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 A B S T R A C T

Mechanical stress plays a critical role in the performance and degradation of lithium-ion batteries, yet 
their coupling with electrochemical processes remains insufficiently explored. This work investigates these 
interactions by fully coupling the Doyle–Fuller–Newman (DFN) model within the PyBaMM framework with 
a mechanical sub-model at both particle and electrode scales that accounts for both concentration-driven 
and interaction-driven stress contributions. The developed framework enables the consistent simulation of 
incremental capacity analysis (ICA), electrochemical impedance spectra (EIS), and distribution of relaxation 
times (DRT) under applied mechanical pressure. ICA reveals mechanical loading shifts voltage-capacity peaks, 
reflecting stress-induced changes in reaction equilibria. EIS complements this by showing voltage-dependent 
impedance evolution, with DRT spectra exhibiting changes in peak intensity and characteristic times.

Using a fundamental thermodynamic framework based on Gibbs free energy minimization, we demonstrate 
that these shifts originate from a stress-induced modification of the chemical potential. Importantly, we show 
that full-cell behavior is governed by the predominant electrode, where the competition between material 
properties (𝐸p, 𝜈, 𝛺) and the open-circuit potential (OCP) slope determines the direction of voltage and 
impedance shifts. This framework provides a consistent physical explanation for non-monotonic impedance 
trends and resolves seemingly contradictory findings in previous literature, identifying the specific conditions 
under which mechanical stress either enhances or hinders electrochemical kinetics.

1. Introduction

The rising demand for efficient, reliable energy storage in portable 
electronics, residential systems, and electric vehicles has established 
lithium-ion batteries (LIBs) as a leading technology, valued for their 
high energy density, long cycle life, and favorable power characteris-
tics. However, their performance and longevity are limited by complex, 
coupled degradation mechanisms that are difficult to observe directly. 
Accurate prediction of these processes is essential for improving per-
formance, enhancing safety, and extending service life — ultimately 
enabling better state-of-health diagnostics and reducing lifecycle costs.

While experimental studies remain indispensable, many of these 
degradation phenomena occur on scales or under conditions that are 
challenging to capture in the laboratory. This has driven the growing 
use of numerical simulations based on physics-driven electrochemical 
models [1–4], which represent the fundamental physical and chemical 
processes that govern cell behavior. Such models provide fast, cost-
effective, and non-invasive access to the battery’s internal dynamics, 
and they enable systematic parametric studies that would be impracti-
cal experimentally, making them a powerful complement to empirical 
research.
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Alongside electrochemical factors, mechanical stress significantly 
influences the internal state and degradation of lithium-ion cells [5]. 
Such stress arises from substantial volumetric changes in electrode 
particles during lithium insertion and extraction, as well as from exter-
nal stack or casing constraints. It alters transport coefficients, perturbs 
interfacial reaction kinetics, and promotes microstructural damage, 
such as particle cracking and loss of electrical contact [6–8]. Since these 
effects are mechanically driven and tightly coupled to lithium trans-
port and reaction kinetics, they are best captured with fully coupled 
electrochemical–mechanical models.

Existing mechanical models [9,10] typically assume that each elec-
trode particle is isolated, with mechanical stress fields arising solely 
from volume expansion or contraction during lithiation. This assump-
tion neglects stresses generated by particle–particle interactions, de-
spite studies showing that such interaction-induced stresses are non-
negligible [11,12] and comparable in magnitude to those caused by 
concentration gradients [13,14]. Addressing this limitation, this work 
adopts a multiscale electrochemical–mechanical model of Bin and 
Wei [15], that consistently couples mechanical and electrochemical 
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behavior from the particle scale to the continuum, thereby enabling 
detailed investigation of how mechanical stress influences electrochem-
ical responses in LIB.

These responses are often characterized using non-invasive diag-
nostic techniques such as incremental capacity analysis (ICA) and 
electrochemical impedance spectroscopy (EIS), the latter frequently an-
alyzed further via distribution of relaxation times (DRT) to deconvolve 
overlapping electrochemical processes. EIS is one of the most widely 
used non-invasive methods for characterizing electrochemical systems, 
including lithium-ion batteries. It resolves the system’s voltage-current 
response into its frequency components by applying a small-amplitude 
sinusoidal voltage or current perturbation, typically ±5–10 mV or ±5% 
of the nominal current, over a broad frequency range extending from 
kHz down to mHz.

This frequency-dependent impedance enables separation of pro-
cesses occurring at distinct frequencies, including charge-transfer re-
actions, ionic diffusion, and electrolyte transport [16].

In this context, EIS provides a frequency-resolved view of the cell 
response, while DRT analysis [17] further decomposes the impedance 
by solving an ill-posed inverse problem that yields a continuous distri-
bution of relaxation processes associated with the mentioned electro-
chemical phenomena, thereby revealing their characteristic timescales.

Building on this frequency-domain perspective, ICA provides a com-
plementary voltage-domain perspective by examining the derivative 
of capacity with respect to voltage, 𝑑𝑄∕𝑑𝑉 . This analysis is sensitive 
to electrochemical signatures associated with structural and interfacial 
changes in the electrodes; therefore, shifts in the position, width, and 
amplitude of characteristic peaks can be used to assess how mechanical 
stress alters the voltage-capacity relationship of the cell.

Despite the extensive use of EIS, DRT, and ICA for battery diagnos-
tics, several important aspects of the electrochemical–mechanical cou-
pling in lithium-ion cells remain insufficiently understood. Most studies 
employ these methods to characterize electrochemical dynamics [18–
21], predicting state of charge (SoC) and state of health (SoH) [22–28], 
or identifying degradation mechanisms [29–33], without explicitly re-
solving stress effects. Although numerous studies have investigated the 
influence of mechanical stress on electrochemical impedance, the exist-
ing body of work is almost exclusively experimental and the reported 
trends are not consistent. Some authors have observed that increasing 
mechanical pressure reduces cell impedance [34–38], whereas others 
have reported that higher pressure impedes interfacial kinetics and 
mass transport, thereby increasing cell impedance [39–43], indicat-
ing that the underlying mechanisms are not fully elucidated. This is 
further corroborated by Drießen et al. [44], who observed a non-
monotonic dependence of impedance on preload force in commercial 
NMC/graphite pouch cells, suggesting that the impedance response to 
mechanical loading is state- and load-dependent. Moreover, several 
studies have restricted their analysis to the low-frequency Warburg tail 
of the impedance spectrum, limiting the insight into pressure-induced 
changes across the full frequency range [45,46].

Existing DRT studies of mechanically loaded cells rely exclusively 
on experimental impedance spectra, covering solid-state batteries, sym-
metric cells and large prismatic cells [47–51]. However, these works do 
not clarify how pressure reshapes DRT features at different operating 
voltages, and the lack of physics-based, model-generated DRT insights 
limits quantitative interpretation of how individual relaxation processes 
respond to external pressure.

To the authors’ knowledge, there are also no reports using ICA 
to directly analyze electrochemical–mechanical coupling in lithium-
ion batteries. The closest related work is by Samad et al. [52], who 
introduced an incremental capacity analysis based on force (ICF) that 
replaces voltage with a mechanical signal and demonstrated that bulk 
compression and preload can be used to track capacity fade from
dQ/dF peaks in constrained NMC prismatic cells, but without resolving 
how externally applied pressure modifies the underlying electrochemi-
cal processes reflected in ICA features. Together, these divergent and 

often partial findings highlight the lack of a unified, physics-based 
framework that quantifies how external pressure modifies the funda-
mental electrochemical behavior of lithium-ion cells across operating 
conditions.

