlying microscopic reaction mechanisms, such as
phase transformation-induced stress. With continuous
advancements in detection methodologies, several optical
detection techniques, such as the multi-beam optical
stress sensor (MOSS) [15, 24, 54, 56, 60-74] and laser
beam position detection (LBPD) methods, have been
progressively adapted for in situ stress—strain analysis
of LIBs electrode materials during cycling, which
enable real-time monitoring of structural evolution
and mechanical behavior (i.e., stress/strain) of internal
electrode materials under operational conditions.

@ Springer
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3.1 Laser Beam Position Detection
The LBPD method is a widely employed technique for real-

time monitoring of stress evolution in thin-film electrodes.
This approach enables stress measurement by detecting
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curvature changes in the electrode film adhered to a rigid
substrate—the so-called film—substrate system—induced
by mechanical stress. A typical experimental configuration
employs a cantilever beam-structured electrode (Fig. 5a).
The setup incorporates a custom-designed electrochemical
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Fig. S Schematic diagram of a the LBPD experimental setup and b the bending of the cantilever during the lithiation/delithiation process in
LBPD [76]. ©2018 Pergamon-Elsevier Science Ltd. All rights are reserved. ¢ Variation curves of voltage and curvature of Si/PVDF composite
electrodes during the first three cycles of constant current (C/20) charge—discharge cycles. During the discharge process, lithium ions react with
silicon and undergo deformation. As the deformation of the active layer increases, the electrode bends toward the current collector side, and
the curvature gradually increases, the charging process is just the opposite. d Thickness variation of the composite electrode during the second
cycle. e Elastic modulus of the composite electrode varies with the electrode capacity in the second cycle. f Stress evolution in the second cycle

period [68]. ©2017 Elsevier
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cell containing a cantilever beam working electrode and a
counter electrode, with an optical window integrated into the
top to facilitate laser transmission while maintaining system
hermeticity. To ensure measurement accuracy and prevent
interference, the entire experiment is conducted within an
inert atmosphere. As the active material film undergoes vol-
ume changes during cycling, the substrate constrains this
strain into a measurable deflection of the cantilever. Spe-
cifically, volumetric expansion induces upward deflection,
whereas contraction leads to downward bending (Fig. 5b).
The curvature changes of the cantilever, induced by internal
stress variations in the thin-film electrode, can be monitored
in real time using laser reflection technology. This curvature
change is determined by measuring the deflection (or posi-
tional shift) of a focused laser beam reflected from the back
surface of the substrate, enabling the calculation of the stress
evolution in the electrode material. The stress ¢ in the thin
film is calculated from the measured substrate curvature,
Stoney’s equation [75] (Eq. (1)).

EhYz
* 7 61— iR M
where E and v are the Young’s modulus and Poisson’s ratio,
respectively; i, and h; are the thickness of the substrate and
active material thin film; and R represents the experimentally
measured radius of curvature. It should be emphasized
that the aforementioned equation is valid only under the
condition that the thickness (/) of the active material
thin film is less than the substrate thickness (#,), and that
both dimensions are significantly smaller than the in-plane
characteristic length. Consequently, the applicability of this
model is restricted to simplified electrode systems composed
of non-porous and isotropic materials. For instance, Li et al.
reported a method for measuring the curvature (Fig. 5¢),
elastic modulus (Fig. Se), thickness (Fig. 5d), and stress
evolution of planar electrodes by designing a cantilevered
planar silicon electrode without holes and a quartz test
cell. It was found that the modulus of the silicon electrode
would decrease significantly during the lithiation process
(approximately from 0.63 to 0.18 GPa), and a rapid decrease
in compressive stress caused by crack formation was
observed during the initial lithiation process (Fig. Se, f) [68].
However, in most cases, the working electrode contains not
only active materials but also conductive agents, binders,
and the structure of the material itself, all of which can
affect the curvature change of the electrode during lithiation
and delithiation. Therefore, in order to better adapt to the
measurement of the curvature of such composite electrodes,
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the original Stoney’s equation needs to be modified to
calculate the stress evolution based on the curvature change
[69, 70]. The modified form is

M,
= 6h,Rf(h;, M) 2)

h, h M n”m By, R M

f o ff o S -1
hM)=1+2[1+4L L 6L L4yl L L 1
f b, M) +hs[ + hSMS+ thSJ’ h'st+h‘s‘M52]

3)

E.'f ¢electr0deEeleclrode + ¢bEb + ¢L‘EL‘

= 4)
1- (¢e1ectr0develectrode + ¢bvb + (ﬁCVC)

My = I —v
where M, E, v, ®, and D denote the biaxial modulus,
Young’s modulus, Poisson’s ratio, and volume fraction,
respectively, while the subscripts s, f, b, and ¢ correspond
to the substrate, active material film, binder, and conductive
additive. The modified formulation provides a more accurate
description of stress evolution in composite electrodes under
the combined influence of multiple factors during electro-
chemical cycling. For example, Sethuraman et al. employed
the wafer curvature method to bond graphite particles onto
a silicon wafer using a PVDF (8%) binder and epoxy resin,
which enabled the first real-time measurement of stress
evolution in graphite anodes during electrolyte wetting and
electrochemical cycling. This study not only revealed the
characteristic stress evolution behavior of graphite elec-
trodes but also demonstrated that the composite electrode
develops approximately 1-2 MPa of compressive stress upon
electrolyte wetting due to binder swelling [71].

However, the stress distribution is uneven during the
volume shrinkage/expansion of the electrode material. The
single-point measurement method used in the cantilever
method is only suitable for measuring the average stress
generated by the interaction between the substrate and
the film, and cannot accurately reflect the overall internal
stress state of the electrode material [72]. Furthermore,
the method’s sensitivity to environmental disturbances
presents a practical challenge. Environmental vibrations, for
example, can cause the loss of measurement reference points
or increase experimental errors. To mitigate these effects
and ensure data validity, a stable environment, free from
mechanical perturbations, is a critical prerequisite.

3.2 Multi-beam Optical Stress Sensor

The MOSS method is a high-precision optical technique
used for in situ monitoring of internal stress in thin-film
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electrodes. Based on the real-time measurement of the cur-  laser beams are projected onto the substrate surface of the
vature change of the electrode in the thin film—substrate working electrode, and the substrate curvature is measured
structure, the internal stress variation of the thin film mate-  in real time by the change in the distance between the

rial is indirectly deduced. As shown in Fig. 6a, two parallel
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Fig. 6 a Schematic diagram of MOSS experimental setup All rights are reserved. b Digital photo of the custom electrochemical cell [78].
©2019 Royal Soc Chemistry. Schematic diagram of ¢ the laser irradiation and substrate reflection principle of MOSS measurement technol-
ogy [62, 74]. ©2010 Elsevier. ©2010 Elsevier Science Inc. d Variation of voltage and stress of graphene film electrode over time in the first
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MOSS laser array is f perpendicular to the transverse direction of the graphene plane g parallel to the transverse direction of the graphene plane
(reproduced with permission [15]. ©2013 Wiley-V C H Verlag Gmbh
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reflected beams (Fig. 6b, ¢). The curvature radius of the
electrode substrate changes due to internal stress (Fig. 6¢):

_ 2D,d,
" d cos0,

&)

Among them, D, is the distance between the beam
detector and the incident beam point on the substrate, d,
is the distance between the two incident beams, d, is the
distance between the two reflection points, and 6, is the
changing deflection angle between the two reflected beams.
It is worth noting that the equation only involves the relative
changes between two beams, and this design has a relatively
weak anti-interference ability. To further improve the anti-
interference ability and measurement accuracy, in practical
applications, usually more than two parallel beams are
adopted, and the random error is reduced by averaging
the measurement values of adjacent beam pairs. With the
high sensitivity and stability brought by this multi-beam
geometric design, the MOSS method has become one of
the preferred techniques for in situ monitoring of stress and
strain for LIB in the laboratory [15, 56, 60, 64, 65, 77].

Among them, the Mukhopadhyay team has adopted the
MOSS method in multiple research works [15, 56, 60, 64,
65]. For instance, Mukhopadhyay et al. synthesized verti-
cally aligned graphene electrodes through supramolecular
methods and utilized the MOSS technique to reveal that
employing crystal orientation-controlled graphene anode
materials in LIBs could significantly modify the stress evo-
lution pattern during the lithium-ion intercalation process.
Most of the stress inversion occurs within the voltage range
below 0.25 V, and the stress at high voltages is largely irre-
versible (Fig. 6d, e). Meanwhile, by monitoring the stress
evolution of the graphene electrode from different directions,
the high anisotropy of the graphene electrode has been con-
firmed (Fig. 6f, g). Moreover, the vertically oriented elec-
trodes could achieve faster lithium-ion intercalation and
deintercalation, demonstrating a higher capacity retention
during high-rate cycling [15]. Pharr et al. developed a quartz
window electrochemical cell that enabled the simultaneous
operation of multiple working electrodes and lithium foil
counter electrodes. They employed the substrate curvature
technique to measure film stress, thereby establishing a func-
tional relationship between the fracture energy of silicon
thin-film electrodes and lithium concentration. This work
provides valuable insights into the fracture mechanisms and

| SHANGHAI JIAO TONG UNIVERSITY PRESS

structural design considerations for silicon electrodes [79].
In practical applications, the MOSS method is usually used
in combination with other technologies. For example, Xie
et al. developed a dual-path acquisition system (Fig. 7a)
that enables the simultaneous measurement of in situ strain
fields and Li* concentration distributions. This multi-physics
approach facilitated, for the first time, a quantitative charac-
terization of the dynamic evolution of the electrochemical
stress field (Fig. 7b, c) [80]. Although the changes in elec-
trode stress can be obtained in real time, it is still impossible
to establish the intrinsic connection between the morpho-
logical changes of electrode materials and stress. In addition,
there are many similar research methods. Su et al. combined
synchrotron X-ray scattering technology with transmission
X-ray microscopy (TXM) technology (Fig. 7d) to obtain
cross-scale spatial information and explored the irrevers-
ible phase transformation and high-pressure cycling failure
mechanism during the lithiation process of LiCoO, (Fig. 7e,
f) [81]. It can effectively characterize the morphological evo-
lution process of the electrode, but can only obtain informa-
tion related to stress and strain indirectly.

Generally, the LBPD method is straightforward to
implement; however, it is primarily suitable for analyzing
simple stress fields. This approach can only capture local
stress and is inadequate for characterizing complex stress
fields. Although the MOSS measurement method exhibits
a certain degree of resistance to vibration interference,
relying solely on a single in situ measurement technique
is inadequate for a comprehensive analysis of the stress
evolution and degradation mechanisms of the mechanical
properties in the internal electrode materials of LIBs
(summarized in Table 1).

4 In Situ Acoustic Detection

In situ acoustic detection uniquely overcomes the fundamental
challenges associated with many other real-time monitoring
techniques. By providing a noninvasive and highly penetrating
probe, it circumvents the need for compromising the cell
hermetic or implanting performance-altering sensors, making
it a powerful candidate for investigating internal stress and
strain of LIBs. Its unique penetrating capabilities make it
particularly suitable for this application. By monitoring the
changes in the propagation characteristics of sound waves
during the charging and discharging processes of the battery,
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Fig. 7 a Schematic diagram of the electrochemical cell structure in the dual optical system. b Dual optical acquisition system capable of simul-
taneously measuring electrode strain and Li* concentration during electrochemical cycling. ¢ In situ visualization method for measuring internal
stress in LIBs electrodes [80]. ©2021 Pergamon-Elsevier Science Ltd. d Schematic diagram of the in situ analysis technique combining synchro-
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sion process under high-voltage cycling conditions [82]. ©2021 Elsevier Science Ltd

it is possible to deeply analyze the capacity attenuation
mechanism, structural evolution, and health status inside
the LIBs. In the field of in situ acoustic detection of LIBs,
it mainly involves two major categories: ultrasonic (US)
detection technology and acoustic emission (AE) detection
technology.

© The authors

4.1 Ultrasonic Wave Detection Technology

US detection technology mainly works by emitting high-
frequency US waves to LIBs and assessing and monitor-
ing their status based on the reflection, transmission, and
attenuation characteristics of US waves as they propagate
through the multilayer battery structure. The testing device
requires two acoustic probes: one for emitting US waves
and the other for receiving them. Its working principle is

https://doi.org/10.1007/s40820-026-02275-9
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Table 1 Advantages and limitations of the two optical detection methods
Method Advantage Limitations Application scenario
MOSS Real-time quantitative stress monitoring The base active substance stiffness Mechanical failure mechanism of high-

(Stoney formula)
Resistant to vibration interference, relying
on the change in the relative spacing of

matching must be precise, and the back
needs to be polished
The porous electrode requires a revised

capacity electrodes
Interface/buffer layer optimizations
Phase transition and the mechanical

the light beams stress model

LBPD  The real-time monitoring of stress changes

can also monitor electrode size changes

Single-beam measurement is susceptible
to interference: Environmental
vibration can easily lead to the loss of
measurement reference points, thereby
causing significant errors

contribution of SEI
Stress—electrochemical coupling modeling

It is mainly used in electrochemical
stiffness studies that require simultaneous
measurement of stress and strain, actual
stress analysis of porous composite
electrodes, as well as interface mechanics
of solid-state batteries and metal negative
electrodes

based on the change in acoustic parameters caused by vol-
ume change of materials: When lithium ions are inserted
or extracted during charging and discharging, the struc-
tural changes of electrode materials will alter the length
of the US wave propagation path. By precisely measuring
the change in the time of flight (TOF) of US waves, the
state of charge (SOC) can be calculated [83]. Meanwhile,
structural damage caused by electrode aging will lead to a
reduction in US wave amplitude and changes in frequency.
By analyzing the time domain and frequency-domain char-
acteristics of the signal, the state of health (SOH) can be
evaluated (Fig. 9a-c).

Due to the mechanical deformation of the internal
materials in LIBs during the cycling, the propagation speed
and signal amplitude of the US signal will also change.
The signal propagation speed is measured by the time
difference between the emission time and the reception
time, which is called the TOF, and the correlation between
the input and output signals is analyzed through Eq. (6)
[84]:

[f * gl(r) = — / f(Og(t + 7)dt (6)
+o00

Among them, f is the transmitted signal, g is the
received signal, 7 is the relaxation signal, and ¢ is the time.
Another method is to detect the structural changes of the
material by comparing the variations in signal amplitude
A, as shown in Eq. (7):

;
A= / (o) |dt %)

i
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Among them, #f and #i are used to limit the measurement
waveform range. The transmission signal strength is meas-
ured, and the variation results under different states are
compared. At the same time, combined with other charac-
terization methods, the changes in the material structure
are judged.

