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Abstract

As the demand for lightweight energy storage solutions intensifies, structural bat-
tery composites have emerged as a promising technology merging electrochemical
capacity with mechanical load carrying capability. Unlike conventional systems,
where energy storage is typically implemented as battery packs that add mass,
structural batteries integrate this function directly into structural elements. The
multifunctionality is achieved by utilizing carbon fibres as both the primary struc-
tural reinforcement and as active electrode material. To facilitate ion transfer
between the electrodes, while maintaining structural integrity, the fibres are em-
bedded in a Structural Battery Electrolyte (SBE)—a bicontinuous material con-
sisting of a porous polymer skeleton and a liquid electrolyte.

The first part of this thesis studies the constitutive modelling and characteri-
zation of the structural negative electrode and its constituents. A concentration-
dependent constitutive model is developed for the carbon fibres to account for the
significant swelling and the evolution of elastic moduli induced by lithium-ion in-
sertion under finite deformations. This is complemented by a continuum porous
media representation of the SBE, which utilizes a visco-hyperelastic model for the
solid skeleton and incorporates the principle of effective stress to capture the time-
dependent coupling between deformation and pore fluid pressure. To accurately
analyze the complex internal stress states on the microscale, governed by fibre ex-
pansion, SEM micrograph informed microstructures are generated. By integrating
the developed constitutive models for both the fibre and the SBE these represen-
tative volume elements, the framework resolves the local mechanical interactions
between the swelling fibres and the surrounding matrix in the negative electrode
during lithiation.

The second part of the thesis develops a coupled computational framework for
structural battery full cells. The model is calibrated against experimental charge-
rest-discharge voltage profiles, including different charge rates. A sensitivity study
is conducted to quantify the contribution of the calibrated parameters to the sim-
ulated voltage profiles. The framework is further developed and utilized to char-
acterize the coupled potential-strain response, where an integrated experimental-
computational study concludes that the carbon fibres in the negative electrode
is the primary contributor to electric potential shifts during mechanical loading.
This finding demonstrates an inherent sensing functionality within the structural
electrode and validates the multifunctionality of the full cell.

Keywords: Structural Batteries, FEM, Multiphysics Modelling, Computational
Homogenization, Experimental Characterization, Carbon Fibre Composite, Multi-
functional Materials
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Introduction

1.1 Background

Structural battery composites are multifunctional materials that combine electro-
chemical energy storage and mechanical load carrying capability within a single
system. In conventional devices that are powered with batteries, these functions
are separated. In addition to the load carrying structure, energy storage is typically
implemented as a separate battery pack, which adds mass and volume and imposes
design constraints. Structural battery composites based on lithium ion battery
technology, in contrast, are intended to be integrated directly into the structure
of the system they power, allowing structural elements to store and deliver electro-
chemical energy [1-6]. This integration has the potential to reduce or eliminate
the need for dedicated battery packs, enabling lighter and more compact system
architectures and increasing overall efficiency. Recent breakthroughs have estab-
lished the realization of structural battery architectures that use carbon fibres as
negative electrode material, achieving high multifunctional efficiency [7-10]. Sub-
sequent efforts by Chaudhary et al. [11, 12] have refined this concept through the
development of cathode coatings to allow the use of carbon fibres in the positive
electrode as well. An illustration of the all-fibre structural battery architecture is
shown in Figure 1.1. The electrodes are embedded in a nano-porous Structural
Battery Electrolyte (SBE) matrix.

The motivation for structural battery research is particularly strong in the trans-
port sector, where electrification is advancing rapidly. Sales of battery electric
vehicles and heavy-duty electric vehicles continue to increase, while vehicle mass
remains a key factor influencing energy consumption and driving range [13, 14].
Integrating structural batteries while maintaining overall vehicle mass has the po-
tential to increase driving range by up to 70 % [15].




Chapter 1. Introduction

A key constituent of structural battery composites is the multifunctional car-
bon fibres with lithium storage capability, which simultaneously provide electrical
conductivity and mechanical reinforcement [16-21]. In this role, the fibres replace
conventional negative electrode materials, such as graphite, used in traditional
batteries. Studies on the effects of lithium insertion into carbon fibres, known
as lithiation, have demonstrated that lithiation induces an expansion of the fi-
bre [22]. Further investigations of carbon fibre lithiation conducted by Duan et
al. [23] demonstrate that the fibre expansion can reach levels as high as 6.6 % in
the radial direction and 0.89 % in the axial direction upon full lithiation. Moreover,
it has been observed that the elastic moduli of the fibre are significantly affected,
the transverse (radial) modulus increases by 107 %, while the longitudinal modu-
lus experiences a decrease by 12 %. Consequently, operating the structural battery
results in substantial changes in the internal stress state and stiffness properties
of the composite. The same coupling also leads to a response when a mechanical
load is applied to lithiated (and partially lithiated) carbon fibres, resulting in a
change in electric potential. This phenomenon, often referred to as stress-driven
diffusion or the Piezo-Electro-Chemical Transducer effect (PECT), represents the
interaction of electrochemistry and mechanics [9, 24-26].