To address this gap, this work presents the first numerical investi-
gation of mechanical stress effects on the electrochemical response of 
lithium-ion battery through ICA, EIS, and DRT simulations, providing 
quantitative insight into how stress fields modify diffusion kinetics, 
interfacial reactions, and cell performance over a range of operat-
ing conditions. The simulations are performed with a fully coupled 
electrochemical–mechanical framework for lithium-ion batteries im-
plemented in the open-source PyBaMM platform, where the classical 
Doyle–Fuller–Newman (DFN) electrochemical model is extended by a 
multiscale mechanical sub-model that links particle- and electrode-level 
behavior and accounts for both concentration-driven and interaction-
driven stress. This integrated approach not only establishes a new mod-
eling capability for systematically studying coupled electrochemical–
mechanical phenomena in lithium-ion cells, but also reveals for the 
first time that the seemingly contradictory trends reported in the ex-
perimental literature arise from an electrode-dominance mechanism: 
the direction and magnitude of stress-induced shifts in ICA, EIS, and 
DRT signatures are governed by the competition between the me-
chanical properties and the OCP slope of the two electrodes, with 
the predominant electrode dictating the full-cell response. Grounded 
in Gibbs free energy minimization, this thermodynamic framework 
provides a unified physical explanation for non-monotonic impedance 
behavior across different materials, cell designs, and states of charge, 
thus resolving a long-standing ambiguity in the experimental literature.

2. Multi-scale model

Lithium-ion battery operation is governed by strongly coupled pro-
cesses spanning multiple scales, from lithium transport within ac-
tive particles to charge and stress evolution at the electrode level. 
While the classical DFN model provides a rigorous electrochemical 
description across particle and electrode domains, it does not account 
for the feedback of mechanical stresses on transport and kinetics. In 
this work, the DFN framework in PyBaMM is extended with a fully 
coupled electrochemical–mechanical formulation, enabling a consis-
tent description of interactions between particle- and electrode-scale 
phenomena.

2.1. Electrochemical model

The electrochemical behavior of the cell is modeled using porous 
electrode theory, formulated in the pseudo-two-dimensional (P2D) 
framework, commonly referred to as the DFN model [2]. This model 
captures battery behavior across two coupled scales: the macroscopic 
electrode scale and the microscopic particle scale. At the macroscopic 
scale, it resolves the solid-phase potential 𝜙s, electrolyte potential 𝜙e, 
and electrolyte lithium-ion concentration 𝑐e along the cell thickness in 
the 𝑥-direction, with 𝑦 − 𝑧 directions homogenized. At the microscopic 
scale, it models radial diffusion of lithium within spherical electrode 
particles, expressed as 𝑐s(𝑟), with reactions occurring only at the particle 
surface. The two scales are coupled through electrochemical kinetics at 
the particle-electrolyte interface.

The DFN model is governed by mass and charge conservation equa-
tions in both phases. Eq. (1) describes intercalated lithium transport in 
solid particles via Fickian diffusion in spherical geometry, while Eq. (5) 
governs electronic charge distribution via Ohm’s law. In the electrolyte 
phase, mass conservation (Eq. (10)) accounts for both diffusion and 
migration of Li+ ions, while charge conservation (Eq. (14)) incorpo-
rates ionic conductivity and the effects of concentration gradients. 
These two phases are coupled via the total molar pore wall flux 𝐽𝑇𝑂𝑇 , 
which integrates Butler-Volmer electrochemical kinetics (Eq. (17)) and 
double-layer capacitive effects (Eq. (18)). This interfacial flux is driven 
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Table 1
Governing equations and boundary conditions in a P2D model [2].
 P2D model
 Electrode
 Mass Conservation (solid) Boundary conditions:  
  𝜕𝑐s,i

𝜕𝑡
= 1

𝑟2
𝜕
𝜕𝑟

(

𝑟2𝐷s,i
𝜕𝑐s,i
𝜕𝑟

)

; 𝑖 ∈ {𝑝, 𝑛} (1)  𝜕𝑐s,i
𝜕𝑟

|

|

|

|

|𝑟=0

= 0, (3)  

  Initial condition: 𝑐s,i = 𝑐s,i,0 (2)  −𝐷s,i
𝜕𝑐s,i
𝜕𝑟

|

|

|

|

|𝑟=𝑅𝑘

= 𝐽i (4)  
 Charge conservation (solid)  
  𝜎eff,𝑖

𝜕2𝜙𝑠,𝑖

𝜕𝑥2
= 𝑎𝑖𝐹𝐽TOT

𝑖 (𝑥, 𝑡) ; 𝑖 ∈ {𝑝, 𝑛} (5)  −𝜎eff,p
𝜕𝜙p

𝜕𝑥

|

|

|

|

|𝑥=0

= 𝐼app , (6)  

  −𝜎eff,n
𝜕𝜙n

𝜕𝑥
|

|

|

|𝑥=𝐿
= 𝐼app , (7)  

  −𝜎eff,p
𝜕𝜙p

𝜕𝑥

|

|

|

|

|𝑥=𝐿p

= 0, (8)  

  −𝜎eff,n
𝜕𝜙n

𝜕𝑥
|

|

|

|𝑥=𝐿p+𝐿s

= 0 (9)  
 Electrolyte
 Mass conservation (electrolyte) Boundary conditions:  
  𝜕𝑐e,i

𝜕𝑡
= 1

𝜀i
𝜕
𝜕𝑥

(

𝐷eff
e,i

𝜕𝑐e,i
𝜕𝑥

)

+

(

1 − 𝑡0+
)

𝑎i𝐽TOT
i (𝑥, 𝑡)

𝜀i
; (10)  −𝐷e,n

𝜕𝑐e,n
𝜕𝑥

|

|

|

|

|𝑥=0

= 0, (12) 

   Initial condition:  𝑐e,i = 𝑐e0 𝑖 ∈ {𝑝, 𝑠, 𝑛} (11)  −𝐷e,p
𝜕𝑐e,p
𝜕𝑥

|

|

|

|

|𝑥=𝐿

= 0 (13) 
 Charge conservation (electrolyte)  
  − 𝜕

𝜕𝑥

(

𝜅e,i
𝜕𝜙e,i

𝜕𝑥

)

+ 𝛽 𝜕
𝜕𝑥

( 𝜅e,i
𝑐e,i

𝜕𝑐e,i
𝜕𝑥

)

= 𝑎i𝐹𝐽TOT
i (𝑥, 𝑡); (14)  − 𝜅e,p

𝜕𝜙e,p

𝜕𝑥

|

|

|

|

|𝑥=0

= 0, (15) 

  𝑖 ∈ {𝑝, 𝑠, 𝑛}  − 𝜅e,n
𝜕𝜙e,n

𝜕𝑥

|

|

|

|

|𝑥=𝐿

= 0 (16) 
 Pore wall flux
 Butler-Volmer equation Double layer equation  

  𝐽BV =

⎧

⎪

⎨

⎪

⎩

𝑗0
𝐹

[

exp
(

− 𝐹𝛼
𝑅g𝑇

𝜂
)

− exp
(

𝐹 (1−𝛼)
𝑅g𝑇

𝜂
)]

, 𝑖 ∈ {𝑝, 𝑛},

0, 𝑖 = 𝑠,
(17)  𝐽DL =

𝐶̃DL

𝐹
𝜕
(

𝜙s − 𝜙e
)

𝜕𝑡
(18) 

 Exchange current density Total molar flux  
  𝑗0 = 𝑘

√

𝑐e 𝑐s,surf ,i(𝑐s,max,i − 𝑐s,surf ,i) , 𝑖 ∈ {𝑝, 𝑛}, (19)  𝐽DL + 𝐽BV = 𝐽TOT (20) 
 Overpotential  
  𝜂 = 𝜙s,i − 𝜙e,i − 𝐸ref , 𝑖 ∈ {𝑝, 𝑛} (21)  

by the local surface overpotential 𝜂, defined in Eq. (21) as the dif-
ference between the solid and electrolyte potentials, adjusted by the 
concentration-dependent open-circuit voltage 𝑈𝑂𝐶𝑉 .

The governing equations are listed in Table  1 and implemented 
within the PyBaMM framework [53]. Numerical solutions are obtained 
using the finite volume method at both scales, with electrode-separator 
interfaces treated by harmonic averaging to ensure numerical stability.