The application of US techniques for in situ LIB moni-
toring was pioneered by Redko et al. in a seminal 2010
patent that outlined an apparatus and method for evaluat-
ing the service life of LIBs [85]. The transmitting probe
array and the receiving probe array are located on both
sides of the battery. The probes are positioned through the
mutual inductance phenomenon of the coils. According
to the voltage signal of the induction coil, the position of
the transmitting array is adjusted to ensure that all probes
are aligned, thereby optimizing signal transmission. The
signal distribution is analyzed through a three-dimensional
regression surface, and the average value or extreme
value is calculated. This reliance on the calibration curve
to determine remaining life ignores a crucial reality of
battery degradation: the aging process is not a uniform,
linear progression. Instead, it is a highly path-dependent
phenomenon, profoundly influenced by the unique operat-
ing environment and usage conditions. Notably, there are
discrepancies between the degradation patterns observed
during the calibration process and those encountered in
actual applications. This complex individual difference
poses challenges to the universality and accuracy of the
existing aging prediction models. In response to the above
issues, Sood et al. proposed an US detection technique
based on acoustic impedance changes to determine the
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state of health (SOH) of batteries (Fig. 8a). By analyz-
ing the amplitude of reflected and transmitted ultrasonic
waves, this method provides a dual-capability diagnos-
tic. It can detect bulk changes indicative of SOH, such as
structural degradation or gas evolution, while also using
the reflected signals to spatially resolve and map specific
areas of internal damages. However, this method is mainly
applicable to large-volume commercial pouch LIBs and
is relatively costly [86]. Gold et al. addressed the issue
of high detection costs of the US method in the in situ
stress—strain detection for LIBs and introduced a new type
of US transmission probe. They used piezoelectric buzz-
ers to conduct in situ tests on the graphite anodes of LIBs.
By adhering the sensors to both sides of the battery with
epoxy resin adhesive (Fig. 8b) and applying cosine pulses
to the interior, this pulse signal is highly sensitive to the

© The authors

pore changes in the graphite anode during the charging/
discharging process. By establishing a linear correlation
between the observed US pulse signals and the SOC, it
can be used to predict the SOC of LIBs during the charg-
ing and discharging process (Fig. 8c, d). This method is
particularly suitable for large-scale quality control and
troubleshooting in commercial LIBs manufacturing, char-
acterized by its advantages of low power consumption,
independence from electrical measurements, and a com-
pact, lightweight sensor design [87].

Based on the correlation between signal amplitude and the
TOF of the battery to SOC and cycle life, researchers have
extended the US method to predict the end of battery life
based on previous studies [88]. Most previous studies have
focused on pouch batteries, while Oca et al. further applied
this method to cylindrical batteries [89]. Moreover, this

https://doi.org/10.1007/s40820-026-02275-9
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technology is no longer limited to evaluating the operating
state of the battery by comparing the changes in US signals
between new and aged batteries. For example, Zhang et al.
used an ultrasonic defect detector (Olympus Corp, Japan)
to study the kinetic evolution of NCM622 cathodes and
graphite anodes at different drying temperatures, thereby
discarding the simulation of drying in previous studies and
providing valuable guidance for optimizing the drying pro-
cess in electrode manufacturing [90]. Deng et al. developed
a nondestructive and highly sensitive ultrasonic imaging
technique, which can visually reflect the distribution state
of the electrolyte inside the battery by converting the local

SHANGHAI JIAO TONG UNIVERSITY PRESS

transmission rate of ultrasonic waves in pouch batteries into
color images (Fig. 9d—f), providing a new method for reveal-
ing the failure mechanism of lithium-ion pouch batteries
[31]. Besides, compared with X-ray and neutron imaging
techniques, this method offers greater operational simplic-
ity and superior sensitivity to changes in the electrolyte and
internal gas evolution.

Beyond correlating acoustic parameters with SOC and
SOH, it is important to recognize the underlying physical
connection between ultrasonic wave propagation and the
mechanical stress state of electrode materials. The velocity
of an ultrasonic wave in a solid medium is governed by the

@ Springer
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material’s elastic modulus and density. During lithiation/
delithiation, the substantial changes in the electrode’s elastic
modulus—as demonstrated by Li et al. who observed a
decrease from~0.63 to~0.18 GPa in a composite Si
electrode—directly affect the acoustic wave velocity
and, consequently [68], the TOF. From the perspective
of acoustoelastic theory, the stress state within a material
modifies its effective elastic constants, thereby altering wave
propagation characteristics. Thus, TOF variations inherently
encode information about the evolving stress field within
the electrode, although extracting quantitative stress values
from TOF signals alone remains challenging and typically
requires complementary calibration against independent
stress or strain measurements.

4.2 Acoustic Emission Detection Technology

Acoustic Emission testing technology is a nondestructive
testing method based on mechanical properties. During the
charging and discharging process of LIB, the deformation,
phase transition, or micro-crack expansion of the internal
materials will lead to rapid energy release and generate
stress waves (Fig. 10a, b). By collecting and analyzing these
stress wave signals with acoustic probes, the internal state
of the LIBs can be monitored. These AE serve as direct
signatures of irreversible chemo-mechanical events within
batteries, such as the fracture of electrode particles or the
dynamic growth and rupture of the SEI.

Compared with US method, although both are based
on the interaction between sound waves and materials to
obtain internal information of the battery, US detection is an
active detection (Fig. 10d), while AE detection is a passive
detection (Fig. 10c). AE signals from LIBs are classified as
either continuous or pulse signals based on their generation
mechanism. Continuous AE signals, characterized by a
persistent, wavelike form, are primarily linked to ongoing
electrochemical side reactions such as gas generation during
cycling. Pulse AE signals mainly originate from the rapid
expansion of internal cracks in electrode materials and
are directly related to the cracking and aging of electrodes
during the cycling process [91, 92]. Recently, the application
of AE technology has proven to be a powerful tool for the
in situ investigation of mechanical failure in high-capacity
electrode materials (Fig. 10e), such as graphite anodes [93],
silicon anodes [94-97], and lithium iron phosphate cathodes

© The authors

[98]. These studies have strongly confirmed the effectiveness
of AE technology in achieving in situ detection of LIBs and
exploring its failure mechanism. In early studies, Ohzuku
et al. used this method to detect the cracking behavior of
lithium manganese oxide electrodes during electrochemical
cycling [98, 99]. Thanks to the excellent penetration ability
of acoustic signals, AE technology is not only applicable
to button cell research but also to pouch cell systems.
Komagata et al. applied AE technology to detect commercial
18650 full cells and found that the AE signals generated
during cycling mainly originated from the crack propagation
caused by phase transitions of electrode materials. Notably,
their research observed that AE signals could be detected
in the early stage of charging, while significant AE signals
could only be detected under high-rate conditions during
discharging [100]. Currently, AE technology is also
gradually being applied to SOC prediction [97] and the
study of unstable phenomena caused by SEI [99, 101].
For instance, Fordham et al. collected and analyzed AE
signals from 18650 cylindrical LIBs during the cycling
aging process, obtaining the AE signal threshold for battery
aging. They also combined machine learning to establish
the correlation between AE signals and performance
degradation, developing an efficient and cost-effective
method for predicting the SOH of cylindrical LIBs during
cycling [102]. Wang et al. also utilized AE technology to
summarize the changes in AE signal amplitude and energy
during the capacity decay process of 18650 cylindrical LIB
[103].

From a stress detection perspective, AE offers a
fundamentally distinct yet complementary modality
compared to optical and electrical methods. While MOSS
and strain gauges provide continuous, real-time curves
of average stress or strain, AE captures the discrete,
irreversible stress relief events that occur when local stress
concentrations exceed the fracture strength of electrode
materials. Each AE “hit” is therefore a direct signature
of a stress-driven failure event at the microscopic scale.
Quantifiable AE parameters—such as cumulative event
count, hit amplitude, rise time, and frequency centroid—
serve as statistical indicators of damage accumulation rate
and failure mode. For instance, the number of AE events
per cycle has been shown to correlate strongly with capacity
fade in Si-based electrodes [97], while the frequency content
of AE signals can distinguish between particle cracking
(high-frequency) and gas bubble formation or SEI rupture

https://doi.org/10.1007/s40820-026-02275-9
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(lower-frequency) [91]. This event-based, damage-centric
perspective makes AE uniquely suited for detecting and
characterizing the specific stress behaviors that optical
curvature methods cannot access, such as localized particle
fracture and interfacial debonding within thick, porous
composite electrodes.

SHANGHAI JIAO TONG UNIVERSITY PRESS

Acoustic detection technology is highly favored due to
its low cost, non-intrusiveness, and high sensitivity. More
importantly, most electrode materials will generate detect-
able acoustic signals during the process of performance
degradation. This enables acoustic detection technology to
provide in situ dynamic information about electrode material
damage, which not only helps to accurately locate damage
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but also provides key data for evaluating the modification
effect of the mechanical properties of electrode materials.
However, it still faces the problem of difficulty in transi-
tioning from laboratory research. The key bottleneck for
commercialization lies in how to expand from single-cell
detection to the detection of battery module or battery pack
levels. This leap involves many complex issues: the acoustic
responses of different materials under different working con-
ditions; the complex data processing and analysis of concur-
rent signals from multiple battery cells; and the separation
of effective signals from interference signals generated by
adjacent battery cells. The advantages and limitations of the
two acoustic detection methods are shown in Table 2.

It is instructive to compare the stress/strain quantification
pathways of acoustic methods with those of optical and
electrical approaches. Optical methods (MOSS, LBPD)
rely on the film—substrate curvature principle and Stoney’s
equation to convert curvature changes into average film
stress. Electrical methods (strain gauges) exploit the
piezoresistive effect and Hooke’s law to map strain to
stress. In contrast, acoustic methods establish stress
state correlations through two distinct routes: (1) active
ultrasonic detection, which probes the acoustoelastic
effect whereby stress-induced changes in elastic modulus
alter wave propagation velocity and attenuation; and (2)
passive acoustic emission, which registers the elastic waves
generated by stress relief events themselves. While the
acoustic routes do not yield direct, real-time stress—strain
curves with the same immediacy as optical or electrical
techniques, they offer unique advantages: deep volumetric
penetration through multilayer cell structures, high
sensitivity to the earliest stages of mechanical degradation,
and the ability to detect stress-driven phenomena (such
as internal particle cracking and gas evolution) that are
invisible to surface curvature or strain-based methods. The
integration of acoustic detection with complementary optical
or electrical techniques therefore represents a promising
direction for achieving comprehensive, multi-dimensional
stress characterization in both laboratory and commercial
battery systems.

© The authors

Table 2 Advantages and limitations of the two acoustic detection methods

Application scenario

Limitations

Advantage

Method

Monitoring of crack propagation and particle

Multiple-source signal aliasing occurs, making it

AE (Passive detection) Real-time capture of microscopic failure events:

overdischarging and other abusive usage conditions
Gas production and interface stratification detection

pulverization in electrode materials
Safety warnings for excessive charging/
Real-time estimation of SOC/SOH

and defect screening
Gas production and interface stratification detection

Visualization of the electrolyte infiltration process
Real-time estimation of SOC/SOH

strict vibration isolation requirements are imposed
sensitivity of the defect detection; the parameters

difficult to identify the source of failure
The environment is highly sensitive to noise and
depend on the specific system

stability
The selection of frequency determines the

Dependence on coupling agents limits long-term

particle cracking, SEI rupture, lithium exsolution,

gas production
No external incentives required

such as density, modulus, and

transient processes
interface contact

Highly sensitive to gas production and electrolyte
infiltration

High temporal resolution, capable of tracking
Directly characterize overall physical properties

US (Active detection)

https://doi.org/10.1007/s40820-026-02275-9
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5 In Situ Electrical Detection

Real-time in situ monitoring of internal electrode states,
a critical requirement for ensuring the safe commercial
application of LIBs through adaptive charging strategies
and risk assessment, has long been a significant challenge.
In this context, in situ electrical detection methods offer a
compelling combination of advantages. These methods are
founded on the linear correlation between the resistance of
a strain-sensitive material and its mechanical deformation.
Their key benefits include: (1) Ensure high measurement
accuracy while maintaining the operational conditions
of the battery, thereby facilitating real-time monitoring
of the dynamic evolution processes occurring within
internal electrode materials; (2) exhibit low sensitivity
to environmental interference and demonstrate robust
performance under varying environmental conditions; (3)
allow for straightforward data processing, with a single
system capable of supporting multi-channel parallel
detection, thus enabling synchronous monitoring of battery
modules; and (4) feature low cost and ease of operation,
presenting significant potential for commercial application.

5.1 Resistance Strain Sensor

Resistance strain sensor provide a direct electrical route to
in situ strain measurement in LIBs. The working principle
of resistance strain gauges is mainly piezoresistive effect,
that is, the mechanical strain is directly converted into a
change in resistance. A typical gauge (Fig. 11a) comprises
a sensitive metallic grid on a compliant polymer substrate.
When bonded to a surface of batteries, this assembly ensures
that any strain from internal stress-induced deformation
is faithfully transferred to the grid, thus modulating its
electrical resistance. This transmission results in alterations
to its geometric dimensions and resistivity, consequently
affecting its overall resistance. Based on Ohm’s law, a linear
relationship between resistivity AR/R and strain € is derived
[104]:

%w ®)
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Among them, R represents the resistance of the metal
resistance wire, k is the strain sensitivity coefficient of the
resistance wire, p is the resistivity, and y is Poisson’s ratio. In
actual measurement, a Wheatstone bridge circuit is needed
to convert the micro-strain pe into an easily processed
voltage signal. Combined with the material constitutive
relationship (Hooke’s law: ¢ = Ee, where o is the stress
value and E is the Young’s modulus), a quantitative mapping
relationship between the strain signal and the internal stress
can be established to achieve real-time monitoring of stress
evolution.

