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g/stripping-induced strain
evolution via embedded sensors for predictive
failure mitigation in solid-state Li metal batteries

Hongye Zhang,a Zhipeng Chen,a Xinren Zhang,b Ziyi Shen,a Fei Xu *b

and Fenghui Wang*a

Solid-state lithium metal batteries represent a critical frontier in energy storage technology, yet persistent

interfacial instability between the Li metal anode and solid electrolytes generates detrimental

electrochemical–mechanical interactions that undermine the cycling durability. To resolve this

fundamental challenge, herein, we establish an innovative real-time strain monitoring that directly

correlates micro-mechanical evolution with interfacial degradation during Li plating/stripping. It reveals

that Li plating induces significant microstrain accumulation, while stripping processes only partially

release mechanical stress. Systematic analysis identifies three characteristic strain evolution periods

during cycling: initial linear growth, intermediate stabilization, and terminal exponential escalation prior

to cell failure. Post-mortem characterization attributes the final strain surge to synergistic cumulative

dendrite propagation, dead lithium agglomeration, and SEI disintegration. Parametric studies

demonstrate that an elevated cell stack pressure from 200 KPa to 3500 KPa reduced the initial strain

growth cycle by 50% and stabilized the strain value by 47.4%, whereas doubling the current density

prolongs the 10-fold linear growth period and increases the 4-fold plateau strain one, severely curtailing

battery longevity. Crucially, we establish predictive correlations between strain trajectory patterns and

electrochemical failure signature. This mechano-analytical platform enables non-destructive

interrogation of interfacial dynamics, providing an operational protocol for failure diagnosis and

pressure-current parameter optimization to achieve durable solid-state battery systems.
Introduction

Currently, the development of both energy-dense and safe
rechargeable battery technologies is highly desirable but
remains to be a longstanding challenge, owing to the well-
known trade-off between the activity and stability of electrode
materials.1,2 Solid-state lithium metal batteries are anticipated
to meet the demands for large specic energy density and high
safety, due to the inherent advantages of high capacity and low
redox potential of Li metal and the non-ammable nature of
solid electrolytes.3–5 However, the unstable Li metal anode/
solid-state electrolyte interface critically restricts the state-of-
the-art Li metal batteries. Specically, the repeated and inho-
mogeneous deposition and dissolution of the Li anode, coupled
with the spontaneous formation of an unstable solid electrolyte
interface (SEI), gives rise to uncontrollable morphological
-Inspired and Advanced Energy Research

ersity, Xi'an 710129, Shaanxi, China.

ssing, Center for Nano Energy Materials,
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the Royal Society of Chemistry
evolution,6,7 thus dramatically sacricing the energy density and
cycling life and posing serious safety hazards.8–10 All-solid-state
batteries utilizing high mechanical strength solid-state elec-
trolytes could enhance the safety by eliminating re hazards.11

However, the intrinsic weak solid–solid contact and interface
instabilities have hindered the development of all-solid-state
batteries.12,13 In contrast to the liquid electrolyte that could
mitigate electrochemical Li plating/stripping induced strain
with so liquids, the stresses and strains generated in solid-
state battery conguration can be transferred more obviously.
Consequently, the phenomenon of electrochemical–mechan-
ical coupling becomes more severe and exaggerated in solid-
state battery systems. Manifesting the electric–electro-
chemical–mechanical mutual-coupling effect to the degrada-
tion mechanism is of great signicance. On one hand, the
mechanical strain generated by the intrinsic electrochemical Li
plating/stripping can serve as an indicator to effectively monitor
the battery service condition and failure evidence. Furthermore,
based on mechanical–electrochemical coupling principles,
there is a wealth of opportunities to establish optimal operating
conditions (potential, current density, capacity, etc.) for
charging and discharging, andmeanwhile to pre-compensate or
reduce the stresses within cells to extend the battery life and
Chem. Sci., 2025, 16, 15697–15706 | 15697
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Fig. 1 Mechanism diagram of strain generation at different periods of
battery cycling.
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safety. Therefore, clarifying the ex/in situ tracking of the
microscopic morphology and structure of the lithium
deposition/dissolution process, especially the interaction
between the mechanical, electric and electrochemical elds, is
of more signicance for promoting the development of solid-
state batteries.