2.2. Mechanical model

Lithium intercalation and deintercalation cause active material par-
ticles to expand and contract, generating mechanical stress field that 
can ultimately lead to particle fracture and capacity fade. To capture 
these effects, the P2D electrochemical framework is extended with a 
two-scale mechanical model representing both the macroscopic (elec-
trode) and microscopic (particle) scales, where the active material 
particles are idealized as identical, isotropic, linear-elastic spheres un-
dergoing small deformations. The governing equations and boundary 
conditions for this framework are summarized in Table  2.

At the macroscopic scale, the electrode is treated as a continuum in 
mechanical equilibrium (Eq. (24)), where the macroscopic stress 𝛴𝑖𝑗
arises from the effective elastic response to the volumetric strain 𝑒0
driven by changes in the average lithium concentration 𝑐s,avg (Eq. (22)). 
At the microscopic scale, mechanical equilibrium (Eq. (26)) of a particle 
is maintained under the assumption of symmetry at the center and a 
traction-free surface (Eqs. (27) and (28)).

The constitutive relations (Eqs. (29) and (30)) couple linear elas-
ticity with chemical expansion via the partial molar volume 𝛺, which 
is thereby an important coupling parameter that determines the strain 
produced by the local concentration deviation 𝑐. These relations, com-
bined with compatibility equations (Eqs. (31) and (32)), yield analytical 
solutions for radial, tangential, and hydrostatic stresses within the 
particle (Eqs. (33)–(35)), introduced by Zhang et al. [9].

The resulting hydrostatic stress at the particle surface, 𝜎h,surf
(Eq. (38)), serves as the primary coupling variable that modulates 
the electrochemical potential and charge-transfer kinetics. Follow-
ing the continuum-particle coupling described by Bin and Wu [15], 
this variable accounts for both the local concentration-induced stress 
𝜎cℎ (Eq. (35)) and the macroscopic interaction-induced stress ⟨𝜎i𝑖𝑗⟩s
(Eq. (25)). The latter represents the stress generated by particle-to-
particle interactions within the electrode assembly, thereby bridging 
the micro- and macroscopic scales.

2.3. Electrochemical-mechanical coupling methodology

The mechanical and electrochemical domains are coupled bidirec-
tionally: concentration gradients drive particle volume changes, pro-
ducing stresses that lower the local chemical potential and, in turn, 
influence interfacial reaction kinetics and lithium transport. To capture 
these effects, the DFN model was extended with stress-dependent terms, 
enabling a fully coupled electrochemical–mechanical description.
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Table 2
Governing equations and boundary conditions in a mechanical model. 
 Mechanical model
 Continuum scale
 Macroscopic stress Mechanical equilibrium  
  𝛴𝑖𝑗 = 𝐶𝐻

𝑖𝑗𝑘𝑙

(

𝑒𝑘𝑙 − 𝑒0𝛿𝑘𝑙
) , (22)  ∇ ⋅ 𝛴 = 𝟎 (24) 

  𝑒0 =
𝛺𝐻

3
(

𝑐s,avg − 𝑐s0
)

(23)  
 Interaction induced stress [15]  
  𝛴𝑖𝑗 = 𝑓s⟨𝜎

i
𝑖𝑗 ⟩s (25)  

 Particle scale
 Mechanical equilibrium Boundary conditions:  
  𝑑𝜎c

rr

𝑑𝑟
+ 2

𝑟
(

𝜎c
rr − 𝜎c

𝜃𝜃

)

= 0 (26)  𝑢|𝑟=0 = 0, (27) 
  𝜎c

rr
|

|𝑟=𝑅i
= 0 (28) 

 Constitutive equation Compatibility equation  
  𝜀crr =

1
𝐸p

(

𝜎c
rr − 2 𝜈p 𝜎c

𝜃𝜃

)

+ 𝛺
3
𝑐, (29)  𝜀crr =

𝑑𝑢
𝑑𝑟

, (31) 

  𝜀c𝜃𝜃 = 1
𝐸p

(

𝜎c
𝜃𝜃 − 𝜈p

(

𝜎c
𝜃𝜃 + 𝜎c

rr
))

+ 𝛺
3
𝑐 (30)  𝜀c𝜃𝜃 = 𝑢

𝑟
(32) 

 Radial, tangential and hydrostatic stress [9] Displacement  
  𝜎c

rr (𝑟) =
2𝛺𝐸p

3
(

1 − 𝜈p
)

(

1
𝑅3

i
∫

𝑅i

0
𝑐𝑟2𝑑𝑟 − 1

𝑟3 ∫

𝑟

0
𝑐𝑟2𝑑𝑟

)

(33)  𝑢c
(

𝑅i
)

=
𝛺𝑅i

3
(

𝑐s,avg − 𝑐s0
)

, (36) 

  𝜎c
𝜃𝜃 (𝑟) =

𝛺𝐸p

3
(

1 − 𝜈p
)

(

2
𝑅3

i
∫

𝑅i

0
𝑐𝑟2𝑑𝑟 + 1

𝑟3 ∫

𝑟

0
𝑐𝑟2𝑑𝑟 − 𝑐

)

(34)  𝑐s,avg =
3
𝑅3

i
∫

𝑅i

0
𝑐s(𝑟)𝑟2𝑑𝑟 (37) 

  𝜎c
h(𝑟) =

𝜎c
rr + 2𝜎c

𝜃𝜃

3
=

2𝛺𝐸p

3
(

1 − 𝜈p
)

(

1
𝑅3

i
∫

𝑅i

0
𝑐𝑟2𝑑𝑟 − 𝑐

3

)

(35)  

 Hydrostatic stress on a particle surface  
  𝜎h,surf = 𝜎c

h

(

𝑅i
)

+
⟨

𝜎i
h
⟩

s (38)  

The stress effect on diffusion was introduced via the equivalent 
diffusion coefficient proposed by Chu and Lee [54]: 

𝐷eq(𝑟) = 𝐷𝑠

(

1 +
2𝛺2𝐸p𝑐s

9𝑅g𝑇 (1 − 𝜈)

)

, (39)

where 𝐷𝑠 is the solid diffusion coefficient, 𝛺 the partial molar volume 
of lithium, 𝐸p the Young’s modulus of the active material, 𝑐s the 
solid-phase lithium concentration, 𝑅g the universal gas constant, 𝑇  the 
temperature, and 𝜈 the Poisson’s ratio.

Lithium flux in the solid phase is driven by gradients in chem-
ical potential. Under the assumptions of small elastic strains and 
concentration-independent mechanical properties, the chemical poten-
tial in an active particle can be expressed as [55,56]: 
𝜇 = 𝜇c(𝑐s) −𝛺𝜎h, (40)

where 𝜇c(𝑐s) denotes the chemical potential in the stress-free state, and 
𝜎h represents the hydrostatic stress in the particle.

Consequently, the reaction overpotential was reformulated to ac-
count for the stress-dependent shift in chemical potential as [15]: 

𝜂m = 𝛷s −𝛷e − 𝐸ref (𝑐s,surf ) −
𝛺𝜎h,surf

𝐹
. (41)

where 𝛷s and 𝛷e are the solid and electrolyte potentials, 𝐸ref  is the 
reference open-circuit potential, 𝜎h,surf  the surface hydrostatic stress, 
and 𝐹  Faraday’s constant.

Finally, the local current density was reformulated through a stress-
augmented Butler-Volmer expression [15]: 

𝐽 =
𝑗0
𝐹

exp
[ (𝛼m − 𝛼)𝛺𝜎ℎ,surf

𝑅g𝑇

] [

exp
(

− 𝐹𝛼
𝑅g𝑇

𝜂m

)

− exp
(

𝐹 (1 − 𝛼)
𝑅g𝑇

𝜂m

)]

,

(42)

where 𝑗0 is the exchange current density, 𝛼 the charge-transfer coeffi-
cient, and 𝛼m its stress-modified counterpart.