Resistive strain gauges offer several notable advantages,
including compact size, lightweight design, high sensitivity,
and rapid response times. These characteristics make them
particularly suitable for in situ studies of the mechanical
behavior of small- to medium-sized LIBs, such as button
cells and 18650-type LIBs. In recent years, researchers have
successfully applied them to various battery systems. Dai
et al. established a mechanical model of the single-sided
positive electrode shell of a button cell based on the thin
plate small deflection theory in elasticity mechanics. By
using foil strain gauges to monitor the strain at the center
of the positive electrode shell in real time (Fig. 11b), they
derived the real-time evolution of internal stress through
formula (10) and evaluated the modification effect of porous
silicon anodes using this method (Fig. 11¢) [105].

_ 8E*
0= b2 NG €
31 =G =35 + D5 [0 + )

(10)

Among these parameters, g, represents the internal pres-
sure exerted on the positive electrode shell of the button bat-
tery; E denotes Young’s modulus; ¢ indicates the thickness
of the positive electrode shell; u refers to Poisson’s ratio; a
signifies the radius of the positive electrode shell; b corre-
sponds to the radius of the electrode sheet; and & describes
the strain at the center position of the positive electrode
shell. Zhu et al. proposed an integration method for internal
strain sensors in 18650-type LIBs (Fig. 11d, e), and for the
first time, used insert-type strain gauges to measure the strain
caused by internal expansion in cylindrical LIBs [106]. It is
noteworthy that Fan et al. successfully integrated thin-film
sensors into LIBs, enabling the conversion of varying sig-
nals into electromagnetic waves through advanced chip tech-
nology (Fig. 11f). This innovation facilitated the wireless
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material structure. ¢ As pressure rises, the interconnectivity of spherical particles decreases, leading to reduced electrical conductivity. d Dur-
ing one charge and discharge cycle, the red curve represents the thickness change of the lithium-ion battery center position in the Z direction as
monitored by the reference sensor. The yellow curve shows the displacement change curve caused by the tensile strain of the microfiber sensors
f1-£7 due to the thickness change of the lithium-ion battery. The black curve represents the voltage change curve of the battery. e Resistance
variation curve caused by tensile strain and the voltage—time variation curve of the battery are generated by the microfiber sensors f1—f7. f Rela-
tive resistance changes of three microfiber sensors during four consecutive charge—discharge cycles and the thickness variation curves of the bat-
tery center position in the Z direction monitored by the reference sensor. g Photo of the bag battery thickness monitoring device. h Schematic
diagram of bag battery thickness monitoring device. To measure the thickness change in the Z direction of the bag battery, the response data of
the fiber strain sensors f1 to 7 are simultaneously collected through multiple channels [33]. ©2024 Elsevier

transmission of strain and temperature change signals within ~ flexible wearable electronics and human-machine interac-

the battery. This technology is of significant importance for
fault location and safety warning in the design process of
next-generation smart batteries [34]. Strain-sensing tech-
nology, which leverages the variable resistance effect of
materials, has achieved significant advancements in mate-
rial composition, structural integrity, and functional design.
This progress is particularly notable in the domains of

o)
SHANGHALI JIAO TONG UNIVERSITY PRESS
e/

tion [107-109]. These innovations have also contributed
to the field of battery research; researchers have developed
stretchable polymer composites and integrated them into
strain sensors (Fig. 12a). Nazari et al. developed a flexible
fiber material that demonstrates exceptional sensitivity under
stress (Fig. 12b, ¢). They also designed a sensor detection
method utilizing this material for the real-time monitoring
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of lithium-ion pouch battery thickness, the measurement
results of the fiber sensor are highly consistent with those
of the central reference sensor, featuring high precision and
excellent repeatability (Fig. 12d-f), achieving an extremely
low detection limit and high durability (Fig. 12g, h) [110].
These material and structural innovations are continuously
expanding the in situ monitoring capabilities of resistance
strain gauges in complex LIB systems and harsh operating
conditions. To overcome the limitations of traditional strain
resistance sensors, such as high-temperature sensitivity and
the need for an external excitation power supply, Kim et al.
utilized the piezoelectric effect of III group nitride (GaN)
single-crystal films. (The mechanical bending caused by
the expansion of the battery results in the deformation of
the non-centrosymmetric lattice, thereby directly generat-
ing polarized charges and voltage outputs on the material
surface.) They attached flexible GaN piezoelectric sensors
to the surface of commercial lithium-ion battery modules
for in situ monitoring at both normal and high temperatures.
This work demonstrated that III-N piezoelectric film sensors
can effectively achieve long-term and real-time correlation
monitoring of battery mechanical deformation and health
status without the need for external excitation, while being
resistant to high temperatures and electrochemical corro-
sion [109].

5.2 In Situ Expansion Meter

It is important to clarify the scope of “optical detection”
as defined in this review. The optical techniques discussed
herein MOSS and LBPD are those in which light serves
as the direct carrier of stress information: internal stress
alters the curvature of the electrode, which in turn changes
the optical path length (deflection angle or beam spot
spacing), and this change in optical properties constitutes
the core measurand. This definition deliberately excludes
techniques that employ optical components merely as
precision displacement sensors for measuring macroscopic
geometric changes. A notable example is the laser scanning
dilatometer, in which a laser probe measures the absolute
thickness change of the cell surface. In such configurations,
the laser functions as a non-contact distance gauge,
equivalent in role to a linear variable differential transformer
or a capacitive displacement sensor, and does not interact
with the electrode material to directly sense its internal

© The authors

stress state. Such expansion metrology methods are therefore
discussed in Sect. 5 alongside other dilatometric techniques,
under the category of electrical detection.

In situ expansion meters serve as essential instruments for
investigating the ion intercalation expansion behavior of lay-
ered materials, facilitating structural design, and analyzing
the mechanical properties of electrode materials. According
to the measurement principle, dilatometers can be mainly
classified into the following types: push-rod dilatometers,
piston dilatometers, and laser dilatometers. Among them,
push-rod dilatometers are mainly used in the high-tempera-
ture sintering process research of solid-state battery electro-
lytes due to their high-temperature resistance (able to oper-
ate at temperatures above 1000 °C). In the push-rod system,
the sample is placed in a high-temperature furnace, with
one end fixed and the other end connected to a rigid push
rod [111]. The end of the push rod is connected to a linear
variable differential transformer (LVDT), which converts the
mechanical displacement caused by the sample’s expansion
into an electrical signal. Push-rod dilatometers are typi-
cally suitable for measuring the expansion of large samples
in high-temperature environments. The two main devices
inside a common piston dilatometer are LVDT and capaci-
tive displacement sensors. The capacitive displacement sen-
sor dilatometer infers the change in the distance between the
plates based on the change in capacitance. The electrode
sample is located below the piston, and the expansion and
contraction of the sample push the piston to move, thereby
causing a change in capacitance, from which the expansion
of the sample can be calculated. This method has a high
resolution. Figure 13a shows that Ivanov et al. developed
an in situ expansion method for studying the macroscopic
expansion of LIBs. By measuring the expansion behavior of
NCM(111) cathodes and graphite anodes in full cells, they
developed a theoretical method for evaluating the revers-
ible expansion of full-cell electrodes. The research results
indicated that the porosity of electrode materials mainly
affects irreversible expansion and has little impact on revers-
ible expansion [81]. Phillips et al. detected the thickness
changes (The displacement of the battery surface in the ver-
tical direction) of various high-capacity cathode and anode
materials during electrochemical cycling through a capaci-
tive displacement sensor (Fig. 13b). The research shows
that for the two different types of graphite electrodes, the
maximum reversible thickness changes obtained were 4.9%
(for the spherical MCMB type) and 6.5% (for the sheetlike

https://doi.org/10.1007/s40820-026-02275-9
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Fig. 13 a Schematic diagram of the piston-type in situ expansion meter device [81]. ©2017 Elsevier. b ECD-3 nanoexpansion device using a
capacitive displacement sensor; ¢ At a current density of 75Ua cm™2, the changes in the thickness and charge balance of the battery over the first
10 cycles before the graphite electrode was rolled out [112]. ©2021 Electrochemical Soc Inc. d Expansion meter self-made by Bauer et al. The
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with the battery expansion; e Expansion measurement of the graphite half-cell during the first half-cycle [113]. ©2018 Elsevier. f Schematic
diagram of the two-dimensional thickness laser scanning test device; g Images of the expansion changes on the battery surface at different rates

[114]. ©2018 Elsevier

type) (Fig. 13c) [112]. This method was used to study the
reversible and irreversible expansion of electrodes in the full
battery structure. Bauer et al. employed a linear voltage—dis-
placement sensor to detect the volume changes of graphite-
based electrodes during cycling, developed an algorithm to
reduce the expansion error caused by temperature changes,
and ultimately revealed the abnormal expansion relaxation
behavior of LIB graphite anodes during high-rate charge
and discharge (Fig. 13d), and it is clearly pointed out that
this type of expansion measurement method is highly suit-
able for detecting the data characteristics related to graphite

u\
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classification (Fig. 13e) [113]. The laser dilatometer operates
on the principles of light reflection and refraction. By shin-
ing a laser on the sample surface and detecting changes in
the reflected light’s phase or position, it measures the overall
expansion of LIB electrode materials across a wide range.
Spingler et al. continuously measured the reversible and
irreversible thickness changes on the surface of commercial
pouch cells under different charging conditions using a laser
scanning probe (Fig. 13f, g), and pointed out that not all
excessive expansion is reversible. They ultimately proposed
an efficient and safe fast charging scheme [114]. Bohn et al.

@ Springer



437 Page 24 of 36

Nano-Micro Lett. (2026) 18:437

developed a high-precision optical interferometric expan-
sion measurement system, using a LED light source with
a wavelength of 600 nm and a bandwidth of 20 nm. The
interferometer scanned the surface of the pouch LIB with
a LiCoO, cathode/graphite anode at a speed of 40 um s,
Based on the difference in Z values of the collected 3D data,
they achieved high-resolution, dynamic monitoring of the
thickness evolution across the entire surface of a pouch cell
during cycling. This approach enabled them to reveal the
intrinsic correlation between battery thickness changes and
its battery decay [115].

The in situ dilatometer exhibits exceptional stability in
complex environments, including high temperatures and cor-
rosive conditions, and this capability enables it to perform
a comprehensive quantitative analysis of the volume expan-
sion effects associated with electrode materials. However,
it is mainly limited to providing only macroscopic overall
expansion information of the electrode and are unable to
capture local non-uniform deformations within the elec-
trode in real time; resistance strain gauges are well suited
for in situ mechanical monitoring of various battery types,
offering simplicity in operation and ease of integration into
testing systems. However, their application is limited in
high-temperature environments, and prolonged exposure to

corrosive conditions may compromise the long-term stabil-
ity and measurement accuracy of the gauges, summarized
in Table 3.

6 Issues and Challenges

Optical, acoustic, and electrical in situ detection technologies
have provided unprecedented insights into the “black box”
of LIBs, revealing real-time details of internal processes
ganging from electrode wetting and gas generation to phase
changes and chemo-mechanical degradation. However,
a critical gap persists between the rich data obtained in
laboratory and the practical demands of commercial-scale
application, a disparity rotted in the distinct advantages and
limitations of each technique. Importantly, the transition of
these in situ techniques from laboratory-scale fundamental
studies to commercial battery systems introduces a
distinct set of engineering requirements. Unlike idealized
laboratory cells, commercial batteries—whether cylindrical
(e.g., 18650), prismatic, or pouch-type—impose stringent
constraints on sensor form factor, chemical compatibility,
long-term durability, and non-invasiveness.

The emerging concept of the “smart batteries” promises
to transcend these limitations. By integrating miniaturized,

Table 3 Advantages and limitations of the two electrical detection methods

Method Advantage

Limitations Application scenario

Resistance Strain Sensor Low cost, small size, lightweight, mature

technology

Flexible substrates can be easily integrated into

cylindrical/supercapacitor batteries
Multi-channel synchronous acquisition,

supporting parallel monitoring of multiple

battery packs

In Situ Expansion Meter
cost-effectiveness

Effectively decouple the contributions of

electrochemistry and thermal expansion

Simple structure, convenient operation, and high

Sensitive to temperature, the internal
non-uniform transient temperature
field is difficult to be precisely
compensated

Adhesive thermal-hydraulic cyclic
creep aging

Multi-channel parallel
strain monitoring of
battery pack

Tracking of electrode
material cyclic
expansion and
irreversible
deformation

Real-time mapping of
deformation and stress
for small batteries
(button/18650)

Measurement of the
intrinsic lithiation
expansion rate of
electrode materials

Full battery reversible/
irreversible thickness
change decoupling

Characterization of
volume expansion
behavior under
extreme temperatures

Only the macroscopic average
thickness is obtained, and the
in-plane non-uniform deformation
cannot be captured

Unable to distinguish the source of
irreversible strain

© The authors
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multi-functional sensors directly into commercial cells, this
approach enables the acquisition of high-fidelity, multi-scale
data streams in real time. When fed into cloud-based, arti-
ficial intelligence (Al)-driven digital twin models, this data
can establish a powerful predictive framework for anticipat-
ing critical failure events like thermal runaway and mechani-
cal failure. Despite this compelling vision, several urgent
challenges must be addressed to bring this technology to
fruition.

6.1 Optical Detection

Curvature-based optical techniques, represented by LBPD
and MOSS methods, face a set of challenges that can
be systematically understood from four interconnected
perspectives: the gap between simplified physical models
and mechanistic cognition, environmental interference
and error propagation, the chasm between ideal thin-film
systems and practical porous/thick electrodes, and the
ultimate challenge of synchronously decoupling stress from
electrochemical signals. These challenges must be clearly
recognized to properly assess the role and limitations of
optical methods.

Physical model simplification and mechanistic cognition
gap. The core physical basis of curvature methods is
Stoney’s equation, which inherently assumes an isotropic,
uniform, and defect-free elastic film perfectly bonded
to a rigid substrate. In practice, composite electrodes are
porous, heterogeneous, and anisotropic, consisting of
randomly stacked active particles, conductive additives,
and binders. Consequently, the true stress field exhibits a
pronounced gradient through the electrode thickness, and
the curvature measurement can only provide a spatially
averaged stress value. Moreover, the measured curvature
change is a convoluted response to multiple concurrent
processes—Ilithiation/delithiation-induced strain, binder
swelling, SEI growth stress, and thermal expansion—all of
which are coupled into a single macroscopic bending signal.
Disentangling these individual contributions remains a
formidable challenge, making it difficult to directly correlate
macroscopic curvature with specific microscopic failure
events such as particle cracking or interfacial debonding.