Various advanced techniques have been employed to char-
acterize the morphology, composition, and structure of Li
surfaces, in pursuit of manifesting clear mechanisms for the
formation and growth of Li dendrites.14 Post-mortem disas-
sembly of batteries is a widely used method for battery failure
analysis. Optical microscopy, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and atomic
force microscopy (AFM) directly reveal high-resolution infor-
mation on Li dendrite growth.15–18 The Li deposition/stripping
process is an interfacial reaction, and ex situ characterization
may disrupt its original precise morphology. In particular, in
situ analytical methods have greatly facilitated the under-
standing of lithium deposition mechanisms. In situ X-ray
microtomography enables quantication of the porosity and
volume fraction of Li deposits and circulating Li metal anodes.19

Li-NMR spectroscopy provides in situ structural changes in Li
metal during electrochemical cycling.20 XRD can reveal the
crystallographic orientation of Li deposits.21 Neutron Depth
Proling (NDP) and Neutron Scattering methods provide non-
destructive, highly sensitive analysis of the Li concentration
and pore morphology.22 Such non-destructive inspection of Li
plating is quite important in practical battery systems, while
there are no signals such as voltage and current that can be
easily obtained,23 and they oen fall short in providing insights
into mechanical properties. The construction of embedded
sensors to in situ monitor the micromechanical change
becomes a burgeoning new area of research.24–26 However, these
studies with embedded sensors primarily focused on liquid
electrolyte systems, rather than all-solid-state battery systems.
Consequently, there is an urgent need for developing in situ
strain monitoring techniques to analyse force signals coupled
with voltage and current responses for failure diagnosis in all-
solid-state lithium metal batteries, which could be adaptable
to integrate into electric vehicle battery management
systems.27,28

This study presents a novel non-destructive strain measure-
ment method for solid-state Li metal batteries, employing
embedded strain gauge techniques to in situ monitor dynamic
physical deformations during Li plating/stripping in half-cells.
Our measurement principle relies on the precise detection of
surface micro-deformations through resistive strain gauges,
which offer exceptional accuracy (±0.1 m3 resolution) and
sensitivity (gauge factor z2.0) for real-time monitoring of Li
deposition-induced strains at the Cu current collector. It is
observed that Li plating induces signicant microstrain accu-
mulation, while stripping processes only partially release
mechanical stress in the starting cycles. Three distinct strain
evolution periods were identied during continuous cycling,
including initial linear growth, intermediate stabilization, and
terminal exponential escalation prior to cell failure. Elevated
stack pressures effectively delay strain progression during the
15698 | Chem. Sci., 2025, 16, 15697–15706
primary period, whereas increased current densities accelerate
mechanical degradation throughout the entire cycling process.
These ndings establish strain monitoring as a powerful tool
for assessing interfacial stability and degradation mechanisms
in solid-state batteries.
Results and discussion
Principle of strain sensor monitoring for Li plating/stripping

To investigate the strain response during Li plating and strip-
ping, we conducted strain measurements on solid-state Cu‖Li
half-cells assembled in the laboratory. The cell conguration
consists of Cu foil as the working electrode, Li foil as the metal
counter/reference electrode, and a PVDF-HFP/LLZTO composite
solid-state electrolyte. Fig. 1 illustrates the principle of real-time
strain monitoring during battery cycling. During the discharge
(plating) process, Li ions from the negative electrode deposit
onto the Cu foil, generating a tensile strain at the Cu foil's
bottom surface. This causes the foil to bend away from the Li
electrode, a deformation quantitatively recorded by the strain
gauge. However, the limited intrinsic Li diffusion rate (<10−11