The integration of Eqs. (39), (41), and (42) establishes a robust 
bidirectional coupling between the mechanical stress fields and the 
electrochemical transport and kinetics within the DFN framework. In 
this formulation, the partial molar volume 𝛺 and the surface hydro-
static stress 𝜎h,surf  serve as the important coupling parameters that map 
mechanical strain onto the electrochemical response of the cell. By 
incorporating these stress-dependent terms into the PyBaMM environ-
ment, the model coherently accounts for both particle-scale expansion 
and electrode-scale interactions, providing a physically consistent de-
scription of the interplay between mechanical deformation and elec-
trochemical behavior, as illustrated in Fig.  1. It should be noted, how-
ever, that this study isolates this thermodynamic and kinetic coupling 
pathway from other mechanically induced effects, such as compression-
induced changes in porosity and tortuosity, which affect electrolyte 
transport. Given the strongly interconnected nature of electrochemical–
mechanical coupling, isolating this pathway provides a controlled basis 
for identifying its specific signature in the ICA, EIS, and DRT response, 
independent of concurrent transport-property changes.

2.4. Material properties

The material properties used in this study are summarized in 
Table  3. Electrochemical parameters were sourced from the PyBaMM 
dataset based on Mohtat et al. [57], having been validated against 
graphite/NMC pouch cell data. Mechanical properties for the NMC 
cathode were obtained from the experimental characterization by 
Cheng et al. [58], while the graphite anode parameters were sourced 
from Laresgoiti et al. [59], where they were validated within a mechan-
ical degradation model against experimental cycle-life data.

3. Electrochemical diagnostic techniques: ICA, EIS, and DRT

To assess the influence of mechanical stresses on the electrochem-
ical behavior of the cell, a hydrostatic stress in the range of 1 and 
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Fig. 1. Bidirectional coupling of stress fields and electrochemical processes on particle- and electrode-scale in the DFN framework.

Table 3
List of model parameters for graphite/NMC pouch cell [57].
 Parameter Cathode (NMC) Separator Anode (graphite) 
 Thickness 𝐿𝑖 [μm] 67 12 62  
 Particle radius 𝑅𝑖 [μm] 3.5 – 2.5  
 Active material fraction 𝜀𝑠 [–] 0.445 – 0.610  
 Porosity 𝜀𝑒 [–] 0.3 0.4 0.3  
 Bruggeman’s coefficient 𝑏𝑟𝑢𝑔𝑔 [–] – 1.5 –  
 Maximum concentration 𝑐𝑠,max [mol m−3] 35 380 – 28746  
 Reaction rate constant 𝑘 [mol m−2 s−1 (mol m−3)−1.5] 5.0⋅10−11 – 1.1⋅10−11  
 Electrode conductivity 𝜎 [S m−1] 100 – 100  
 Double layer capacity 𝐶̃DL [F m−2] 0.2 – 0.2  
 Charge transfer coefficient 𝛼 [–] 0.5 – 0.5  
 Stoichiometric coefficients [SoC = 1] [–] 0.033 – 0.8332  
 Stoichiometric coefficients [SoC = 0] [–] 0.890 – 0.002  
 Solid diffusivity 𝐷𝑠 [m2 s−1] 8⋅10−15 – 5⋅10−15  
 Young’s modulus 𝐸p [GPa] 199 [58] – 15 [59]  
 Poisson’s ratio 𝜈 [–] 0.25 [58] – 0.3 [59]  
 Partial molar volume 𝛺 [cm3 mol−1] 1.25⋅10−5 3.1⋅10−6 [59]  
 Electrolyte  
 Initial electrolyte concentration 𝑐e [mol m−3] 1000  
 Electrolyte diffusion coefficient 𝐷e 5.2⋅10−21  
 Electrolyte conductivity 𝜅 [S m−1] 1.3   
 Transference number 𝑡+ [–] 0.38

 Parameter for the whole cell
 Total electrode area [m2] 0.2050
 Cell density 𝜌cell [g cm−3] 3100

10 MPa range was applied to the coupled electrochemical–mechanical 
model described in Section 2. This pressure range was selected to 
encompass both the internal pressures observed in commercial cells 
and the broader range of external stack pressures (0–10 MPa) applied 
to industrial battery modules to maintain structural integrity [40,60,
61]. A smaller pressure range was not selected here, as the resulting 
voltage and impedance changes would be less apparent, though similar 
trends are expected (Eqs. (40)–(42)). The simulated voltage response 
at different pressure levels was then used to compute the incremental 
capacity curves, electrochemical impedance spectrum, and distribution 
of relaxation times (see Appendix  A for the corresponding equations).

Incremental capacity analysis was performed to evaluate how me-
chanical stress modifies the voltage-capacity relationship of the cell. 
Simulations were carried out at three hydrostatic stress levels during 
both charge (up to 4.2 V) and discharge (down to 3.0 V) at C/100. 
The resulting 𝑑𝑄∕𝑑𝑉  curves were smoothed using a Savitzky–Golay 
filter [62] and plotted as a function of voltage. All ICA curves were 
compared in a single figure to identify stress-induced shifts in peak 
position, providing qualitative evidence of how mechanical loading 
modifies the equilibrium potential of the electrode reactions.

Subsequently, electrochemical impedance spectroscopy was em-
ployed to investigate how mechanical stress field affects the full
impedance spectrum, thereby enabling quantitative comparison of 
stress-induced changes in diffusion kinetics and charge-transfer current 
distribution. To estimate the impedance spectrum, a computational 
workflow was implemented in Python. First, a set of excitation fre-
quencies in the kHz–mHz range was generated on a logarithmic scale 

and, for each frequency, a sinusoidal current signal was applied to 
the full DFN electrochemical model with mechanical coupling. The 
model was solved over a time window spanning several cycles of the 
applied perturbation, and the simulated voltage response was fitted 
with a sinusoidal function to obtain the amplitude, phase shift, and 
mean voltage. From these fitted parameters, the real and imaginary 
parts of the impedance were computed and assembled into a frequency-
dependent spectrum, which was subsequently presented in a Nyquist 
plot.

Finally, distribution of relaxation times analysis was used to de-
convolute and quantify the contributions of individual processes – 
such as diffusion and charge-transfer kinetics – that cannot be di-
rectly separated from the total cell impedance in a Nyquist plot. In 
this work, the commercial RelaxIS DRT software [63], based on the 
framework developed by the Ciucci group [64], was employed. Instead 
of conventional Voigt elements, the DRT function is discretized using 
radial basis functions (RBFs), which provide a smooth representation 
of the impedance over the relaxation-time spectrum. The DRT was 
deconvolved from the high- to mid-frequency semicircular region of 
the impedance spectrum, using a Gaussian radial basis function with 
a first-order differentiation matrix penalizing the derivative of 𝛾(ln 𝜏)
and a regularization parameter of 𝜆 = 10−3 (Tikhonov regularization). 
Resulting spectra were represented as 𝛾(𝜏) versus 𝜏, with the character-
istic relaxation time 𝜏 (s) plotted on a logarithmic time axis and 𝛾(𝜏) on 
the ordinate as a dimensionless measure of the relative contribution of 
processes relaxing at each 𝜏. The relative RMSE between reconstructed 
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Fig. 2. Incremental capacity analysis at three different hydrostatic stress 
levels, illustrating the influence of stress fields on the equilibrium potential 
of the electrode reactions.

and simulated impedance spectra remained low across all conditions 
(0.64%–0.75%), confirming good DRT fit quality independent of stress 
level or state of charge.

4. Results and discussion

The results of the coupled electrochemical–mechanical simulations 
are presented in three parts. First, IC curves are used to track stress-
induced changes in electrochemical activity through shifts in peak 
positions. Second, Nyquist plots are analyzed to demonstrate how 
applied mechanical stress reshapes the impedance spectra, with par-
ticular emphasis on charge-transfer processes. Finally, DRT analysis is 
employed to resolve overlapping electrochemical processes contained 
within the EIS response.

Fig.  2 shows the incremental capacity (𝑑𝑄∕𝑑𝑉 ) curves obtained at 
three different hydrostatic stress levels during both charge (positive 
values) and discharge (negative values). The distinct peaks correspond 
to characteristic electrochemical processes occurring within the elec-
trodes; therefore, variations in their position, height, and width serve as 
sensitive indicators of how mechanical stress influences cell behavior.