Environmental interference and systematic error propa-
gation. The operational principle of laser beam position
detection is essentially a high-sensitivity optical lever, which

SHANGHAI JIAO TONG UNIVERSITY PRESS

inevitably amplifies environmental perturbations into signifi-
cant stress measurement errors. In the single-beam LBPD
configuration, micron-scale mechanical vibrations can lead
to deviations of tens of megapascals in the calculated stress,
necessitating the use of air-floating optical tables and strictly
controlled inert atmospheres. Although the MOSS method
achieves a certain degree of vibration resistance through
its multi-beam differential design, low-frequency vibra-
tions cannot be entirely eliminated. Furthermore, the opti-
cal windows required for in situ cells introduce additional
complications—refractive index inhomogeneities, surface
contamination, and gradual degradation of transmittance
during prolonged electrolyte exposure all degrade the long-
term stability and reliability of the optical signal.

The chasm between ideal thin-film systems and practical
electrodes. Both MOSS and LBPD were developed for
thin-film/substrate model systems, and their translation
to commercially relevant thick-film electrodes faces
fundamental obstacles. The MOSS method imposes
stringent requirements: a polished back surface on the
substrate, a substrate stiffness far exceeding that of the active
film, and a perfect “film-on-substrate” bonding condition.
Commercial battery electrodes, typically tens to hundreds
of microns thick and coated on rough Cu or Al foils, are
far from meeting these idealized prerequisites. Moreover,
the viscoelastic time lag introduced by polymeric binders
violates the purely elastic assumptions of the Stoney
framework. For the LBPD method, the single-point laser
measurement captures only the average curvature in the
immediate vicinity of the illumination spot. In essence,
optical curvature methods remain powerful “model system”
tools for fundamental mechanistic investigations, but a
principle-level gap separates them from the geometric,
compositional, and operational realities of commercial
batteries.

The key pathways for overcoming these challenges
include the development of multi-beam or full-field optical
techniques capable of resolving spatial heterogeneities, the
introduction of advanced data fusion algorithms that inte-
grate optical signals with simultaneous electrochemical and
thermal measurements, and the synergistic combination of
optical methods with high-resolution imaging and spectro-
scopic tools. Only through such interdisciplinary integration
can the intrinsic “macroscopic measurement—microscopic
mechanism” gap be effectively bridged.
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6.2 Acoustic Detection

In the acoustic monitoring of LIBs, the acoustic signals
(such as US flight time, amplitude, and attenuation) are
essentially a “mixed observation value” of multiple physical
fields that are coupled. The core challenges of interference
and decoupling in this context can be deeply understood
from the following three aspects: Firstly, the nonlinear
superposition and competitive contributions of multiple
physical processes. Simultaneously occurring in the battery
are the volume changes of electrode active materials, the
continuous growth and rupture of SEI membranes, the
gas evolution caused by electrolyte decomposition, and
the thermal expansion and drift of sound velocity due to
temperature changes. Moreover, these processes modulate
the acoustic signals in different directions and amplitudes:
for instance, lithiation expansion increases the material
density and may reduce the sound velocity, while the
appearance of gas products causes strong signal attenuation
due to a sudden change in sound impedance; an increase
in temperature softens the material and reduces the sound
velocity, and may also accelerate the production of more
gases through additional reactions. In actual operating
conditions, these processes overlap and have varying time-
dependent characteristics, resulting in the received acoustic
response being the superposition of multiple nonlinear
contributions, which cannot be distinguished through simple
linear filtering or frequency-domain separation.

Second, signal interference caused by multiple reflections
of the interface and wave-type conversion. LIBs have a
multilayer sheet structure (current collector, electrode
coating, separator, electrolyte/gas layer). Sound waves will
undergo reflection, transmission and mode conversion at
each interface (between longitudinal and transverse waves,
and the excitation of Lamb waves). During actual battery
cycling, phenomena such as the thickening of the SEI layer,
local gas accumulation, and electrode stratification will
dynamically change the acoustic properties of the interface,
causing echoes from different depths or different regions to
severely overlap in the time domain, making it difficult to
track the evolution of a specific interface alone.

Third, time-varying interference from the environment
and operating conditions, as well as baseline drift caused
by aging. The influence of temperature on the mechanical
frequency response function of the LIBs can completely
mask the contribution of SOC or SOH; the Lit concentration

© The authors

gradient generated by high-rate charging and discharging
will cause local non-uniform expansion, introducing addi-
tional strain signals unrelated to the average SOC; after
long-term battery cycling, irreversible volume expansion,
electrolyte drying, electrode stratification, and other aging
phenomena will systematically change the acoustic propaga-
tion path and attenuation characteristics, causing the acous-
tic reference at the same SOC to drift over time. This means
that even if a high-precision data-driven model is trained
under laboratory conditions, once the battery undergoes
different thermal histories, different working rates or aging
paths, the correlation between the acoustic features and the
state relied upon by the model may fail.

The core challenge of acoustic signal interference and
decoupling lies in the fact that multiple concurrent physical
and chemical processes within the battery (expansion, gas
production, thermal effects, aging, etc.) jointly modulate the
acoustic response in a nonlinear and time-varying manner.
The complex superposition of interface reflections leads to
blurred signal sources, and the differences in environmental
conditions and aging paths make it difficult to generalize
any fixed acoustic-state mapping relationship. Therefore,
how to robustly separate the target state (such as SOC or
SOH) from the mixed acoustic observations and suppress the
influence of other interfering factors is a key bottleneck that
must be overcome for achieving acoustic-based battery state
monitoring. Nevertheless, they have found a crucial niche
in quality control on production lines, where they excel at
rapid, batch-level defect screening to identify and eliminate
substandard cells.

6.3 Electrical Detection

Electrical detection methods are currently undergoing
a transition from being regarded as “excellent laboratory
diagnostic tools” to evolving into “practical embedded
monitoring technologies.” Among these methods, the
resistance strain gauge detection technique stands out due
to its miniaturization, lightweight design, high integrability,
and cost-effectiveness. By embedding these sensors within
battery packs for electric vehicles and portable electronic
devices, this technology facilitates real-time monitoring
of the battery’s operational state, thereby enhancing the
safety of future smart batteries. However, the interference
and decoupling of electrical signals (voltage, current,
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temperature, and the resulting strain signals) present multiple
complex challenges at various levels. The root cause lies in
the highly nonlinear coupling of electrochemical, thermal,
and mechanical processes within the battery, as well as the
uneven spatial distribution.

Firstly, the interference of voltage signals mainly stems
from the superposition of polarization effects, temperature
gradients, and aging drift. The measured terminal voltage
is the sum of the open-circuit voltage and the Ohmic
polarization, concentration polarization, and electrochemical
polarization. Under dynamic working conditions, these
polarization components are closely related to the current
direction, rate, temperature, and state of charge (SOC). The
temperature gradient causes local overpotential differences,
making the terminal voltage unable to reflect the precursors
of local thermal runaway. For instance, Fan et al. found that
the initial voltage fluctuation due to an internal preset crack
was only 0.0046V, which was completely filtered out as
noise in the traditional BMS (Battery Management System).
Additionally, aging processes such as SEI thickening,
lithium plating, and electrolyte drying alter the battery’s
internal resistance and OCV-SOC curve, causing the
terminal voltage at the same SOC to drift with the number
of cycles.

Secondly, the interference of current signals is mainly
reflected in the cumulative error of ampere-hour integration
and the non-uniform current distribution dependent on
the rate. The coulomb counting method requires high-
precision current sensors, but in reality, there are biases,
temperature drifts, and quantization errors. After long-term
integration, the SOC estimation diverges severely. Although
it can be corrected by OCYV, the OCV requires the battery
to be stationary for a long time, which is almost infeasible
in actual working conditions. More importantly, at high
rates, the Li* concentration gradient causes different local
reaction progress in the electrodes, making the measured
total current unable to represent the real reaction current in
each internal region. In addition, in cylindrical batteries, the
electrochemical-induced strain (caused by Li™ intercalation)
is dominant, while in prismatic batteries, thermal strain is
dominant—this means that the same current amplitude
contributes completely differently to the internal mechanical
state in different packaging forms, and it is impossible to
decouple these two contributions solely based on the current.

Thirdly, the engineering interference introduced by signal
transmission and packaging cannot be ignored. Intrusive or
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implantable sensors (such as foil strain gauges and tempera-
ture sensors) can provide real-time monitoring of the internal
state of batteries, but they also have non-negligible impacts
on the internal environment, energy density, and long-term
electrochemical performance of the battery. Physically,
sensors occupy space that would otherwise be occupied by
active materials, potentially disrupting the uniformity of
the core stack and introducing local stress concentrations.
Chemically, the sensor packaging materials and adhesives
may corrode or swell when immersed in the electrolyte for
a long time, releasing metal ions that can contaminate the
electrolyte and exacerbate the instability of the SEI. In terms
of thermal and electric fields, the thermal conductivity dif-
ferences and micro-power consumption of the sensors can
locally distort the thermal field, and if the metal parts have
poor contact, they may interfere with the electric field distri-
bution and even cause micro-short circuits. In terms of elec-
trochemical performance, the impedance of the implanted
sensors increases slightly, and the repeated expansion and
contraction during cycling can lead to sensor fatigue, dead-
hesion, and lead breakage, and may even become a potential
cause of internal short circuits. Overall, with careful design
(such as ultra-thinness and optimal placement in non-active
areas), these negative effects can be controlled within an
acceptable range, making them more suitable for energy
storage systems with lower energy density requirements
but higher safety monitoring needs; for applications such
as high-end electric vehicles that pursue maximum range,
further miniaturization or the development of non-intrusive
alternatives is still necessary.

In summary, the suitability of electrical detection meth-
ods across mainstream commercial battery formats varies
considerably. For 18650 cylindrical cells, thin-film strain
gauges and AE sensors have been successfully demonstrated
for internal strain monitoring, though hermetic feedthrough
of sensor leads remains a packaging challenge. For pouch
cells, external dilatometry and ultrasonic scanning offer
noninvasive alternatives well suited to the flexible, planar
geometry. For prismatic hard-case cells, the rigid casing
complicates both acoustic coupling and direct strain meas-
urement, requiring sensor integration at the module level
rather than the cell level. The selection of an appropriate
monitoring strategy must therefore be guided by the specific
battery format, the required detection fidelity, and the toler-
able degree of invasiveness.
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Table 4 Cross-technique comparison of in situ stress/strain detection methods for lithium-ion batteries

Dimension Optical (MOSS) Optical (LBPD) Acoustic (US) Acoustic (AE) Electrical (Strain  Electrical
Gauge) (expansion meter)
Physical principle ~Multi-beam Single-beam Acoustoelastic Stress wave Piezoresistive Mechanical
curvature sensing  curvature sensing  effect (active) detection effect displacement
(passive)
Directly measured Substrate Substrate TOF, signal AE events, energy, Strain— stress via Thickness change
quantity curvature — film curvature — film amplitude amplitude Hooke’s law
stress stress
Quantitative stress via Stoney via modified Indirect (requires ~ Semiquantitative  via Hooke’s law dilation strain
output equation Stoney equation calibration) (event statistics)
Temporal Real time Real time Real time Real time (event-  real time Real time
resolution based)
Applicable Thin film on rigid  Thin film or Any (noninvasive) Any (noninvasive) Surface-mounted = Whole cell (any
electrode type substrate composite on (any type) type)
substrate
Commercial cell Low (requires Low High (pouch, High (pouch, High (with surface High (external
compatibility substrate) cylindrical) cylindrical) mounting) measurement)
Invasiveness Noninvasive Noninvasive Noninvasive Noninvasive Minimally Noninvasive
(optical window) (optical window)  (external probes)  (external probes)  invasive (external)
(surface)
Sensitivity to Vibration-sensitive Highly vibration-  Moderate Noise-sensitive Temperature- Temperature-
environment (partially sensitive sensitive sensitive
compensated)
Cost High High Moderate Moderate Low Low—Moderate
Commercial Laboratory only Laboratory only Production line Laboratory Demonstrated in ~ Laboratory,
maturity QC BMS prototypes production line
QC

6.4 Cross-Technique Comparative Analysis
and Selection Guideline

The preceding sections have individually examined the
challenges facing optical, acoustic, and electrical detection
methods. However, for researchers and engineers seeking to
select the most appropriate technique for a specific battery
system or research question, a systematic cross-technique
comparison is essential. Table 4 provides a comprehensive
side-by-side comparison of the six principal methods
reviewed in this work, evaluated across multiple dimensions
relevant to stress/strain monitoring.

Beyond the tabular comparison, several overarching
trade-offs merit explicit discussion: Quantitative accuracy
vs. practical applicability. Optical methods (particularly
MOSS) provide the most direct and quantitative stress
measurements, yielding real-time stress—capacity curves
that can be directly compared with electrochemical data.
However, this quantitative fidelity comes at the cost of strin-
gent sample requirements—polished substrates, thin-film

© The authors

geometries, and optical windows—that fundamentally limit
their applicability to commercial cells. Electrical methods
(strain gauges and dilatometers) offer a practical middle
ground, providing quantitative strain data on commercial
cell formats with minimal invasiveness, though they capture
only surface-averaged or net-thickness information rather
than internal stress distributions. Acoustic methods, while
the least direct in terms of stress quantification, offer the
unique advantage of volumetric penetration through intact
commercial cells, making them the only techniques capa-
ble of probing internal mechanical phenomena without any
modification to the cell structure.

Active vs. passive detection philosophy. Among the
six techniques, AE occupies a unique position as the only
passive method: it does not excite the sample but rather
“listens” for the elastic waves spontaneously generated by
stress relief events within the battery. This fundamental
difference means that AE is inherently an event-driven,
damage-centric technique, best suited for detecting and
characterizing irreversible degradation processes rather than

https://doi.org/10.1007/s40820-026-02275-9



Nano-Micro Lett. (2026) 18:437

Page 29 of 36 437

continuously monitoring reversible stress evolution. The
other five techniques are all active, providing continuous
signals that track the gradual, reversible stress/strain changes
accompanying normal electrochemical cycling. These two
detection philosophies are highly complementary: active
methods monitor the “health baseline,” while passive
AE detects the “failure signatures” superimposed on that
baseline.