cm2 s−1) leads to the formation of voids at the interface.29–31

These voids accumulate over time, distorting the local electric
eld distribution and exacerbating heterogeneous Li plating in
the adjacent region, ultimately triggering dendrite growth upon
continuous cycling.32,33 During the charge process, the depos-
ited Li on Cu foil will strip away, leaving behind the “dead Li”
from the as-generated dendrites and residual SEI. Conse-
quently, a residual tensile strain remains on the Cu foil, pre-
venting full recovery to its initial state, as also exemplied by the
low coulombic efficiency. In fact, the strain experienced by the
Cu foil originates from volume changes induced by longitudinal
lithium deposition at the interface. This lateral strain repre-
sents a physical manifestation of longitudinal strain (eqn
(1)–(3), SI). Fundamentally, this process reects how volume
expansion of lithium in the thickness direction (i.e., longitu-
dinal) generates detectable strain signals in the lateral direc-
tion, which can be reected in Fig. S3, SI. Through repeated
plating/stripping cycling, the strain gauges successfully
capture real-time mechanical perturbations arising from non-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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uniform lithiation at the interface, providing critical insights
into progressive degradation mechanisms.
Evolution of strain during the cycle of Cu‖Li cells

Strain measurements during plating/stripping were conducted
on Cu‖Li cells under a constant current density of 0.1 mA cm−2

and an applied stack pressure of 200 KPa. The results revealed
a sustained and progressively increasing tensile strain on the
Cu foil throughout cycling (Fig. 2a), which can be categorized
into three distinct periods, mainly corresponding to specic
structural and electrochemical changes within the cell. The
identied three characteristic strain evolution periods include
initial linear growth, intermediate stabilization, and terminal
exponential escalation prior to cell failure. We further examined
the representative enlarged plating/stripping cycles (Fig. 2b–d).
In the rst cycle, there was signicant uctuation in strain
values, likely attributable to electrochemical instability present
during the initial cycle.34,35 During the initial linear growth
period (2–7 cycles), it is observed that the measured microstrain
increases linearly during plating, while subsequent stripping
partially releases microstrain during one cycle (Fig. 2b). Both
the peak strain (at the end of plating) and the residual strain
(aer stripping) increased nearly linearly during this period.
Fig. 2 (a) The evolution of battery voltage and strain as a function of cy
pressure of 200 KPa. (b) Voltage and strain profiles during cycles 4–7. (c
profiles during cycles 33–36. (e) Coulombic efficiency vs. cycle number a

© 2025 The Author(s). Published by the Royal Society of Chemistry
Aer 7 cycles, the end-of-cycle strain surges from 0.6 m3 to 138.4
m3. This rapid rise is mainly attributed to the tremendous irre-
versible reactions with formation of an SEI to gradually stabilize
the interfaces. This can be reected by the low CE values in the
initial several cycles, increasing from 57% to 75% (Fig. 2e). In
the second period (cycles 8–24), the strain can be almost
recovered during each single plating/stripping cycle (Fig. 2c).
Consequently, the strain stays steadily without obvious growth
during this cycling period, which stabilizes at ∼134.1 m3 over
continues 17 cycles. This presence of plateau suggests a period
of relatively reversible Li deposition and stripping with mini-
mized irreversible reactions. Likewise, the corresponding CE
stabilizes at ∼76% without uctuations, coinciding with the
strain plateau (Fig. 2e). In the third period (cycles 25–61) over
the course of 37 cycles, the strain behavior in each single cycle is
similar to the rst period (Fig. 2d), and the residual strain
increases from 139 m3 to 440 m3with nal complete failure. Such
sustained increase is mainly caused by the intensied inho-
mogeneity in Li plating/stripping with accumulated dead Li on
Cu foil upon continuous cycles, thus giving rise to progressive
mechanical degradation. However, the corresponding CE
remains quite stable during this period (Fig. 2e), which is
mainly due to the excess Li inventory from a thick Li foil
cle number at a current density of 0.1 mA cm−2 under an initial stack
) Voltage and strain profiles during cycles 15–18. (d) Voltage and strain
t a current density of 0.1 mA cm−2 and initial stack pressure of 200 KPa.