The ICA simulation results reveal that mechanical stress induces 
a systematic shift of all peaks toward lower voltages. This effect is 
particularly pronounced at a stress level of 10 MPa but remains no-
ticeable even at 1 MPa. The shift can be directly attributed to the 
mechanical contribution to the lithium chemical potential (Eq. (40)), 
where hydrostatic stress lowers the equilibrium chemical potential of 
the electrode reactions. Consequently, the voltage regions associated 
with the highest electrochemical activity, identified by the peaks in the 
𝑑𝑄∕𝑑𝑉  curves, are displaced. However, the observation that all peaks 
in the full cell shift toward lower voltages (Fig.  2) is not immediately 
obvious and requires further explanation.

The underlying mechanism can be understood through basic ther-
modynamics. The Gibbs free energy density of intercalated lithium in 
an active particle (𝐺), which drives the electrochemical reaction, can 
be expressed as: 

𝐺 = 𝐻 − 𝑇𝑆 + 𝑈𝑒 − 1
2 ∫ 𝜎 ∶ 𝜖 𝑑𝑉 (43)

Here, 𝐻 represents the bonding enthalpy of lithium within the 
electrode, 𝑇𝑆 is the entropy contribution, 𝑈𝑒 denotes the electric 
potential energy associated with the intercalated charge, and the last 
term accounts for the mechanical stress contribution to the Gibbs free 
energy. By subtracting the Gibbs free energy of the electrolyte, one 
obtains the Gibbs free energy difference that drives the electrochemical 
reaction. Differentiating this difference with respect to the number 
of intercalated lithium ions yields the chemical potential difference. 

For completeness, a condensed derivation, adapted from [15,65], is 
provided in Appendix  B.

At equilibrium, the chemical potential difference must vanish, lead-
ing to: 

𝛷s −𝛷e − 𝐸ref −
𝛺𝜎h
𝐹

= 0 (44)

This expression corresponds to the overpotential defined in Eq. (41). 
Each term can be directly linked to Eq. (43): 𝐸ref  represents the 
equilibrium potential derived from the combined enthalpy and entropy 
contributions (Nernst equation), 𝛷𝑠 − 𝛷𝑒 is the potential difference 
between the electrolyte and the solid (linked to 𝑈𝑒), and the final term, 
𝛺𝜎h
𝐹 , arises from the mechanical stress energy contribution.
Eqs. (43) and (44) clearly explain the origin of the 𝑑𝑄∕𝑑𝑉  peak 

shifts. Introducing stress moves the system out of equilibrium, and 
Gibbs free energy minimization drives the system back by adjusting the 
voltage (via the 𝑈𝑒 term in Eq. (43) or 𝛷s−𝛷e in Eq. (44)). This adjust-
ment manifests as an apparent reduction of the equilibrium potential 
of both electrodes due to mechanical strain - a phenomenon known 
as the stress dependence of the chemical potential, recently measured 
in silicon half-cells [65]. Consistent with these measurements, Eq. (44) 
implies that the equilibrium electric potential at an individual electrode 
interface increases under compressive stress when referenced to Li/Li+. 
This single-electrode shift originates directly from the mechanical term 
in Eq. (43), as the free-energy perturbation scales with the partial molar 
volume 𝛺.

However, in a full-cell configuration, directly translating the single-
electrode formulations in Eqs. (43) and (44) is not straightforward, as 
mechanical effects occur simultaneously at both electrodes. While the 
equilibrium potentials of both electrodes increase when referenced to 
Li/Li+, the measured full-cell voltage reflects the difference between 
these potentials. The stress-induced shift of the full-cell response is 
therefore governed not by the mechanical term of either electrode 
individually, but by the difference between the two mechanical con-
tributions, so that the peaks in the full-cell 𝑑𝑄∕𝑑𝑉  response may shift 
either to lower or higher voltages, depending on which electrode domi-
nates the mechanical response. The dominant contribution is governed 
by the material parameters 𝐸p, 𝜈, and 𝛺 defined in Eqs. (22)–(41). 
Because 𝛺 is nearly an order of magnitude larger for the cathode than 
for the anode (Table  3), the cathode contribution dominates and the 
full-cell peaks shift toward lower voltages. This interpretation is further 
supported by two figures in the Appendix  C. First, the galvanostatic 
discharge curves in Fig.  C.5 exhibit a distinct downward baseline shift 
under mechanical loading, confirming a reduction in operating cell 
voltage and altered interfacial overpotentials. Second, the internal bat-
tery states depicted in Fig.  C.6 show that, in accordance with Eq. (44), 
applied compressive stress decreases the cathode solid potential and 
increases both the electrolyte concentration and electrolyte potential, 
while the anode solid potential remains unchanged due to the 0 V 
Dirichlet boundary condition.

EIS and DRT simulations reveal additional insights. Fig.  3 shows the 
results of the EIS simulations for the NMC/graphite cell under three ap-
plied pressures and at three operating voltages. The voltages of 3.64 V, 
3.72 V, and 3.98 V correspond to 30%, 50%, and 80% SoC, respectively, 
for the uncompressed cell. The Nyquist plots reveal that mechanical 
pressure significantly alters the cell’s impedance response, as evident 
from the variation in the size and shape of the semicircles in the high- to 
medium-frequency range and from the modified slope of the Warburg-
type tail at low frequencies. The corresponding differences in Re(Z) 
and Im(Z) relative to the unstressed baseline, shown as a function of 
frequency directly below each Nyquist plot in Fig.  3, further quantify 
these stress-induced shifts across the measured frequency range.

Since the simulations are based on the standard DFN model, no 
electrical contact is modeled. Consequently, no parallel shift to lower 
real impedance is observed, as sometimes reported under stress [40]. 
However, this approach allows us to isolate the mechanical stress 
impact on the charge-transfer resistance semicircle in EIS, which arises 
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Fig. 3. Nyquist plots (top row) and corresponding differences in real and imaginary impedance components relative to the unstressed baseline as a function of 
frequency (bottom row) at operating voltages of (a) 3.64 V, (b) 3.72 V, and (c) 3.98 V under three different stress fields, showing the voltage dependence of 
stress-induced changes in cell’s impedance.

from electrochemical–mechanical coupling rather than the electrical 
domain. Analogously to 𝑑𝑄∕𝑑𝑉  peak shifts, stress-induced changes 
in impedance spectra originate from shifts in electrochemical equilib-
rium potential caused by the mechanical contribution to the lithium 
chemical potential (Eq. (40)).

For EIS, a constant voltage is enforced, as the experiment is valid 
only when the system is at equilibrium at a fixed potential. Voltages 
of 3.64 V, 3.72 V, and 3.98 V, corresponding to 30%, 50%, and 80% 
SoC, were chosen for the simulated battery. Under applied mechanical 
stress and fixed voltage, the voltage contribution in Gibbs free energy 
(Eq. (43)) cannot compensate for the mechanical energy, so the system 
cannot relax via voltage adjustment. Instead, the particle stoichiometry 
– the amount of intercalated charge – adapts to the applied stress 
(charge 𝑒 in Eq. (43)). Compressive stress promotes lithium deinterca-
lation at constant voltage, whereas tensile stress favors intercalation. In 
other words: under open-circuit conditions, applying mechanical stress 
to the cell shifts the measured voltage, whereas under the potentiostatic 
conditions used here, the voltage is fixed by definition, and the system 
instead exchanges charge with the external circuit, so its stoichiometry 
adjusts in response to the applied stress. Importantly, this effect arises 
from the influence of strain on reaction thermodynamics rather than 
from direct volume changes of the particles.

In full-cell operation, the predominant electrode again determines 
the response, but in this case the dominance depends not only on 𝐸p, 
𝜈, and 𝛺, but also strongly on the slope of the open-circuit potential 
with respect to stoichiometry, which governs the voltage-charge rela-
tionship. The influence of these parameters on the impedance response 
is examined systematically in Appendix  D, where 𝛺 and 𝐷eq were 
varied for each electrode individually to test electrode dominance, and 
the cathode OCP slope was varied to assess generalizability across 
chemistries. As shown below, in the present chemistry case the cathode 
is the predominant electrode. Robustness to cell geometry was addi-
tionally verified by simulating a cell with 1.5×the baseline electrode 
thickness, which reproduced the same qualitative trends.