Multimodal integration as the path forward. Given the
complementary strengths and limitations summarized above,
no single technique currently provides a complete picture

of stress/strain evolution across all relevant scales and cell
formats. The most promising direction for future research
lies in the simultaneous deployment of complementary
techniques. For example, combining MOSS or strain gauges
(for quantitative stress curves) with AE (for damage event
detection) on the same electrode could disentangle reversible
chemo-mechanical stress from irreversible degradation.
Similarly, pairing ultrasonic TOF measurements (for
internal SOC/SOH mapping) with external dilatometry (for
net expansion calibration) could provide a more complete
characterization of commercial cells. Such multimodal

i
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approaches, when coupled with the Al-driven data fusion
strategies discussed in Sect. 7, represent the most viable
pathway toward comprehensive, real-world stress monitoring
in next-generation battery systems.

For fundamental mechanistic studies on model thin-
film electrodes, MOSS and LBPD remain the methods
of choice due to their quantitative rigor. For commercial
cell characterization and BMS integration, the choice
depends on the specific objective: Electrical strain gauges
are most suitable for real-time strain monitoring and early
fault warning in embedded BMS applications; ultrasonic
techniques excel at noninvasive SOC/SOH estimation
and electrolyte wetting diagnostics; AE is preferred for
detecting and classifying irreversible degradation events;
and dilatometry is the method of choice for quantifying
macroscopic expansion and separating reversible from
irreversible contributions. For comprehensive safety—critical
applications (e.g., large-format energy storage systems), a
multimodal sensing strategy integrating strain, acoustic, and
thermal sensors with Al-based data analytics represents the
ultimate goal.

To provide a holistic conceptual overview of the in situ
detection landscape, Fig. 14 integrates three essential aspects
of stress/strain monitoring in LIBs: (a) the multi-scale ori-
gins and propagation pathways of stress, from atomic-level
lattice distortion to module-level pack swelling, (b) a side-
by-side comparison of the physical transduction principles
and signal pathways for optical, acoustic, and electrical
methods, and (c) an applicability matrix mapping each tech-
nique onto mainstream commercial battery formats. This
tripartite framework serves as both a conceptual roadmap
for navigating the subsequent technical discussions and a
practical selection guide for experimental design.

7 Summary and Outlook

This review has systematically surveyed the state of the art
in optical, acoustical, and electrical metrologies for in situ
stress and strain analysis in LIBs, critically assessing their
capabilities to guide future development. The insights
discussed herein illuminate the pathway toward “smart
batteries,” systems capable of self-sensing, self-diagnosis,
and self-management that promise to enhance safety and
extend the life span of next-generation energy storage.

© The authors

The realization of this future is contingent upon a tech-
nological evolution from isolated, component-level meas-
urements to integrated, system-level intelligence, driven by
the fusion of flexible electronics and advanced algorithms.
By embedding multi-dimensional sensors (such as poten-
tial, temperature, and pressure sensors), the battery’s internal
“black box” can be opened, providing high-spatiotemporal-
resolution, multi-physical data (electrochemical, thermal,
and mechanical) in real time. Coupling this rich stream of
sensory data with artificial intelligence will fundamentally
shift battery management from passive protection to proac-
tive, predictive control. The technical path of Al-enabled
in situ detection for LIBs can be summarized as follows:
Firstly, by integrating multimodal intrinsic sensing units
such as flexible micro-sensors, FBG and gas sensors, and
applying deep learning algorithms like convolutional neural
networks for high-dimensional feature fusion, the bottleneck
of single physical signals being unable to characterize com-
plex failure processes is addressed [116—119]. Secondly, by
compressing models and distilling knowledge, lightweight
Al models are deployed on edge computing units to enable
real-time diagnosis of thermal runaway precursors (such as
early hydrogen release and sudden internal stress changes)
by the onboard BMS [120, 121]. Thirdly, a physical informa-
tion neural network and a “physical system—digital twin—Al
engine” closed-loop framework are constructed, embedding
electrochemical and thermodynamic prior knowledge into
data-driven models, which not only enhances generalization
capabilities but also provides interpretability to the detection
results, allowing for fault pre-simulation and strategy valida-
tion in a virtual environment [122—124]. Finally, generative
models such as generative adversarial networks are utilized
for data augmentation of rare but catastrophic thermal runa-
way samples, effectively alleviating the core challenge of
scarce fault data. Although concept validation studies (such
as implantable three-in-one micro-sensors and reduced-order
electrochemical neural network coupling methods based on
single-particle models) have shown significant potential,
current challenges include high costs of full-modal integra-
tion, the “black box” nature of models making it difficult
to output specific failure mechanisms, long-term stability
and engineering packaging of implantable devices in auto-
motive-grade batteries [125-128]. Future research should
focus on developing multi-functional integrated wireless
sensing technologies, explainable artificial intelligence,
and full-life-cycle digital passports to transform Al from a

https://doi.org/10.1007/s40820-026-02275-9



Nano-Micro Lett. (2026) 18:437

Page 31 of 36 437

laboratory early warning tool into the core control engine of
next-generation intelligent battery systems.

Acknowledgements This work was financially supported
by the Yunnan Talents Support Plan for Yong Talents (No. XDYC-
QNRC-2022-0482), the National Natural Science Foundation
of China (52075351, 51604177, 52501286), the National Key
Research and Development Program of China (2019YFA0705701),
the China Postdoctoral Science Foundation (2025M780119), the
Postdoctoral Fellowship Program of China Postdoctoral Sci-
ence Foundation (GZC20250143), the Major S&T Infrastructure
Construction Project of Sichuan Province (2020-510000-73-01-
441847), the Chengdu International S&T Cooperation Funded
Project (2025-GH02-00014-HZ, 2022-GH02-00027-HZ), the 1000
Talents Program of Sichuan Province, the Tianfu Emei Program of
Sichuan Province, and the Chengdu Rongpiao Program.

Author contributions X.A. Luo was responsible for writing—
original draft, formal analysis, and data curation. Y.Y. Zhang was
involved in writing, reviewing, and editing the original draft. Y.J.
Yu participated in reviewing and editing. W.B. Liu took care of
conceptualization, reviewing and editing, supervision, and funding
acquisition.

Declarations

Conlflict of interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.
All authors declare that there are no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s)
and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s Creative
Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need
to obtain permission directly from the copyright holder. To view
a copy of this licence, visit http://creativecommons.org/licenses/
by/4.0/.

References

1. J. Morfeldt, S.D. Kurland, D.J.A. Johansson, Carbon footprint
impacts of banning cars with internal combustion engines.
Transp. Res. Part D Transp. Environ. 95, 102807 (2021).
https://doi.org/10.1016/].trd.2021.102807

2. H.Li, C. Tang, S. Huang, A. Du, M. Wu et al., Planar assem-
bly of dual single-atom engineered mesoporous carbon onto
Ti;C,T, for high-energy lithium-ion batteries. Sci. Bull.

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

10.

11.

12.

13.

15.

71(7), 1734-1745 (2026). https://doi.org/10.1016/j.scib.2026.
02.040

. J. Mohammadi Moradian, A. Ali, X. Yan, G. Pei, S. Zhang

et al., Sensors innovations for smart lithium-based batter-
ies: advancements, opportunities, and potential challenges.
Nano-Micro Lett. 17(1), 279 (2025). https://doi.org/10.1007/
s40820-025-01786-1

X. Lu, Y. Wang, X. Xu, B. Yan, T. Wu et al., Polymer-based
solid-state electrolytes for high-energy-density lithium-
ion batteries—review. Adv. Energy Mater. 13(38), 2301746
(2023). https://doi.org/10.1002/aenm.202301746

. J.M.V. Nsanzimana, L. Cai, Z. Jiang, B.Y. Xia, T. Maiyala-

gan, Engineering bifunctional catalytic microenvironments
for durable and high-energy-density metal-air batteries.
Nano-Micro Lett. 17(1), 294 (2025). https://doi.org/10.1007/
$40820-025-01799-w

G. Liu, W. Wan, Q. Nie, C. Zhang, X. Chen et al., Control-
lable long-term lithium replenishment for enhancing energy
density and cycle life of lithium-ion batteries. Energy Envi-
ron. Sci. 17(3), 1163-1174 (2024). https://doi.org/10.1039/
d3ee03740a

. M.Li, J. Yang, Y. Shi, Z. Chen, P. Bai et al., Soluble organic

cathodes enable long cycle life, high rate, and wide-tempera-
ture lithium-ion batteries. Adv. Mater. 34(5), 2107226 (2022).
https://doi.org/10.1002/adma.202107226

. Q.Ma, Y. Zheng, D. Luo, T. Or, Y. Liu et al., 2D materials for

all-solid-state lithium batteries. Adv. Mater. 34(16), 2108079
(2022). https://doi.org/10.1002/adma.202108079

D. Han, C. Cui, K. Zhang, Z. Wang, J. Gao et al., A non-
flammable Hydrous organic electrolyte for sustainable zinc
batteries. Nat. Sustain. 5(3), 205-213 (2022). https://doi.org/
10.1038/s41893-021-00800-9

G.Z. Voyiadjis, E. Akbari, Novel procedure to determine the
stress-strain relation of lithium-ion batteries through indenta-
tion test. Appl. Energy 347, 121492 (2023). https://doi.org/
10.1016/j.apenergy.2023.121492

F. Wu, J. Maier, Y. Yu, Guidelines and trends for next-gener-
ation rechargeable lithium and lithium-ion batteries. Chem.
Soc. Rev. 49(5), 1569-1614 (2020). https://doi.org/10.1039/
¢7¢s00863e

X. Cheng, M. Pecht, In situ stress measurement techniques
on li-ion battery electrodes: a review. Energies 10(5), 591
(2017). https://doi.org/10.3390/en10050591

M.K. Jangid, F.J. Sonia, R. Kali, B. Ananthoju, A. Mukho-
padhyay, Insights into the effects of multi-layered graphene as
buffer/interlayer for a-Si during lithiation/delithiation. Carbon
111, 602-616 (2017). https://doi.org/10.1016/j.carbon.2016.
10.032

. Z. Cheng, C. Tang, S. Long, S. Yuan, L. Shi et al., Liquid

metal-induced self-healing interface and 3D porous con-
figuration enable a high-performance Si/carbon anode for
lithium-ion storage. ACS Nano 20(7), 5802-5817 (2026).
https://doi.org/10.1021/acsnano.5¢17891

A. Mukhopadhyay, F. Guo, A. Tokranov, X. Xiao, R.H. Hurt
et al., Engineering of graphene layer orientation to attain high
rate capability and anisotropic properties in Li-ion battery

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.trd.2021.102807
https://doi.org/10.1016/j.scib.2026.02.040
https://doi.org/10.1016/j.scib.2026.02.040
https://doi.org/10.1007/s40820-025-01786-1
https://doi.org/10.1007/s40820-025-01786-1
https://doi.org/10.1002/aenm.202301746
https://doi.org/10.1007/s40820-025-01799-w
https://doi.org/10.1007/s40820-025-01799-w
https://doi.org/10.1039/d3ee03740a
https://doi.org/10.1039/d3ee03740a
https://doi.org/10.1002/adma.202107226
https://doi.org/10.1002/adma.202108079
https://doi.org/10.1038/s41893-021-00800-9
https://doi.org/10.1038/s41893-021-00800-9
https://doi.org/10.1016/j.apenergy.2023.121492
https://doi.org/10.1016/j.apenergy.2023.121492
https://doi.org/10.1039/c7cs00863e
https://doi.org/10.1039/c7cs00863e
https://doi.org/10.3390/en10050591
https://doi.org/10.1016/j.carbon.2016.10.032
https://doi.org/10.1016/j.carbon.2016.10.032
https://doi.org/10.1021/acsnano.5c17891

437

Page 32 of 36

Nano-Micro Lett. (2026) 18:437

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

electrodes. Adv. Funct. Mater. 23(19), 2397-2404 (2013).
https://doi.org/10.1002/adfm.201201128

. L. Nation, J. Li, C. James, Y. Qi, N. Dudney et al., In situ

stress measurements during electrochemical cycling of lith-
ium-rich cathodes. J. Power. Sources 364, 383-391 (2017).
https://doi.org/10.1016/j.jpowsour.2017.08.006

P. Zuo, Y.-P. Zhao, A phase field model coupling lithium
diffusion and stress evolution with crack propagation and
application in lithium ion batteries. Phys. Chem. Chem. Phys.
17(1), 287-297 (2015). https://doi.org/10.1039/C4CP00563E
Y.F. Gao, M. Zhou, Coupled mechano-diffusional driving
forces for fracture in electrode materials. J. Power. Sources
230, 176-193 (2013). https://doi.org/10.1016/j.jpowsour.
2012.12.034

H. Xie, Y. Kang, H. Song, B. Shi, J. Wang, Modified stoney
model and optimization of electrode structure based on
stress characteristics. Energy Technol. 7(2), 333-345 (2019).
https://doi.org/10.1002/ente.201800380

F. Hao, X. Gao, D. Fang, Diffusion-induced stresses of elec-
trode nanomaterials in lithium-ion battery: the effects of sur-
face stress. J. Appl. Phys. 112(10), 103507 (2012). https://
doi.org/10.1063/1.4767913

P. Hovington, M. Dontigny, A. Guerfi, J. Trottier, M. Lagacé
et al., In situ Scanning electron microscope study and micro-
structural evolution of nano silicon anode for high energy li-
ion batteries. J. Power. Sources 248, 457—464 (2014). https://
doi.org/10.1016/j.jpowsour.2013.09.069

X. Zhou, T. Li, Y. Cui, M.L. Meyerson, C.B. Mullins et al.,
In situ focused ion beam-scanning electron microscope study
of crack and nanopore formation in germanium particle dur-
ing (de)lithiation. ACS Appl. Energy Mater. 2(4), 2441-2446
(2019). https://doi.org/10.1021/acsami.8b13981

W. Xu, Z. Sun, C. Tang, Z. Cheng, W. Sun et al., Biomimet-
ics-driven design of micron-sized SiO composites for high-
performance lithium-ion batteries. Adv. Funct. Mater. 35(25),
2422743 (2025). https://doi.org/10.1002/adfm.202422743