Chem. Sci., 2025, 16, 15697–15706 | 15699
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Fig. 3 (a–c) Evolution of residual strain versus cycle number under three distinct operational conditions. (d) Comparative diagrams of the three
periods under different pressures. (e) Comparative diagrams of the three periods under different densities.
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electrode to continuously compensate for the irreversible Li+

depletion, leading to articially improved CE. In fact, the
majority of state-of-the-art Li batteries or beyond adopt an
excessive amount of Li (or Na) than that actually being cycled, as
exemplied by the high negative-to-positive areal capacity.36–39

Therefore, it is quite unviable to evaluate the cycling failure just
from the CE value. In sharp contrast, the in situ strain moni-
toring can reliably diagnose the irreversibility and failure
evidence because the sensor solely monitors the Cu foil elec-
trode side with intrinsic mechanical deformation. Collectively,
these ndings demonstrate a direct relationship between
interfacial deformation dynamics and electrochemical
behavior, underscoring strain sensing as a powerful diagnostic
tool for Li metal batteries.
Effect of initial stack pressure and current density on strain
evolution

The aforementioned study elucidates the correlation between
dynamic strain evolution and electrochemical failure of copper
electrodes under constant current density (0.1 mA cm−2) and
stack pressure (200 KPa) conditions. However, practical oper-
ating conditions of lithium metal batteries (e.g., fast charging
15700 | Chem. Sci., 2025, 16, 15697–15706
and mechanical packaging designs) typically involve much
broader ranges of current densities and pressures, while their
inuences on interfacial mechanical behavior remain unclear.
Notably, the initial stack pressure exerts profound impacts on
the electro–chemo–mechanical behavior of all-solid-state
batteries, particularly in maintaining electrode–electrolyte
interfacial contact and mitigating degradation.40 Comparative
experiments conducted at pressures of 200 KPa and 3500 KPa
(0.1 mA cm−2) revealed that the three-period characteristic of
strain evolution persists under high pressure, but there exist
signicant changes in each period (Fig. 3b). At 3500 KPa, the
rst period was shortened to 3 cycles (Fig. 3d), a reduction of
50% as compared to that of 200 KPa pressure. Meanwhile, there
is a slight reduction in the strain accumulation rate (22 m3 per
cycle vs. 23.1 m3 per cycle at 200 KPa). This is because the
increased initial pressure accelerates the formation of a stable
SEI, thereby reducing the time required to achieve cycling
stability. In the second period, the stabilized strain value was
signicantly lowered by 47.4% (average strain: 70.5 m3 vs. 134.1
m3 at 200 KPa, Fig. 3b and d). During the third period, the strain
growth rate decreases from 7.3 m3 per cycle at 200 KPa to 6.9 m3

per cycle, indicating a further reduction in plating/stripping
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Strain and voltage vs. time at the center of the electrode. (b) Strain and voltage vs. time at the edge of the electrode. (c) Planar strain
distribution contour and (d) spatial displacement contour on the Cu foil assuming a certain amount of Li plated with 15 m3. (e) Strain vs. distance
from center profiles under different deposition amounts.
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heterogeneity induced by the elevated pressure. Cross-
referencing the coulombic efficiency curve (Fig. S4) at 0.1 mA
cm−2 and 3500 KPa initial stacking pressure with its cyclic
strain prole reveals the following: Stage I shows progressive CE
increase alongside acute cyclic strain surge; Stage II exhibits
stable CE with negligible strain growth, consistent with the
strain plateau; while Stage III demonstrates continuous strain
accumulation despite the marginal CE decay, invalidating CE-
based failure assessment. In summary, increasing the stack-
ing pressure from 200 KPa to 3500 KPa cuts the initial strain
growth cycle and lowers the average stabilized strain value,
while prolonging the battery life. These results prove the
pressure-dependent suppression of mechanical degradation.