Mechanical stress tends to increase lithium stoichiometry in both 
electrodes. At equilibrium under constant voltage, the full-cell state of 
charge adjusts such that the stoichiometry of the dominant electrode 
decreases while that of the other increases. By definition, an increase 
in the overall cell state of charge corresponds to lithium transfer from 
the cathode to the anode — that is, a decrease in cathode stoichiometry 
and an increase in anode stoichiometry. The observed increase in 

overall state of charge under applied pressure therefore identifies the 
cathode as the electrode whose stoichiometry decreases, confirming 
that the cathode is the dominant electrode in Figs.  3 and 4. This small 
shift in state of charge leads to observable changes in the EIS and 
DRT spectra because the charge-transfer resistance is stoichiometry 
dependent. Specifically, the charge-transfer resistance decreases with 
pressure at 3.64 V, remains nearly unchanged at 3.72 V, and increases 
at 3.98 V.

These trends arise because the charge-transfer resistance is inversely 
proportional to the exchange current density (Eq. (19)), which is a non-
monotonic function of surface stoichiometry. Stress-induced changes in 
stoichiometry modify the exchange current density, leading to either an 
increase or a decrease in charge-transfer resistance depending on state 
of charge. The magnitude and sign of this change are governed by the 
slope of 𝑗0(𝑐s,surf ) in Eq. (19). At low surface concentrations, the slope 
of 𝑗0 is positive, resulting in reduced charge-transfer resistance under 
applied pressure, as observed in Fig.  3. At high surface concentrations, 
the slope becomes negative, leading to increased resistance. Around 
intermediate stoichiometries (approximately 50% SoC), the slope is 
close to zero, and the charge-transfer resistance remains largely unaf-
fected by mechanical stress. This behavior is directly reflected in Fig. 
E.9 (Appendix  E), which shows the stress-induced variation in cathode 
solid-phase surface concentration across the examined voltage levels.

In contrast to the Nyquist plots, which reflect the overall impedance 
response across different frequency regions, the DRT representation 
enables separation of overlapping electrochemical processes and direct 
inspection of their pressure-dependent evolution. Fig.  4 shows that 
three dominant processes govern the impedance response, each associ-
ated with a distinct relaxation time. These peaks correspond to ohmic, 
charge-transfer, and double-layer contributions at high to intermediate 
frequencies, as well as diffusion-related processes at lower frequencies. 
With increasing mechanical pressure, both the positions and amplitudes 
of these peaks evolve, indicating systematic changes in reaction kinetics 
and mass transport pathways.

Building on Rüther et al. [66], the three DRT peaks can be inter-
preted physically based on their characteristic timescales. Peak 1 (10−3
s) is associated with fast cathode charge-transfer and double-layer 
processes, Peak 2 (10−2 s) with the slower anode charge-transfer and 
double-layer response, consistent with the higher cathode reaction rate 
constant in the present parametrization (Table  3) and with the faster 
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Fig. 4. DRT analysis at operating voltages of (a) 3.64 V, (b) 3.72 V, and (c) 3.98 V under three different stress fields, showing the voltage dependence of 
stress-induced changes in the cell’s electrochemical response.

cathode charge-transfer timescales reported by Rüther et al. This assign-
ment is further confirmed by the electrode-specific parametric sweep 
in Fig.  D.8, where increasing the cathode partial molar volume 𝛺p
selectively increases Peak 1, while increasing the anode partial molar 
volume 𝛺n selectively increases Peak 2. The close agreement between 
the summed area of Peaks 1 and 2 and the charge-transfer resistance 
obtained directly from the Nyquist semicircle (Appendix  F) confirms 
that these two peaks, unlike the artifactual Peak 3 discussed below, 
represent genuine electrochemical processes rather than deconvolution 
artifacts.

The high-timescale feature (Peak 3,  101 s) coincides with the 
upper bound of the resolvable timescale range, where RBF-based DRT 
deconvolution bounds the estimated distribution even though the true 
DRT should diverge as the impedance diverges at low frequency [67]. 
Peak 3 therefore originates from the discretization basis rather than 
from a physical relaxation process. This distinction matters beyond the 
present dataset, as peaks at large timescales are commonly reported in 
DRT analyses of battery impedance data and attributed to electrolyte 
diffusion or mass transport, when they may in fact be artifacts of the 
same kind. Accordingly, Peak 3 is not assigned a physical interpretation 
here, and the electrode-dominance analysis below relies exclusively on 
Peaks 1 and 2.

The pressure dependence of the peaks reflects how each electrode 
responds to stress. Peak 1 decreases with increasing pressure at all 
voltages, indicating reduced cathode charge-transfer resistance. This 
is explained by pressure-driven changes in cathode stoichiometry to-
ward values that maximize exchange current density; the effect is 
strongest at low SoC and weaker, though still present, at high SoC 
where stoichiometric changes are more constrained.

Peak 2 captures the anode response and shows opposite trends 
depending on SoC. At low SoC, pressure increases anode stoichiometry 
in a regime where exchange current rises, reducing resistance. At 
high SoC, the same shift moves the anode into a regime where ex-
change current decreases, increasing resistance. This reversal matches 
the behavior of the mid-frequency EIS feature.

This framework provides a consistent explanation for the seemingly 
contradictory trends reported in the literature. Both the choice of 
active materials, which determines the predominant electrode, and 
the state-of-charge dependence of stress effects play a crucial role. 
Consequently, measurements performed at different states of charge 
may yield opposing trends even for nominally identical cells.

5. Conclusions

In this work, we have developed a fully coupled electrochemical–
mechanical framework by extending the DFN model with a multi-
scale mechanical sub-model that captures both concentration-driven 

and interaction-driven stress contributions at the particle and elec-
trode scales, enabling systematic exploration of stress-electrochemistry 
coupling across a broad range of operating conditions and cell designs.

The model simulates EIS, DRT, and ICA, demonstrating for the 
first time how mechanical stress modifies lithium-ion cell electrochem-
ical responses. Results show stress systematically shifts ICA peaks to 
lower voltages via hydrostatic stress reducing lithium chemical poten-
tials through Gibbs free energy contributions, with direction governed 
by dominant electrode. EIS and DRT simulations further reveal that 
at fixed voltage, stress adjusts particle stoichiometry, yielding SoC-
dependent charge-transfer resistance changes (decreasing at low SoC, 
increasing at high SoC) and corresponding DRT peak variations via 
exchange current density shifts.

For the first time, these effects are explained through basic ther-
modynamics – stress perturbs reaction equilibria, driving voltage or 
stoichiometry shifts for energy minimization – thus resolving literature 
discrepancies arising from material-dependent electrode dominance or 
SoC variations.

Collectively, these findings highlight the importance of incorpo-
rating mechanics into physics-based battery models and establish a 
foundation for stress-aware diagnostic and prognostic tools in advanced 
energy storage systems.
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Appendix A. Computation of ICA, EIS, and DRT from the simulated 
voltage response

A.1. Incremental capacity analysis

The instantaneous capacity is obtained by integrating the applied 
current over time, 

𝑄(𝑡) = ∫

𝑡

0
𝐼(𝑡) 𝑑𝑡, (A.1)

where 𝐼(𝑡) is the (dis)charge current applied at C/100. The incremental 
capacity is then computed from the simulated voltage response 𝑉 (𝑡)
using the chain rule, 
𝑑𝑄
𝑑𝑉

=
𝑑𝑄∕𝑑𝑡
𝑑𝑉 ∕𝑑𝑡

=
𝐼(𝑡)

𝑑𝑉 ∕𝑑𝑡
, (A.2)

and the resulting curve is smoothed with a Savitzky–Golay filter [62] 
before being plotted as a function of 𝑉 .