M.J. Chon, V.A. Sethuraman, A. McCormick, V. Srinivasan,
P.R. Guduru, Real-time measurement of stress and damage
evolution during initial lithiation of crystalline silicon. Phys.
Rev. Lett. 107(4), 045503 (2011). https://doi.org/10.1103/
physrevlett.107.045503

X.H. Liu, J.Y. Huang, In situ TEM electrochemistry of anode
materials in lithium ion batteries. Energy Environ. Sci. 4(10),
3844 (2011). https://doi.org/10.1039/c1ee01918;j

L.Y. Beaulieu, K.W. Eberman, R.L. Turner, L.J. Krause, J.R.
Dahn, Colossal reversible volume changes in lithium alloys.
Electrochem. Solid-State Lett. 4(9), A137 (2001). https://doi.
org/10.1149/1.1388178

B. Breitung, P. Baumann, H. Sommer, J. Janek, T. Brezesin-
ski, In situ and operando atomic force microscopy of high-
capacity nano-silicon based electrodes for lithium-ion batter-
ies. Nanoscale 8(29), 14048-14056 (2016). https://doi.org/
10.1039/C6NR03575B

Y. Tian, A. Timmons, J.R. Dahn, In situ AFM measurements
of the expansion of nanostructured Sn—co—C films reacting

© The authors

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

with lithium. J. Electrochem. Soc. 156(3), A187 (2009).
https://doi.org/10.1149/1.3056046

C.R. Becker, K.E. Strawhecker, Q.P. McAllister, C.A. Lun-
dgren, In situ atomic force microscopy of lithiation and del-
ithiation of silicon nanostructures for lithium ion batteries.
ACS Nano 7(10), 9173-9182 (2013). https://doi.org/10.1021/
nn4037909

I. Yoon, D.P. Abraham, B.L. Lucht, A.F. Bower, P.R. Guduru,
In situ measurement of solid electrolyte interphase evolu-
tion on silicon anodes using atomic force microscopy. Adv.
Energy Mater. 6(12), 1600099 (2016). https://doi.org/10.
1002/aenm.201600099

Z.Deng, Z. Huang, Y. Shen, Y. Huang, H. Ding et al., Ultra-
sonic scanning to observe wetting and unwetting in Li-ion
pouch cells. Joule 4(9), 2017-2029 (2020). https://doi.org/
10.1016/j.joule.2020.07.014

L. Albero Blanquer, F. Marchini, J.R. Seitz, N. Daher, F.
Bétermier et al., Optical sensors for operando stress monitor-
ing in lithium-based batteries containing solid-state or liquid
electrolytes. Nat. Commun. 13, 1153 (2022). https://doi.org/
10.1038/541467-022-28792-w

P. Nazari, R. Béuerle, J. Zimmermann, C. Melzer, C. Schwab
et al., Piezoresistive free-standing microfiber strain sensor
for high-resolution battery thickness monitoring. Adv. Mater.
35(21), €2212189 (2023). https://doi.org/10.1002/adma.
202212189

J. Fan, C. Liu, N. Li, L. Yang, X.-G. Yang et al., Wireless
transmission of internal hazard signals in Li-ion batteries.
Nature 641(8063), 639-645 (2025). https://doi.org/10.1038/
s41586-025-08785-7

G. Wang, G. Wang, L. Fei, L. Zhao, H. Zhang, Structural
engineering of anode materials for low-temperature lithium-
ion batteries: mechanisms, strategies, and prospects. Nano-
Micro Lett. 16(1), 150 (2024). https://doi.org/10.1007/
s40820-024-01363-y

Y. Gao, L. Fan, R. Zhou, X. Du, Z. Jiao et al., High-per-
formance silicon-rich microparticle anodes for lithium-
ion batteries enabled by internal stress mitigation. Nano-
Micro Lett. 15(1), 222 (2023). https://doi.org/10.1007/
s40820-023-01190-7

Z. Chen, D.L. Danilov, R.-A. Eichel, P.H.L. Notten, Porous
electrode modeling and its applications to Li-ion batteries.
Adv. Energy Mater. 12(32), 2201506 (2022). https://doi.org/
10.1002/aenm.202201506

V. Malav, M.K. Jangid, I. Hait, A. Mukhopadhyay, In situ
monitoring of stress developments and mechanical integrity
during galvanostatic cycling of LiCoO, thin films. ECS Elec-
trochem. Lett. 4(12), A148—-A150 (2015). https://doi.org/10.
1149/2.0101512eel

J. Pan, Q. Zhang, J. Li, M.J. Beck, X. Xiao et al., Effects of
stress on lithium transport in amorphous silicon electrodes
for lithium-ion batteries. Nano Energy 13, 192-199 (2015).
https://doi.org/10.1016/j.nanoen.2015.02.020

Y. Liu, Q. Wang, L. Chen, Z. Xiao, X. Fan et al., Dif-
fusion-induced stress optimization by boosted surface

https://doi.org/10.1007/s40820-026-02275-9


https://doi.org/10.1002/adfm.201201128
https://doi.org/10.1016/j.jpowsour.2017.08.006
https://doi.org/10.1039/C4CP00563E
https://doi.org/10.1016/j.jpowsour.2012.12.034
https://doi.org/10.1016/j.jpowsour.2012.12.034
https://doi.org/10.1002/ente.201800380
https://doi.org/10.1063/1.4767913
https://doi.org/10.1063/1.4767913
https://doi.org/10.1016/j.jpowsour.2013.09.069
https://doi.org/10.1016/j.jpowsour.2013.09.069
https://doi.org/10.1021/acsami.8b13981
https://doi.org/10.1002/adfm.202422743
https://doi.org/10.1103/physrevlett.107.045503
https://doi.org/10.1103/physrevlett.107.045503
https://doi.org/10.1039/c1ee01918j
https://doi.org/10.1149/1.1388178
https://doi.org/10.1149/1.1388178
https://doi.org/10.1039/C6NR03575B
https://doi.org/10.1039/C6NR03575B
https://doi.org/10.1149/1.3056046
https://doi.org/10.1021/nn4037909
https://doi.org/10.1021/nn4037909
https://doi.org/10.1002/aenm.201600099
https://doi.org/10.1002/aenm.201600099
https://doi.org/10.1016/j.joule.2020.07.014
https://doi.org/10.1016/j.joule.2020.07.014
https://doi.org/10.1038/s41467-022-28792-w
https://doi.org/10.1038/s41467-022-28792-w
https://doi.org/10.1002/adma.202212189
https://doi.org/10.1002/adma.202212189
https://doi.org/10.1038/s41586-025-08785-7
https://doi.org/10.1038/s41586-025-08785-7
https://doi.org/10.1007/s40820-024-01363-y
https://doi.org/10.1007/s40820-024-01363-y
https://doi.org/10.1007/s40820-023-01190-7
https://doi.org/10.1007/s40820-023-01190-7
https://doi.org/10.1002/aenm.202201506
https://doi.org/10.1002/aenm.202201506
https://doi.org/10.1149/2.0101512eel
https://doi.org/10.1149/2.0101512eel
https://doi.org/10.1016/j.nanoen.2015.02.020

Nano-Micro Lett.

(2026) 18:437

Page 33 of 36 437

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Li-concentration for single-crystal Ni-rich layered cathodes.
Mater. Today 61, 40-53 (2022). https://doi.org/10.1016/].
mattod.2022.10.021

S. Weng, G. Yang, S. Zhang, X. Liu, X. Zhang et al., Kinetic
limits of graphite anode for fast-charging lithium-ion batter-
ies. Nano-Micro Lett. 15(1), 215 (2023). https://doi.org/10.
1007/s40820-023-01183-6

Y. Wang, Q. Zhang, C. Yang, Z. Xia, Ratiometric fluores-
cence optical fiber enabling operando temperature monitoring
in pouch-type battery. Adv. Mater. 36(25), 2401057 (2024).
https://doi.org/10.1002/adma.202401057

H. Wang, Z. Zhang, Y. Chu, A. Lai, S. Kang et al., Boosting
Na* storage and thermal stability of Na,Fe,(PO,) ,P,0, via
high-entropy engineering. ACS Nano 19(49), 4182441835
(2025). https://doi.org/10.1021/acsnano.5¢c15785

Q. Zhang, Y. Wang, Q. Deng, Y. Chu, P. Dong et al., In situ
and real-time monitoring the chemical and thermal evolution
of lithium-ion batteries with single-crystalline Ni-rich layered
oxide cathode. Angew. Chem. Int. Ed. 63(18), €202401716
(2024). https://doi.org/10.1002/anie.202401716

Q. Zhang, J. Wang, Y. Chu, W. Huang, X. Huang et al.,
Intralattice-bonded phase-engineered ultrahigh-Ni sin-
gle-crystalline cathodes suppress strain evolution. Nat.
Energy 10(8), 1001-1012 (2025). https://doi.org/10.1038/
s41560-025-01827-4

X. Yang, J. Liu, N. Pei, Z. Chen, R. Li et al., The critical role
of fillers in composite polymer electrolytes for lithium bat-
tery. Nano-Micro Lett. 15(1), 74 (2023). https://doi.org/10.
1007/540820-023-01051-3

X. Qiu, Y. Xiao, H. Tan, C. Wang, Y. Liu, Constitutive mod-
eling and SEI failure analysis of silicon-graphite composite
electrodes in lithium-ion batteries. Int. J. Mech. Sci. 302,
110560 (2025). https://doi.org/10.1016/j.ijmecsci.2025.
110560

R. Li, D. Ren, D. Guo, C. Xu, X. Fan et al., Volume deforma-
tion of large-format lithium ion batteries under different deg-
radation paths. J. Electrochem. Soc. 166(16), A4106-A4114
(2019). https://doi.org/10.1149/2.0471916jes

G. Tang, J. Zhang, S. Ma, J. Li, Z. Peng et al., Unveiling gas
production in rechargeable batteries via in situ differential
electrochemical mass spectrometry. Chem. Soc. Rev. 54(15),
7216-7251 (2025). https://doi.org/10.1039/D5CS00276 A

Y. Zhang, S. Hao, F. Pei, X. Xiao, C. Lu et al., operando
chemo-mechanical evolution in LiNij sCo, ;Mn,, ;O, cath-
odes. Natl. Sci. Rev. 11(9), nwae254 (2024). https://doi.org/
10.1093/nsr/nwae254

Q. Zhang, Y. Chu, J. Wu, P. Dong, Q. Deng et al., Mitigating
planar gliding in single-crystal nickel-rich cathodes through
multifunctional composite surface engineering. Adv. Energy
Mater. 14(12), 2303764 (2024). https://doi.org/10.1002/
aenm.202303764

R. Kumar, J.H. Woo, X. Xiao, B.W. Sheldon, Internal micro-
structural changes and stress evolution in silicon nanoparticle
based composite electrodes. J. Electrochem. Soc. 164(14),
A3750-A3765 (2017). https://doi.org/10.1149/2.09517 14jes

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

S.P.V. Nadimpalli, V.A. Sethuraman, D.P. Abraham, A.F.
Bower, P.R. Guduru, Stress evolution in lithium-ion com-
posite electrodes during electrochemical cycling and resulting
internal pressures on the cell casing. J. Electrochem. Soc.
162(14), A2656-A2663 (2015). https://doi.org/10.1149/2.
0341514jes

S.P.V. Nadimpalli, V.A. Sethuraman, G. Bucci, V. Srinivasan,
A.F. Bower et al., On plastic deformation and fracture in Si
films during electrochemical lithiation/delithiation cycling.
J. Electrochem. Soc. 160(10), A1885-A1893 (2013). https://
doi.org/10.1149/2.098310jes

R. Li, W. Li, A. Singh, D. Ren, Z. Hou et al., Effect of exter-
nal pressure and internal stress on battery performance and
lifespan. Energy Storage Mater. 52, 395-429 (2022). https://
doi.org/10.1016/j.ensm.2022.07.034

A. Mukhopadhyay, A. Tokranov, K. Sena, X. Xiao, B.W.
Sheldon, Thin film graphite electrodes with low stress gen-
eration during Li-intercalation. Carbon 49(8), 2742-2749
(2011). https://doi.org/10.1016/j.carbon.2011.02.067

R. Kali, S. Badjate, A. Mukhopadhyay, Effects of residual
stress on overpotentials and mechanical integrity during
electrochemical Li-alloying of Al film electrodes. J. Appl.
Electrochem. 47(4), 479-486 (2017). https://doi.org/10.1007/
s10800-017-1054-5

C. Yang, H. Ma, R. Yuan, K. Wang, K. Liu et al., Roll-to-roll
prelithiation of lithium-ion battery anodes by transfer print-
ing. Nat. Energy 8(7), 703-713 (2023). https://doi.org/10.
1038/s41560-023-01272-1

Q. Meng, S. Lou, B. Shen, X. Wan, X. Xiao et al., Reevaluat-
ing flexible lithium-ion batteries from the insights of mechan-
ics and electrochemistry. Electrochem. Energy Rev. 5(2), 30
(2022). https://doi.org/10.1007/s41918-022-00150-w

A. Mukhopadhyay, A. Tokranov, X. Xiao, B.W. Sheldon,
Stress development due to surface processes in graphite elec-
trodes for Li-ion batteries: a first report. Electrochim. Acta
66, 28-37 (2012). https://doi.org/10.1016/j.electacta.2012.01.
058

F.J. Sonia, B. Ananthoju, M.K. Jangid, R. Kali, M. Aslam
et al., Insight into the mechanical integrity of few-layers
graphene upon lithiation/delithiation via in situ monitoring
of stress development. Carbon 88, 206-214 (2015). https://
doi.org/10.1016/j.carbon.2015.02.078

V.A. Sethuraman, M.J. Chon, M. Shimshak, V. Srinivasan,
P.R. Guduru, In situ measurements of stress evolution in
silicon thin films during electrochemical lithiation and del-
ithiation. J. Power. Sources 195(15), 5062-5066 (2010).
https://doi.org/10.1016/j.jpowsour.2010.02.013

V.A. Sethuraman, A. Nguyen, M.J. Chon, S.P.V. Nadim-
palli, H. Wang et al., Stress evolution in composite silicon
electrodes during lithiation/delithiation. J. Electrochem.
Soc. 160(4), A739-A746 (2013). https://doi.org/10.1149/2.
021306jes

A. Mukhopadhyay, R. Kali, S. Badjate, A. Tokranov, B.W.
Sheldon, Plastic deformation associated with phase trans-
formations during lithiation/delithiation of Sn. Scr. Mater.