In addition to stacking pressure, the effects of plating/
stripping rates (i.e., charge/discharge capabilities) were exam-
ined, as these are critical for high-power performance.41 The
inuence of current density was investigated by increasing it
from 0.1 to 0.2 mA cm−2, which dramatically altered the strain
evolution prole (Fig. 3c). Under the current density of 0.2 mA
cm−2, the rst period duration increased substantially. This
resulted in a markedly higher strain value when reaching the
plateau stage (second period), with an average strain of 348.2 m3.
The third period ended prematurely aer only 8 cycles, leading
to reduced battery cycle life. Among them, the strain growth
rates at different periods are shown in Fig. S5. Elevated current
densities induce persistent strain escalation from initial cycles
accompanied by monotonic CE decline (Fig. S6). Comparatively,
doubling the current density increased the initial strain growth
duration by 10 times and increased the average plateau strain by
© 2025 The Author(s). Published by the Royal Society of Chemistry
4 times, signicantly shortening the cycle life. This transition
reects the dominance of kinetic effects at higher current
densities, where enhanced Li+ concentration gradients and
preferential dendrite initiation at surface defects42 accelerate
mechanical degradation.

These ndings highlight two critical optimization parame-
ters for Li metal batteries: (1) the stack pressure should be
optimized to minimize the rst-period duration while maxi-
mizing the second-period stability and (2) the current density
must be carefully selected to balance power requirements with
mechanical stability. The strain monitoring system demon-
strated excellent sensitivity to both parameters, proving capable
of detecting subtle mechanical changes associated with
different operating conditions while maintaining robust iden-
tication capabilities even at elevated current densities.
Spatial evolution of strain across the electrode surface

To gain a comprehensive understanding of the spatial strain
distribution across the electrode, strain gauges were strategi-
cally bonded to distinct locations on the copper foil, with
a 4 mm spacing between adjacent sensors, as illustrated in
Fig. 4a and b. A notable spatial dependence of strain evolution
was observed: strain magnitudes decreased progressively from
the central region toward the periphery, accompanied by slower
strain accumulation rates at edge locations. Quantitative anal-
ysis revealed distinct mechanical behaviors: (1) central region:
the nal strain increased from 0 to 72.15 m3 over the rst ve
cycles, yielding an average strain increment of 14.43 m3 per
cycle; (2) edge region: the nal strain reached 51.66 m3 under
Chem. Sci., 2025, 16, 15697–15706 | 15701
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Fig. 5 (a) SEM image of the Cu foil surface after 5 plating/stripping cycles. (b) SEM image of the Cu foil surface after 15 plating/stripping cycles. (c)
SEM image of the Cu foil surface after 30 stripping cycles and (d) the corresponding high-magnification view of the red-outlined region. (e) SEM
image of the Li electrode surface after 30 plating/stripping cycles and (f) the corresponding high-magnification view of the red-outlined region.
(g) SEM image of Li deposition under an initial stack pressure of 200 KPa. (h) SEM image of lithium deposition under an initial stack pressure of
3500 KPa. (i) Temporal evolution of strain and voltage prior to battery failure under 0.2 mA cm−2 current density and 3500 KPa initial stack
pressure.
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identical cycling conditions, corresponding to a lower average
rate of 10.33 m3 per cycle. It should be noted that the edge region
of the Cu foil was partially constrained by the surrounding PTFE
mold to ensure structural stability. Although this constraint
may locally alter the mechanical boundary conditions and
reduce the strain response magnitude, the strain gauges
adhered in both central and edge positions still captured
meaningful relative variations.