A.2. Electrochemical impedance spectroscopy

For each excitation frequency 𝑓 (angular frequency 𝜔 = 2𝜋𝑓 ), a 
sinusoidal current perturbation was applied to the coupled electro-
chemical–mechanical model around the operating point, 
𝐼(𝑡) = 𝐼0 + 𝛥𝐼 sin(𝜔𝑡), (A.3)

and the simulated voltage response was fitted, after discarding the 
initial transient cycles, to a sinusoidal function of the same frequency, 
𝑉 (𝑡) = 𝑉0 + 𝛥𝑉 sin(𝜔𝑡 + 𝜑), (A.4)

where 𝑉0 is the mean voltage, 𝛥𝑉  the response amplitude, and 𝜑 the 
phase shift relative to the current perturbation. The complex impedance 
at frequency 𝜔 is then obtained from the fitted amplitude ratio and 
phase shift as 

𝑍(𝜔) = 𝛥𝑉
𝛥𝐼

𝑒𝑖𝜑 = Re{𝑍(𝜔)} + 𝑖 Im{𝑍(𝜔)}, (A.5)

with real and imaginary parts 

Re{𝑍(𝜔)} = 𝛥𝑉
𝛥𝐼

cos𝜑, Im{𝑍(𝜔)} = 𝛥𝑉
𝛥𝐼

sin𝜑, (A.6)

magnitude |𝑍(𝜔)| = 𝛥𝑉 ∕𝛥𝐼 , and phase angle 𝜑(𝜔). Repeating this 
procedure over the logarithmically spaced frequency set yields the 
frequency-dependent spectrum 𝑍(𝜔) reported in the Nyquist plots.

A.3. Distribution of relaxation times

The DRT model represents the impedance spectrum obtained from 
Eq. (A.5) as a continuous superposition of parallel resistor–capacitor 
(Voigt) elements, 

𝑍(𝑓 ) = 𝑅∞ + ∫

∞

0

𝑔(𝜏)
1 + 𝑖2𝜋𝑓𝜏

𝑑𝜏, (A.7)

where 𝑓 is the excitation frequency, 𝑅∞ is the Ohmic resistance, 𝜏
the relaxation time, and 𝑔(𝜏), the (unknown) distribution of relaxation 
times. Recovering 𝑔(ln 𝜏) from 𝑍(𝑓 ) constitutes an ill-posed Fredholm 
integral equation of the first kind. In this work, the deconvolution was 

performed with the commercial RelaxIS software [63], based on the 
framework of the Ciucci group [64], in which 𝑔(ln 𝜏) is discretized 
using radial basis functions (RBFs) rather than discrete Voigt ele-
ments, yielding the linear model 𝑍(𝑓𝑛) = 𝑅∞ + (𝐴′𝑥)𝑛 + 𝑖(𝐴′′𝑥)𝑛, and 
the resulting regularized least-squares problem is solved via Tikhonov 
regularization, 

𝑥opt = arg min
𝑥

(

‖

‖

‖

𝐴′𝑥 −𝑍′
exp

‖

‖

‖

2

2
+ ‖

‖

‖

𝐴′′𝑥 −𝑍′′
exp

‖

‖

‖

2

2
+ 𝜆 ‖𝐿𝑥‖22

)

, (A.8)

where 𝑥 is the vector of RBF weights approximating 𝑔(ln 𝜏), 𝐴′ and 
𝐴′′ are the discretization matrices for the real and imaginary parts 
of Eq. (A.7), 𝑍′

exp and 𝑍′′
exp are the measured real and imaginary 

impedance components, 𝐿 is the Cholesky factor of the derivative-
penalty matrix (𝑀 = 𝐿⊤𝐿), and 𝜆 is the regularization parameter. For 
full derivation please see [64].

Appendix B. Derivation of the stress-dependent charge-transfer 
kinetics

The derivation follows Wu et al. [15] and Le et al. [65], and is 
reproduced here for completeness. The lithium intercalation reaction 
proceeds via the exchange of lithium between an electrolyte ion and a 
vacant intercalation site in the solid, 
Li+ + e− + Θ ⇌ Li-Θ, (B.1)

where 𝛩 denotes an interstitial site. Following transition-state theory, 
the forward and backward reaction rates are 

𝑟→ = 𝑟0 exp
(

−
𝜇𝑇𝑆 − 𝜇Li-𝛩

𝑅g𝑇

)

, 𝑟← = 𝑟0 exp
(

−
𝜇𝑇𝑆 − (𝜇Li+ + 𝜇𝑒− + 𝜇𝛩)

𝑅g𝑇

)

,

(B.2)

where 𝑟0 is a rate constant, 𝜇𝑇𝑆 the transition-state chemical potential 
and 𝜇𝑖 the chemical potential of species 𝑖. In the stress-free state these 
are 
𝜇Li-𝛩 = 𝜇0

Li-𝛩 + 𝑅g𝑇 ln 𝑎Li-𝛩, 𝜇Li+ = 𝜇0
Li+

+ 𝑅g𝑇 ln 𝑎Li+ + 𝐹𝜑e,

𝜇𝛩 = 𝜇0
𝛩 + 𝑅g𝑇 ln 𝑎𝛩, 𝜇𝑒− = −𝐹𝜑s,

(B.3)

where 𝑎𝑖 is the activity of species 𝑖, and 𝜑e and 𝜑s are the local 
electrolyte and solid electric potentials, both referred to a common 
reference point.

Under mechanical stress, the chemical potentials of the electrolyte 
ion and the electron are unaffected, whereas the two solid-phase species 
acquire an additional stress contribution, in analogy to Eq. (40): 

𝜇Li-𝛩 = 𝜇0
Li-𝛩 + 𝑅g𝑇 ln 𝑎Li-𝛩 −𝛺Li-𝛩𝜎h, 𝜇𝛩 = 𝜇0

𝛩 + 𝑅g𝑇 ln 𝑎𝛩 −𝛺𝛩𝜎h,

(B.4)

with 𝛺 = 𝛺Li-𝛩−𝛺𝛩 the net partial molar volume of lithium in the solid. 
The transition-state potential is correspondingly split between the two 
reaction pathways by a mechanical symmetry factor 𝛼m, in analogy to 
the electrochemical symmetry factor 𝛼: 
𝜇𝑇𝑆 = 𝜇0

𝑇𝑆 +(1−𝛼)𝐹 (𝜑e−𝜑s)+𝛼m
(

−𝛺Li-𝛩𝜎h
)

+(1−𝛼m)
(

−𝛺𝛩𝜎h
)

. (B.5)

Substituting Eqs. (B.4)–(B.5) into Eq. (B.2) and collecting the standard-
state contributions into the anodic and cathodic rate constants, 

𝑘a = 𝑟0 exp

(

−
𝜇0
𝑇𝑆 − 𝜇0

Li-𝛩
𝑅g𝑇

)

, 𝑘c = 𝑟0 exp

(

−
𝜇0
𝑇𝑆 − 𝜇0

𝛩 − 𝜇0
Li+

𝑅g𝑇

)

,

(B.6)

yields the net reaction rate 

𝑟 = 𝑟→ − 𝑟← = 𝑘a𝑎Li-𝛩 exp
[

(1 − 𝛼)𝐹 (𝜑s − 𝜑e)
𝑅g𝑇

−
(1 − 𝛼m)𝛺𝜎h

𝑅g𝑇

]

− 𝑘c𝑎Li+𝑎𝛩 exp
[

−
𝛼𝐹 (𝜑s − 𝜑e)

𝑅g𝑇
+

𝛼m𝛺𝜎h
𝑅g𝑇

]

.
(B.7)
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Fig. C.5. Quasi-equilibrium discharge profiles of the NMC/graphite cell at a C/1000 rate under different hydrostatic stress levels, highlighting the influence of 
external mechanical loading on the full-cell voltage.