@ Springer


https://doi.org/10.1016/j.mattod.2022.10.021
https://doi.org/10.1016/j.mattod.2022.10.021
https://doi.org/10.1007/s40820-023-01183-6
https://doi.org/10.1007/s40820-023-01183-6
https://doi.org/10.1002/adma.202401057
https://doi.org/10.1021/acsnano.5c15785
https://doi.org/10.1002/anie.202401716
https://doi.org/10.1038/s41560-025-01827-4
https://doi.org/10.1038/s41560-025-01827-4
https://doi.org/10.1007/s40820-023-01051-3
https://doi.org/10.1007/s40820-023-01051-3
https://doi.org/10.1016/j.ijmecsci.2025.110560
https://doi.org/10.1016/j.ijmecsci.2025.110560
https://doi.org/10.1149/2.0471916jes
https://doi.org/10.1039/D5CS00276A
https://doi.org/10.1093/nsr/nwae254
https://doi.org/10.1093/nsr/nwae254
https://doi.org/10.1002/aenm.202303764
https://doi.org/10.1002/aenm.202303764
https://doi.org/10.1149/2.0951714jes
https://doi.org/10.1149/2.0341514jes
https://doi.org/10.1149/2.0341514jes
https://doi.org/10.1149/2.098310jes
https://doi.org/10.1149/2.098310jes
https://doi.org/10.1016/j.ensm.2022.07.034
https://doi.org/10.1016/j.ensm.2022.07.034
https://doi.org/10.1016/j.carbon.2011.02.067
https://doi.org/10.1007/s10800-017-1054-5
https://doi.org/10.1007/s10800-017-1054-5
https://doi.org/10.1038/s41560-023-01272-1
https://doi.org/10.1038/s41560-023-01272-1
https://doi.org/10.1007/s41918-022-00150-w
https://doi.org/10.1016/j.electacta.2012.01.058
https://doi.org/10.1016/j.electacta.2012.01.058
https://doi.org/10.1016/j.carbon.2015.02.078
https://doi.org/10.1016/j.carbon.2015.02.078
https://doi.org/10.1016/j.jpowsour.2010.02.013
https://doi.org/10.1149/2.021306jes
https://doi.org/10.1149/2.021306jes

437

Page 34 of 36

Nano-Micro Lett. (2026) 18:437

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

92, 47-50 (2014). https://doi.org/10.1016/j.scriptamat.
2014.08.011

A. Mukhopadhyay, B.W. Sheldon, Deformation and stress
in electrode materials for Li-ion batteries. Prog. Mater. Sci.
63, 58-116 (2014). https://doi.org/10.1016/j.pmatsci.2014.
02.001

A. Tokranov, B.W. Sheldon, P. Lu, X. Xiao, A. Mukhopad-
hyay, The origin of stress in the solid electrolyte interphase
on carbon electrodes for Li ion batteries. J. Electrochem.
Soc. 161(1), A58-A65 (2014). https://doi.org/10.1149/2.
009401jes

R. Kali, Y. Krishnan, A. Mukhopadhyay, Effects of phase
assemblage and microstructure-type for Sn/intermetallic
‘composite’ films on stress developments and cyclic sta-
bility upon lithiation/delithiation. Scr. Mater. 130, 105-109
(2017). https://doi.org/10.1016/j.scriptamat.2016.11.023
D. Li, Y. Wang, J. Hu, B. Lu, Y.-T. Cheng et al., In situ
measurement of mechanical property and stress evolution
in a composite silicon electrode. J. Power. Sources 366,
80-85 (2017). https://doi.org/10.1016/j.jpowsour.2017.09.
004

H. Kim, C.-Y. Chou, J.G. Ekerdt, G.S. Hwang, Structure
and properties of Li—Si alloys: a first-principles study. J.
Phys. Chem. C 115(5), 2514-2521 (2011). https://doi.org/
10.1021/jp1083899

A. Darwiche, C. Marino, M.T. Sougrati, B. Fraisse, L.
Stievano et al., Better cycling performances of bulk Sb in
Na-ion batteries compared to Li-ion systems: an unexpected
electrochemical mechanism. J. Am. Chem. Soc. 134(51),
20805-20811 (2012). https://doi.org/10.1021/ja310347x
V.A. Sethuraman, N. Van Winkle, D.P. Abraham, A.F.
Bower, P.R. Guduru, Real-time stress measurements in
lithium-ion battery negative-electrodes. J. Power. Sources
206, 334-342 (2012). https://doi.org/10.1016/j.jpowsour.
2012.01.036

D. Li, Y. Wang, B. Lu, J. Zhang, Real-time measurements
of electro-mechanical coupled deformation and mechanical
properties of commercial graphite electrodes. Carbon 169,
258-263 (2020). https://doi.org/10.1016/j.carbon.2020.07.
072

E. Chason, B.W. Sheldon, Monitoring stress in thin films
during processing. Surf. Eng. 19(5), 387-391 (2003). https://
doi.org/10.1179/026708403225010118

V.A. Sethuraman, M.J. Chon, M. Shimshak, N. Van Winkle,
P.R. Guduru, In situ measurement of biaxial modulus of Si
anode for Li-ion batteries. Electrochem. Commun. 12(11),
1614-1617 (2010). https://doi.org/10.1016/j.elecom.2010.09.
008

G.G. Stoney, The tension of metallic films deposited by elec-
trolysis. Proc. R. Soc. Lond. Ser. A Contain. Pap. a Math.
Phys. Character 82(553), 172-175 (1909). https://doi.org/10.
1098/rspa.1909.0021

W. Zeng, J. Xing, J.C. Chen, K.Y.S. Ng, K. Oshihara et al.,
Design of advanced thick anode for Li-ion battery by insert-
ing a graphite/polymer buffer layer: an in-situ mechanical

© The authors

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

study. Electrochim. Acta 281, 282-291 (2018). https://doi.
org/10.1016/j.electacta.2018.05.165

M. Tokur, M.Y. Jin, B.W. Sheldon, H. Akbulut, Stress bear-
ing mechanism of reduced graphene oxide in silicon-based
composite anodes for lithium ion batteries. ACS Appl. Mater.
Interfaces 12(30), 3385533869 (2020). https://doi.org/10.
1021/acsami.Oc10064

M.K. Jangid, A. Mukhopadhyay, Real-time monitoring of
stress development during electrochemical cycling of elec-
trode materials for Li-ion batteries: overview and perspec-
tives. J. Mater. Chem. A 7(41), 23679-23726 (2019). https://
doi.org/10.1039/c9ta06474e

M. Pharr, Z. Suo, J.J. Vlassak, Measurements of the fracture
energy of lithiated silicon electrodes of Li-ion batteries. Nano
Lett. 13(11), 5570-5577 (2013). https://doi.org/10.1021/
nl403197m

H. Xie, B. Han, H. Song, X. Li, Y. Kang et al., In-situ meas-
urements of electrochemical stress/strain fields and stress
analysis during an electrochemical process. J. Mech. Phys.
Solids 156, 104602 (2021). https://doi.org/10.1016/j.jmps.
2021.104602

D. Sauerteig, S. Ivanov, H. Reinshagen, A. Bund, Revers-
ible and irreversible dilation of lithium-ion battery electrodes
investigated by in-situ dilatometry. J. Power. Sources 342,
939-946 (2017). https://doi.org/10.1016/j.jpowsour.2016.12.
121

L. Su, P. Choi, N. Nakamura, H. Charalambous, S. Litster
et al., Multiscale operando X-ray investigations provide
insights into electro-chemo-mechanical behavior of lithium
intercalation cathodes. Appl. Energy 299, 117315 (2021).
https://doi.org/10.1016/j.apenergy.2021.117315

A.G. Hsieh, S. Bhadra, B.J. Hertzberg, P.J. Gjeltema, A. Goy
et al., Electrochemical-acoustic time of flight: in operando
correlation of physical dynamics with battery charge and
health. Energy Environ. Sci. 8(5), 1569-1577 (2015). https://
doi.org/10.1039/c5ee00111k

G. Davies, K.W. Knehr, B. Van Tassell, T. Hodson, S. Biswas
et al., State of charge and state of health estimation using
electrochemical acoustic time of flight analysis. J. Electro-
chem. Soc. 164(12), A2746-A2755 (2017). https://doi.org/
10.1149/2.1411712jes

V. Redko, V. Khandetskyy, E. Shembel, Apparatus and
method for determining service life of electrochemical
energy sources using combined ultrasonic and electromag-
netic testing. US Patent 7,845,232[P]. Granted Dec 7, 2010
B. Sood, C. Hendricks, M. Osterman, M. Pecht, Health
monitoring of lithium-ion batteries. EDFA Tech. Art.
16(2), 4-16 (2014). https://doi.org/10.31399/asm.edfa.
2014-2.p004

L. Gold, T. Bach, W. Virsik, A. Schmitt, J. Miiller et al., Prob-
ing lithium-ion batteries’ state-of-charge using ultrasonic
transmission—Concept and laboratory testing. J. Power.
Sources 343, 536-544 (2017). https://doi.org/10.1016/j.jpows
our.2017.01.090

P. Ladpli, F. Kopsaftopoulos, F.-K. Chang, Estimating state
of charge and health of lithium-ion batteries with guided

https://doi.org/10.1007/s40820-026-02275-9


https://doi.org/10.1016/j.scriptamat.2014.08.011
https://doi.org/10.1016/j.scriptamat.2014.08.011
https://doi.org/10.1016/j.pmatsci.2014.02.001
https://doi.org/10.1016/j.pmatsci.2014.02.001
https://doi.org/10.1149/2.009401jes
https://doi.org/10.1149/2.009401jes
https://doi.org/10.1016/j.scriptamat.2016.11.023
https://doi.org/10.1016/j.jpowsour.2017.09.004
https://doi.org/10.1016/j.jpowsour.2017.09.004
https://doi.org/10.1021/jp1083899
https://doi.org/10.1021/jp1083899
https://doi.org/10.1021/ja310347x
https://doi.org/10.1016/j.jpowsour.2012.01.036
https://doi.org/10.1016/j.jpowsour.2012.01.036
https://doi.org/10.1016/j.carbon.2020.07.072
https://doi.org/10.1016/j.carbon.2020.07.072
https://doi.org/10.1179/026708403225010118
https://doi.org/10.1179/026708403225010118
https://doi.org/10.1016/j.elecom.2010.09.008
https://doi.org/10.1016/j.elecom.2010.09.008
https://doi.org/10.1098/rspa.1909.0021
https://doi.org/10.1098/rspa.1909.0021
https://doi.org/10.1016/j.electacta.2018.05.165
https://doi.org/10.1016/j.electacta.2018.05.165
https://doi.org/10.1021/acsami.0c10064
https://doi.org/10.1021/acsami.0c10064
https://doi.org/10.1039/c9ta06474e
https://doi.org/10.1039/c9ta06474e
https://doi.org/10.1021/nl403197m
https://doi.org/10.1021/nl403197m
https://doi.org/10.1016/j.jmps.2021.104602
https://doi.org/10.1016/j.jmps.2021.104602
https://doi.org/10.1016/j.jpowsour.2016.12.121
https://doi.org/10.1016/j.jpowsour.2016.12.121
https://doi.org/10.1016/j.apenergy.2021.117315
https://doi.org/10.1039/c5ee00111k
https://doi.org/10.1039/c5ee00111k
https://doi.org/10.1149/2.1411712jes
https://doi.org/10.1149/2.1411712jes
https://doi.org/10.31399/asm.edfa.2014-2.p004
https://doi.org/10.31399/asm.edfa.2014-2.p004
https://doi.org/10.1016/j.jpowsour.2017.01.090
https://doi.org/10.1016/j.jpowsour.2017.01.090

Nano-Micro Lett.

(2026) 18:437

Page 35 0f 36 437

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

waves using built-in piezoelectric sensors/actuators. J. Power.
Sources 384, 342-354 (2018). https://doi.org/10.1016/j.jpows
our.2018.02.056

L. Oca, N. Guillet, R. Tessard, U. Iraola, Lithium-ion capaci-
tor safety assessment under electrical abuse tests based on
ultrasound characterization and cell opening. J. Energy Stor-
age 23, 29-36 (2019). https://doi.org/10.1016/j.est.2019.02.
033

Y.S. Zhang, A.N. Pallipurath Radhakrishnan, J.B. Robinson,
R.E. Owen, T.G. Tranter et al., In situ ultrasound acoustic
measurement of the lithium-ion battery electrode drying
process. ACS Appl. Mater. Interfaces 13(30), 36605-36620
(2021). https://doi.org/10.1021/acsami.1c10472

K. Zhang, J. Yin, Y. He, Acoustic emission detection and
analysis method for health status of lithium ion batteries. Sen-
sors 21(3), 712 (2021). https://doi.org/10.3390/s21030712

H. Popp, M. Koller, M. Jahn, A. Bergmann, Mechanical
methods for state determination of Lithium-Ion secondary
batteries: a review. J. Energy Storage 32, 101859 (2020).
https://doi.org/10.1016/j.est.2020.101859

T. Ohzuku, N. Matoba, K. Sawai, Direct evidence on anoma-
lous expansion of graphite-negative electrodes on first charge
by dilatometry. J. Power. Sources 97, 73-77 (2001). https://
doi.org/10.1016/S0378-7753(01)00590-0

N. Yoshida, T. Sakamoto, N. Kuwata, J. Kawamura, K. Sato
et al., In situ evaluation of mechanical and electrochemical
degradation in silicon negative electrode for lithium-ion sec-
ondary batteries. 2016 IEEE 16th International Conference
on Nanotechnology (IEEE-NANO), 974-977. IEEE (2016).
https://doi.org/10.1109/NANO.2016.7751563

A. Tranchot, H. Idrissi, P.-X. Thivel, L. Roué, Influence of
the Si particle size on the mechanical stability of Si-based
electrodes evaluated by In-operando dilatometry and acoustic
emission. J. Power. Sources 330, 253-260 (2016). https://doi.
org/10.1016/j.jpowsour.2016.09.017

A. Tranchot, A. Etiemble, P.X. Thivel, H. Idrissi, L. Roué, In-
situ acoustic emission study of Si-based electrodes for Li-ion
batteries. J. Power. Sources 279, 259-266 (2015). https://doi.
org/10.1016/j.jpowsour.2014.12.126