We employed nite element analysis soware (COMSOL
Multiphysics) to further elucidate the non-uniform strain
distribution on electrodes during plating/stripping processes.
The hygroscopic swelling module was adopted to simulate
battery plating behavior. The simulation results further validate
the spatial gradient distribution of strain (Fig. 4c and d).
Furthermore, strain distributions corresponding to different
deposition amounts are presented in Fig. 4e, revealing a distinct
nonlinear relationship between strain magnitude and distance
from the center. This strain gradient is fundamentally attrib-
uted to pressure distribution heterogeneity induced by the
variations in stack pressure. The presence of a circular ring at
the edge of the copper foil results in a progressive reduction of
surface pressure from the edge toward the center. Higher stack
pressure partially suppresses irreversible volume expansion
15702 | Chem. Sci., 2025, 16, 15697–15706
caused by dendrites, dead lithium, and fractured SEI, ultimately
leading to lower strain generation at the electrode edge
compared to the central region.
Battery failure analysis

Post-mortem examination of cycled cells revealed that during
the initial cycling stage (Fig. 5a), mossy lithium dendrites
emerged and accumulated on the copper foil surface, forming
a rough, porous structure that contributed to progressive strain
buildup. Upon entering the mid-cycling phase, discrete
dendrites coalesced into interconnected networks (Fig. 5b),
creating a porous ake-like morphology with relatively smooth
surfaces. Both the SEI layer and dendrite structures stabilized
during this plateau period, resulting in negligible strain growth.
XPS quantication of SEI evolution from the initial to mid-
cycling stages (Table S1) demonstrated a compositional transi-
tion: from organic-dominated SEI (93.91 at% C, 5.95 at% O, and
0.14 at% F) in early cycles toward inorganic-rich constituents
(28.61 at% C, 46.02 at% O, and 25.37 at% F) at stabilization.
This matured SEI contributed marginally to the overall strain
accumulation. During later cycling stages (aer 30 cycles, Fig. 5c
and d), severe Li dendrite formation and “dead Li” accumula-
tion were observed on the Cu foil. The Li anode surface also
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Simulation of the equivalent battery. (b) Simulation results of
the internal structural stresses in the battery when the short-circuit
occurs in the battery. (c) Stress change curves at the plating and
stripping interfaces during battery cycling. (d) The variation curve of
plating interface stress with stripping interface stress.
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exhibited nonuniform plating, with grayish-white regions
covered by porous SEI shells (Fig. 5e and f). These structural
defects contributed to irreversible electrode thickening,
elevating the residual strain and internal cell pressure with each
cycle. Meanwhile, the morphology of Li deposition under
different initial stacking pressures is shown in Fig. 5g and h.
Under high initial stacking pressure, Li deposition appears
more compact with reduced porosity, resulting in a thinner
electrode thickness. This indicates that the pressure effect
predominantly inuences the early stages of Li nucleation and
growth, specically during the rst stress change period.

The strain evolution characteristics during battery short-
circuit were systematically investigated, as shown in Fig. 5i.
When the cell entered the nal stage of the third period under
0.2 mA cm−2 current density and 3500 KPa stack pressure, the
accumulated effects of dendrite growth, dead lithium forma-
tion, and intensied side reactions eventually caused the
composite solid-state electrolyte membrane to fail. Aer 55
charge–discharge cycles, the voltage prole exhibited a sudden
and dramatic polarization drop due to the formation and
dissolution of micro-dendrites, indicating the occurrence of
so short-circuit.32,33 During this event, the charge/discharge
voltage approached near-zero levels while the strain rapidly
decreased from 431.1 m3 to 398.8 m3, with this abnormal state
persisting for two complete cycles before temporary recovery.
The cell experienced complete short-circuit at the 60th cycle
(strain value: 404.2 m3), where the strain reduction was attrib-
uted to internal electrolyte damage leading to structural integ-
rity loss and consequent stress relaxation.