The condition 𝑟 = 0 defines the stress-modified equilibrium potential 
𝑈m, 

(𝜑s − 𝜑e)eq = 𝑈m =
𝑅g𝑇
𝐹

ln
(

𝑘c
𝑘a

)

+
𝑅g𝑇
𝐹

ln
(

𝑎Li+𝑎𝛩
𝑎Li-𝛩

)

+
𝛺𝜎h
𝐹

, (B.8)

in which the first two terms reproduce the stress-free equilibrium po-
tential 𝑈 and the third represents the purely mechanical shift. Referring 
the potentials to a lithium metal reference electrode, for which 𝛷s = 𝜑s
and 𝛷e = 𝜑e +

(

𝜇0
Li+

+ 𝑅g𝑇 ln 𝑎Li+ − 𝜇0
Li

)

∕𝐹 , eliminates the electrolyte 
activity and replaces 𝑈 by the concentration-dependent open-circuit 
potential 𝐸ref (𝑐s,surf ), so that 

𝑈m ⟶ 𝐸ref (𝑐s,surf ) +
𝛺𝜎h,surf

𝐹
. (B.9)

The overpotential including the mechanical contribution therefore be-
comes 

𝜂m = 𝜑s − 𝜑e − 𝑈m = 𝛷s −𝛷e − 𝐸ref (𝑐s,surf ) −
𝛺𝜎h,surf

𝐹
, (B.10)

which recovers Eq. (41). Finally, substituting Eq. (B.8) back into 
Eq. (B.7) and expressing the result in terms of 𝜂m gives an identical 
mechanical prefactor in both the anodic and the cathodic branch, since 
(1 − 𝛼) − (1 − 𝛼m) = 𝛼m − 𝛼 and 𝛼m − 𝛼, respectively: 

𝑖 = 𝑟𝐹 = 𝑗0 exp
[ (𝛼m − 𝛼)𝛺𝜎h,surf

𝑅g𝑇

] [

exp
(

𝐹 (1 − 𝛼)
𝑅g𝑇

𝜂m

)

− exp
(

− 𝐹𝛼
𝑅g𝑇

𝜂m

)]

,

(B.11)

with the stress-free exchange current density 𝑗0 = 𝐹
(

𝑘a𝑎Li-𝛩
)𝛼

(

𝑘c𝑎Li+𝑎𝛩
)1−𝛼 . With the sign convention 𝐽 = −𝑖∕𝐹  adopted for the 

pore-wall molar flux in Table  1, Eq. (B.11) is identical to Eq. (42). 
Mechanical stress thus enters the kinetics in two distinct ways, as a 
scaling of the exchange current density and as a shift of the equilibrium 
potential.

Appendix C. Discharge profiles and internal state spatial profiles 
of the NMC/graphite cell under hydrostatic stress

See Figs.  C.5 and C.6.

Appendix D. Parametric sensitivity study

The parametric sensitivity study presented in this appendix uses 
the same baseline electrochemical and mechanical parameters as the 
main simulations (Table  3), varying only one parameter at a time 
while holding all others fixed at their baseline values. This one-at-a-
time (OAT) design isolates the individual effect of each parameter on 
the electrode-dominance behavior and the resulting ICA, EIS, and DRT 
signatures, without confounding the effects of multiple simultaneously 

varying properties (see Fig.  D.7).Table  D.4 summarizes the perturbed 
value tested for each parameter, relative to the baseline values given 
in Table  3. The partial molar volume (𝛺) was varied independently 
for each electrode to test electrode dominance: first increased on the 
cathode side, and separately increased on the anode side, such that the 
previously non-dominant electrode became dominant and the direction 
of the full-cell trends reversed. The equilibrium diffusion coefficient 
(𝐷eq) was varied by a factor of ten above and below its baseline value, 
for the cathode and anode independently. The cathode open-circuit 
potential (OCP) slope was varied by substituting values representative 
of an LFP-like chemistry and a logarithmic mean between NMC and 
LFP, to probe the sensitivity of electrode dominance to the solid-
solution versus phase-separating character of the cathode chemistry; 
the anode (graphite) OCP slope was held fixed at its baseline value in 
all cases.

Appendix E. Effect of applied pressure on cathode surface concen-
tration

See Fig.  E.9.

Appendix F. Consistency between DRT peak areas and EIS-derived 
charge-transfer resistance

Since Peaks 1 and 2 of the distribution of relaxation times (DRT) 
are not individually resolvable as separate semicircles in the raw 
Nyquist spectrum, their physical validity was assessed by comparing 
their summed area against the charge-transfer resistance obtained 
directly from the impedance data. The area under each DRT peak, 
𝑅peak,𝑖 = ∫ ln 𝜏𝑖,2

ln 𝜏𝑖,1
𝛾(ln 𝜏) 𝑑(ln 𝜏), was computed by trapezoidal integration 

of 𝛾(𝜏) over ln 𝜏, with peak boundaries 𝜏𝑖,1, 𝜏𝑖,2 identified from the 
DRT spectrum. The corresponding EIS-derived resistance, 𝑅EIS

ct , was 
obtained as the span of Re(𝑍) between the high- and low-frequency 
limits of the merged charge-transfer arc, excluding the high-frequency 
inductive artifact and the low-frequency diffusion tail associated with 
the third (artifactual) DRT peak. Table  F.5 reports this comparison for 
all simulated stress levels and battery voltages. It can be seen, that the 
relative difference remains below 0.5% in all cases, confirming that the 
two peaks resolved by DRT jointly reproduce the resistance directly 
measurable from the impedance spectrum.

Data availability

Data will be made available on request.
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Fig. C.6. Pressure-induced changes in the internal state of the NMC/graphite cell at 3.64 V, showing electrolyte concentration and potential, together with solid 
surface concentration and solid potential.

Table D.4
Perturbed parameter values used in the one-at-a-time parametric sensitivity study. Case 
labels correspond to the subfigures in Fig.  D.7.
 Case Parameter Electrode Perturbed value 
 (a) 𝛺 [m3/mol] Cathode (p) 3.75 × 10−5  
 (b) 𝛺 [m3/mol] Anode (n) 1.705 × 10−5  
 (c) 𝐷eq [m2/s] Cathode (p) 8 × 10−14  
 (d) 𝐷eq [m2/s] Anode (n) 5 × 10−14  
 (e) OCP slope Cathode (LFP-like) −2.07%  
 (f) OCP slope Cathode (log. mean) −10.83%  

Fig. D.7. Sensitivity of the simulated impedance response at 3.64 V to the partial molar volume (𝛺), equilibrium diffusion coefficient (𝐷eq), and cathode OCP 
slope. 𝛺 was varied independently for the cathode and the anode (panels a, b) and 𝐷eq was varied independently for the cathode and the anode (panels c, 
d) to test electrode dominance, while the cathode OCP slope was reduced (panels e, f) to mimic the LFP plateau slope and intermediate slope to assess the 
generalizability of the observed pressure-dependent trends across cell chemistries.
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Fig. D.8. Sensitivity of the DRT spectrum to electrode-specific partial molar volume. Increasing the cathode partial molar volume 𝛺p selectively increases Peak 
1, while increasing the anode partial molar volume 𝛺n selectively increases Peak 2.

Fig. E.9. Cathode solid surface concentration profiles along the electrode thickness at three states of charge under applied mechanical stress of 0 Pa, 1 MPa, and 
10 MPa.

Table F.5
Comparison of the summed DRT peak 1 and peak 2 areas against the EIS-derived charge-transfer resistance, for all simulated 
stress levels and battery voltages.
 V [V] 𝜎ℎ [MPa] 𝑅peak1 [mΩ] 𝑅peak2 [mΩ] 𝑅DRT

ct  [mΩ] 𝑅EIS
ct  [mΩ] Rel. diff. [%] 

 
3.64

0 1.61 7.14 8.75 8.78 −0.30  
 1 1.60 7.14 8.74 8.75 −0.12  
 10 1.66 6.94 8.60 8.59 +0.16  
 
3.72

0 1.55 6.34 7.89 7.89 −0.05  
 1 1.55 6.37 7.91 7.90 +0.16  
 10 1.62 6.37 7.98 7.95 +0.46  
 
3.98

0 1.51 7.07 8.58 8.58 −0.06  
 1 1.50 7.10 8.61 8.60 +0.10  
 10 1.55 7.19 8.75 8.72 +0.27  
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