K. Rhodes, N. Dudney, E. Lara-Curzio, C. Daniel, Under-
standing the degradation of silicon electrodes for lithium-
ion batteries using acoustic emission. J. Electrochem. Soc.
157(12), A1354 (2010). https://doi.org/10.1149/1.3489374

C.-Y. Choe, W.-S. Jung, J.-W. Byeon, Damage evaluation
in lithium cobalt oxide/carbon electrodes of secondary bat-
tery by acoustic emission monitoring. Mater. Trans. 56(2),
269-273 (2015). https://doi.org/10.2320/matertrans.m2014
396

T. Ohzuku, H. Tomura, K. Sawai, Monitoring of particle frac-
ture by acoustic emission during charge and discharge of Li/
MnO, cells. J. Electrochem. Soc. 144(10), 3496-3500 (1997).
https://doi.org/10.1149/1.1838039

S. Komagata, N. Kuwata, R. Baskaran, J. Kawamura, K. Sato
et al., Detection of degradation of lithium-ion batteries with

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

acoustic emission technique. ECS Trans. 25(33), 163-167
(2010). https://doi.org/10.1149/1.3334804

N. Kircheva, S. Genies, D. Brun-Buisson, P.-X. Thivel, Study
of solid electrolyte interface formation and lithium intercala-
tion in Li-ion batteries by acoustic emission. J. Electrochem.
Soc. 159(1), A18-A25 (2011). https://doi.org/10.1149/2.
045201jes

A. Fordham, S.-B. Joo, R.E. Owen, E. Galiounas, M. Buck-
well et al., Investigating the performance and safety of Li-ion
cylindrical cells using acoustic emission and machine learn-
ing analysis. J. Electrochem. Soc. 171(7), 070521 (2024).
https://doi.org/10.1149/1945-7111/ad59¢9

K. Wang, Q. Chen, Y. Yue, R. Tang, G. Wang et al., Cyclic
aging monitoring of lithium-ion battery based on acoustic
emission. Nondestruct. Test. Eval. 38(3), 480-499 (2023).
https://doi.org/10.1080/10589759.2022.2133114

W. Ren, T. Zheng, C. Piao, D.E. Benson, X. Wang et al.,
Characterization of commercial 18650 Li-ion batteries using
strain gauges. J. Mater. Sci. 57(28), 13560-13569 (2022).
https://doi.org/10.1007/s10853-022-07490-4

J. Dai, H. Yin, X. Rao, S. Zhang, S. Shi et al., Stress-relief
engineering in a N-doped C-modified hierarchical nano-
porous Si anode with a microcurved pore wall structure
for enhanced lithium storage. ACS Appl. Mater. Interfaces
16(10), 12924-12938 (2024). https://doi.org/10.1021/acsami.
3¢16533

S. Zhu, L. Yang, J. Wen, X. Feng, P. Zhou et al., In operando
measuring circumferential internal strain of 18650 Li-ion
batteries by thin film strain gauge sensors. J. Power. Sources
516, 230669 (2021). https://doi.org/10.1016/j.jpowsour.2021.
230669

D. Ruan, G. Chen, X. Luo, L. Cheng, H. Wu et al., Bionic
Octopus-like flexible three-dimensional force sensor for
meticulous handwriting recognition in human-computer
interactions. Nano Energy 123, 109357 (2024). https://doi.
org/10.1016/j.nanoen.2024.109357

G. Han, J. Yan, Z. Guo, D. Greenwood, J. Marco et al., A
review on various optical fibre sensing methods for batteries.
Renew. Sustain. Energy Rev. 150, 111514 (2021). https://doi.
org/10.1016/j.rser.2021.111514

N.-I. Kim et al., Flexible III-N thin-film piezoelectric sensor
for smart lithium-ion battery management system. ACS Appl.
Electron. Mater. 7(24), 10853-10859 (2025). https://doi.org/
10.1021/acsaelm.5c02184

K. Kim, B. Kim, C.H. Lee, Printing flexible and hybrid elec-
tronics for human skin and eye-interfaced health monitoring
systems. Adv. Mater. 32(15), €1902051 (2020). https://doi.
org/10.1002/adma.201902051

H. Michael, R. Jervis, D.J.L. Brett, P.R. Shearing, Develop-
ments in dilatometry for characterisation of electrochemical
devices. Batter. Supercaps 4(9), 1378-1396 (2021). https://
doi.org/10.1002/batt.202100027

F.B. Spingler, S. Kiicher, R. Phillips, E. Moyassari, A. Jos-
sen, Electrochemically stable in situ dilatometry of NMC,
NCA and graphite electrodes for lithium-ion cells compared

@ Springer


https://doi.org/10.1016/j.jpowsour.2018.02.056
https://doi.org/10.1016/j.jpowsour.2018.02.056
https://doi.org/10.1016/j.est.2019.02.033
https://doi.org/10.1016/j.est.2019.02.033
https://doi.org/10.1021/acsami.1c10472
https://doi.org/10.3390/s21030712
https://doi.org/10.1016/j.est.2020.101859
https://doi.org/10.1016/S0378-7753(01)00590-0
https://doi.org/10.1016/S0378-7753(01)00590-0
https://doi.org/10.1109/NANO.2016.7751563
https://doi.org/10.1016/j.jpowsour.2016.09.017
https://doi.org/10.1016/j.jpowsour.2016.09.017
https://doi.org/10.1016/j.jpowsour.2014.12.126
https://doi.org/10.1016/j.jpowsour.2014.12.126
https://doi.org/10.1149/1.3489374
https://doi.org/10.2320/matertrans.m2014396
https://doi.org/10.2320/matertrans.m2014396
https://doi.org/10.1149/1.1838039
https://doi.org/10.1149/1.3334804
https://doi.org/10.1149/2.045201jes
https://doi.org/10.1149/2.045201jes
https://doi.org/10.1149/1945-7111/ad59c9
https://doi.org/10.1080/10589759.2022.2133114
https://doi.org/10.1007/s10853-022-07490-4
https://doi.org/10.1021/acsami.3c16533
https://doi.org/10.1021/acsami.3c16533
https://doi.org/10.1016/j.jpowsour.2021.230669
https://doi.org/10.1016/j.jpowsour.2021.230669
https://doi.org/10.1016/j.nanoen.2024.109357
https://doi.org/10.1016/j.nanoen.2024.109357
https://doi.org/10.1016/j.rser.2021.111514
https://doi.org/10.1016/j.rser.2021.111514
https://doi.org/10.1021/acsaelm.5c02184
https://doi.org/10.1021/acsaelm.5c02184
https://doi.org/10.1002/adma.201902051
https://doi.org/10.1002/adma.201902051
https://doi.org/10.1002/batt.202100027
https://doi.org/10.1002/batt.202100027

437

Page 36 of 36

Nano-Micro Lett. (2026) 18:437

113.

114.

115.

116.

117.

118.

119.

120.

121.

to XRD measurements. J. Electrochem. Soc. 168(4), 040515
(2021). https://doi.org/10.1149/1945-7111/abf262

M. Bauer, M. Wachtler, H. Stowe, J.V. Persson, M. A. Danzer,
Understanding the dilation and dilation relaxation behavior
of graphite-based lithium-ion cells. J. Power. Sources 317,
93-102 (2016). https://doi.org/10.1016/j.jpowsour.2016.03.
078

F.B. Spingler, W. Wittmann, J. Sturm, B. Rieger, A. Jossen,
Optimum fast charging of lithium-ion pouch cells based on
local volume expansion criteria. J. Power. Sources 393, 152—
160 (2018). https://doi.org/10.1016/j.jpowsour.2018.04.095

G. Bohn, J. Taub, A. Linke, S. Bayer, D. Oeser et al. High-
resolution interferometric measurement of thickness change
on a lithium-ion pouch battery. IOP Conference Series: Earth
and Environmental Science. IOP Publishing. 2019: 012030.
https://doi.org/10.1088/1755-1315/281/1/012030

Q. Tang, T. He, J. Huang, W. Zhu, A novel state of health
estimation method for lithium-ion battery based on multi-
feature extraction and fusion model with bidirectional feature
extraction. J. Energy Storage 141, 119415 (2026). https://doi.
org/10.1016/j.est.2025.119415

C. Li, H. Zhang, P. Ding, S. Yang, Y. Bai, Deep feature
extraction in lifetime prognostics of lithium-ion batteries:
advances, challenges and perspectives. Renew. Sustain.
Energy Rev. 184, 113576 (2023). https://doi.org/10.1016/].
rser.2023.113576

J. Geng, L. Tian, M. Guo, Remaining useful life prediction
of lithium batteries based on multiscale feature extraction
and multiscale feature aggregation. J. Energy Storage 135,
118296 (2025). https://doi.org/10.1016/j.est.2025.118296
B. Zhao, W. Zhang, Y. Zhang, C. Zhang, C. Zhang et al.,
Research on the remaining useful life prediction method for
lithium-ion batteries by fusion of feature engineering and
deep learning. Appl. Energy 358, 122325 (2024). https://doi.
org/10.1016/j.apenergy.2023.122325

J. Li, Y. Shang, X. Gu, H. Geng, K. Liu et al., Large lan-
guage model-based fault diagnosis for lithium-ion batteries
in cloud-edge systems. Cell Rep. Phys. Sci. 7(4), 103210
(2026). https://doi.org/10.1016/j.xcrp.2026.103210

Y. Qian, M. Tang, X. Wang, Z. Ning, H. Dong et al., A light-
weight informer-LSTM hybrid model for real-time lithium-
ion battery state of charge estimation on edge devices. IEEE
Sens. J. 26(10), 15943-15953 (2026). https://doi.org/10.
1109/JSEN.2026.3681264

© The authors

122

123.

124.

125.

126.

127.

128.

. F. Wang, Z. Zhai, Z. Zhao, Y. Di, X. Chen, Physics-informed
neural network for lithium-ion battery degradation stable
modeling and prognosis. Nat. Commun. 15, 4332 (2024).
https://doi.org/10.1038/s41467-024-48779-z

R. Xiong, Y. He, Y. Sun, Y. Jia, W. Shen, Enhanced electrode-
level diagnostics for lithium-ion battery degradation using
physics-informed neural networks. J. Energy Chem. 104,
618-627 (2025). https://doi.org/10.1016/j.jechem.2025.01.
019

H. Pang, L. Wu, J. Liu, X. Liu, K. Liu, Physics-informed
neural network approach for heat generation rate estimation
of lithium-ion battery under various driving conditions. J.
Energy Chem. 78, 1-12 (2023). https://doi.org/10.1016/].
jechem.2022.11.036

L. Chen, C. Chang, X. Liu, J. Jiang, Y. Jiang et al., Physics-
informed neural networks for small sample state of health
estimation of lithium-ion batteries. J. Energy Storage 122,
116559 (2025). https://doi.org/10.1016/j.est.2025.116559
Y. Wang, D. Meng, Y. Wang, R. Li, Y. Zhou, Research on
health state estimation methods of lithium-ion battery for
small sample data. Energy Rep. 8, 26862698 (2022). https://
doi.org/10.1016/j.egyr.2022.01.194

M. Zhang, G. Kang, L. Wu, Y. Guan, A method for capacity
prediction of lithium-ion batteries under small sample condi-
tions. Energy 238, 122094 (2022). https://doi.org/10.1016/j.
energy.2021.122094

Y. Zhang, M. Zhao, Cloud-based in-situ battery life predic-
tion and classification using machine learning. Energy Stor-
age Mater. 57, 346-359 (2023). https://doi.org/10.1016/j.
ensm.2023.02.035

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40820-026-02275-9


https://doi.org/10.1149/1945-7111/abf262
https://doi.org/10.1016/j.jpowsour.2016.03.078
https://doi.org/10.1016/j.jpowsour.2016.03.078
https://doi.org/10.1016/j.jpowsour.2018.04.095
https://doi.org/10.1088/1755-1315/281/1/012030
https://doi.org/10.1016/j.est.2025.119415
https://doi.org/10.1016/j.est.2025.119415
https://doi.org/10.1016/j.rser.2023.113576
https://doi.org/10.1016/j.rser.2023.113576
https://doi.org/10.1016/j.est.2025.118296
https://doi.org/10.1016/j.apenergy.2023.122325
https://doi.org/10.1016/j.apenergy.2023.122325
https://doi.org/10.1016/j.xcrp.2026.103210
https://doi.org/10.1109/JSEN.2026.3681264
https://doi.org/10.1109/JSEN.2026.3681264
https://doi.org/10.1038/s41467-024-48779-z
https://doi.org/10.1016/j.jechem.2025.01.019
https://doi.org/10.1016/j.jechem.2025.01.019
https://doi.org/10.1016/j.jechem.2022.11.036
https://doi.org/10.1016/j.jechem.2022.11.036
https://doi.org/10.1016/j.est.2025.116559
https://doi.org/10.1016/j.egyr.2022.01.194
https://doi.org/10.1016/j.egyr.2022.01.194
https://doi.org/10.1016/j.energy.2021.122094
https://doi.org/10.1016/j.energy.2021.122094
https://doi.org/10.1016/j.ensm.2023.02.035
https://doi.org/10.1016/j.ensm.2023.02.035

	In Situ Stress and Strain Detection in Lithium-ion Batteries: A Review of Optical, Acoustical, and Electrical Techniques
	Highlights
	Abstract 
	1 Introduction
	2 Evolution of Stress in Electrode Materials
	2.1 Origins of Stress in Electrode Materials
	2.2 Internal Stress
	2.3 Electrode Material External Stress
	2.4 “Original Stress” of Electrode Material

	3 In Situ Optical Detection
	3.1 Laser Beam Position Detection
	3.2 Multi-beam Optical Stress Sensor

	4 In Situ Acoustic Detection
	4.1 Ultrasonic Wave Detection Technology
	4.2 Acoustic Emission Detection Technology

	5 In Situ Electrical Detection
	5.1 Resistance Strain Sensor
	5.2 In Situ Expansion Meter

	6 Issues and Challenges
	6.1 Optical Detection
	6.2 Acoustic Detection
	6.3 Electrical Detection
	6.4 Cross-Technique Comparative Analysis and Selection Guideline

	7 Summary and Outlook
	Acknowledgements 
	References