Remarkably, comparative analysis under various conditions
revealed that the nal strain values during short-circuit events
consistently stabilized around 400 m3, suggesting that this value
represents the strain tolerance limit of the PVDF-HFP/LLZTO
composite electrolyte. This nding provides critical insights
for battery safety management, as it establishes a quantitative
mechanical threshold for failure prediction. While so short-
circuits are typically attributed to preferential Li growth along
LLZTO grain boundaries,43–45 in polymer-based solid electro-
lytes, the penetration of Li along LLZTO grain boundaries at the
interface seems quite low. The chance of failure mechanism of
so short-circuiting is a quite interesting topic, which will be
a subject worthy of further investigation using ceramic-based
solid-state electrolytes. The strain monitoring technique
demonstrates superior sensitivity compared to conventional
voltage-based methods, particularly in detecting so short-
circuit events that oen precede catastrophic failure. These
results highlight the importance of real-time mechanical
monitoring for early failure detection in solid-state battery
systems. The observed correlation between mechanical strain
evolution and electrical failure modes offers new perspectives
for developing more robust electrolyte materials and advanced
battery management strategies.
Cycling stress calculation

Finite element simulations were performed using COMSOL
Multiphysics to investigate the internal stress–strain
© 2025 The Author(s). Published by the Royal Society of Chemistry
distribution during battery cycling. The computational model
accurately represents the experimental cell conguration
(Fig. 6a), incorporating a PVDF-HFP/LLZTO composite electro-
lyte modeled as an isotropic elastic solid with a Young's
modulus of 60 MPa and tensile strength of 13.2 MPa.46 The
stresses generated during the entire cycle arose from signicant
volume changes of the Li metal during plating and stripping (1
mA h cm−2 z 5 mm).47–49 We established a 0.1 mm plating layer
at the Cu foil/electrolyte interface and employed the hygro-
scopic swelling module to simulate the effects of Li plating.
Roller-supported boundary conditions were applied to both the
electrode and Al ring, while boundary probes at strain gauge
locations enabled direct comparison with experimental
measurements.

The simulation results demonstrated that stress evolution
during cycling followed patterns consistent with experimental
strain gauge measurements, though with signicant differences
in magnitude. Aer one complete cycle, the model predicted
2.84 MPa stress (23 m3 strain) on the Cu foil, compared to
0.04 MPa and −0.1 MPa at the plating and stripping interfaces,
respectively. The stress on the Cu foil reached 49.5 MPa
(400.4m3) at battery failure. While the interface stresses reaching
0.74 MPa (plating) and −1.73 MPa (stripping), as shown in
Fig. 6b and c. The slightly lower stress value at the plating
interface reects stress absorption by the electrolyte (Fig. 6d).

The analysis highlights two critical phenomena: (1) the
electrolyte's signicant role in stress redistribution and (2) the
cumulative effect of irreversible deformation during cycling,
where decreasing Li utilization leads to progressively increasing
interfacial stresses. This stress accumulation ultimately exceeds
the electrolyte's mechanical tolerance, contributing to cell
failure. These ndings provide quantitative insights into the
mechanical degradation mechanisms of solid-state batteries
Chem. Sci., 2025, 16, 15697–15706 | 15703
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and demonstrate the value of coupled experimental simulation
approaches for battery performance analysis. The established
correlation between simulated stresses and measured strains
offer a powerful tool for predicting the battery lifetime and
optimizing mechanical design parameters.

Conclusions

This study systematically investigates the electrochemical–
mechanical coupling behavior in solid-state lithium metal
batteries through an innovative strain monitoring approach,
revealing three distinct stages of strain evolution with charac-
teristic growth rates that are critically inuenced by operational
parameters. Increasing the stack pressure from 200 KPa to 3500
KPa produces a 50% reduction in initial strain growth duration
and 47.4% decrease in plateau strain while extending the cycle
life, whereas doubling the current density causes a 10-fold
prolongation of initial strain growth and 4-fold increase in
plateau strain with signicant cycle life reduction. The research
establishes correlations between mechanical strain evolution
and electrochemical performance throughout cycling while
simultaneously characterizing the spatial development of elec-
trode surface strains. Finite element simulations further eluci-
date the internal stress–strain distributions by accounting for
electrolyte-mediated effects, providing mechanistic insights
into interfacial deformation processes. This work provides both
a fundamental understanding of pressure and current depen-
dent degradation mechanisms and practical tools for battery
performance optimization.
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