The SBE is a bi-phasic matrix material consisting of a solid phase that enables
mechanical load transfer and a liquid phase that facilitates ionic transport be-
tween the electrodes during charge and discharge [27-31]. An illustration of its
nano-porous structure is shown in Figure 1.1b. A key design requirement for
the SBE is its ability to deform reliably without fracture when subjected to me-
chanical loading arising from carbon fibre expansion during lithiation, as well as
from externally applied mechanical loads. Recent measurements by Pipertzis et
al. [32] indicate an almost three-fold increase in effective ionic conductivity after
ten lithiation—delithiation cycles. This observation suggests that significant mor-
phological changes may occur within the SBE as the fibres undergo repeated expan-
sion and contraction. One possible explanation is that damage or rearrangement of
the solid phase creates additional free volume, thereby facilitating ionic transport.
Understanding the solid-fluid interaction, mechanical and electrochemical response
of the SBE under such coupled loading conditions is therefore essential.

Furthermore, the positive electrode consists of active lithium iron phosphate
LiFePO, (LFP) material and conductive particles adhered to an aluminium foil
or deposited on carbon fibres [10, 11, 33]. Previous structural battery concepts
employed commercially available LFP slurry cast onto aluminium foil, largely fol-
lowing conventional lithium-ion battery electrode architectures. In contrast, the
current state of the art is based on LFP deposited directly onto carbon fibres, en-
abling the fibres to function simultaneously as current collectors and load bearing
constituents.
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Figure 1.1: a) Schematic illustration of the laminated structural battery full cell. b)
Numerical realization of the nano-porous structural battery electrolyte (SBE). From Carl-
stedt et al. [34].

To support the development of structural batteries, computational modelling has
been extensively addressed by Carlstedt et al. [34-37], who presented a coupled
thermo-electro-chemo-mechanical framework. These models emphasize coupling
of fields, including the PECT effect. The proposed framework employ linearized
(small strain) kinematics, linearized reaction kinetics and was formulated for a half-
cell configuration, consisting of a carbon fibre electrode paired with a lithium metal
reference electrode.

From a modelling perspective, the all-fibre structural battery full cell architec-
ture illustrated in Figure 1.1a remains unexplored. A significant difficulty arises
from the positive electrode, where active LFP particles span length scales from
nanometres to micrometres. Resolving these particles explicitly within a battery
scale finite element model would require direct numerical simulations that are com-
putationally infeasible, in particular for nano-sized particles [38]. To address this
challenge, homogeneous, macroscale models of electrodes and battery cells are em-
ployed, wherein the heterogeneous microstructure is represented through effective,
averaged material properties [39-46]. While this approach enables simulations at
the cell level, it inevitably leads to a loss of information regarding the spatial
distribution of reaction sites and the local particle—electrolyte reaction kinetics.
Moreover, the effective interface is are not directly measurable and must, instead,
be determined through numerical and physical macroscopic experiments. Given
these modelling challenges, it is essential to develop modelling techniques that can
accurately predict the multifunctional response of structural battery components.

3



Chapter 1. Introduction

1.2

Aim and scope of research

The overall aim of this thesis is to advance the understanding of the coupled mechan-
ical and electrochemical processes governing the behaviour of structural battery
electrodes, and to develop improved computational modelling techniques capable
of predicting their mechanical and electrochemical response. Emphasis is placed
on the formulation of computational models for both structural battery half-cells
and full cells, and on anchoring these models to experimental observations through
model calibration. The research aims are summarized in the sub-goals presented
below.

Sub-goals adressing the mechanical properties of the structural negative electrode:

i

i

il

To characterize the resulting mechanical response of the carbon fibres dur-
ing lithium insertion, based on experimental understanding of how the effect
of lithium insertion affects expansion and elastic moduli. This involves the
development of a computational model formulated within a finite strain set-
ting that accounts for concentration dependent moduli as well as anisotropic
expansion.

To propose and calibrate a constitutive model for the structural battery elec-
trolyte matrix material. This objective focuses on capturing the coupled
solid-fluid interaction within the SBE and validating the model’s predictive
capability against experimental data.

To develop a micromechanical model based on SEM-image informed Repre-
sentative Volume Element (RVE) reconstructions for the structural negative
electrode. These statistically representative domains, are used to investigate
the complex internal stress states and the composite expansion induced by
the lithiation of the carbon fibres.



1.2. Aim and scope of research

Sub-goals related to electro-chemo-mechanical coupled processes in the structural
battery full cell:

iv To develop a fully coupled electro-chemo-mechanical model for a structural
battery composite full cell. This objective involves identifying key mate-
rial parameters by calibrating the model against experimental charge-rest-
discharge voltage profiles, followed by a sensitivity analysis to quantify the
influence of these parameters on the macroscopic cell performance over vary-
ing operating rates.

v To further refine the electro-chemo-mechanical model with a specific focus on
characterizing the coupled potential-strain response for a structural battery
full cell. This objective involves the calibration of material parameters against
experimental data to accurately capture and predict the variations in electric
potential induced by external mechanical loading.






Mechanical considerations of the
structural negative electrode and
its constituents

2.1 The structural negative electrode

The negative electrode is composed of two primary constituents; the carbon fi-
bres and the surrounding structural battery electrolyte (SBE) matrix. At the
microscale, the carbon fibres are explicitly resolved as discrete entities, whereas
the SBE is represented as a continuum with effective properties. Consequently,
the computational domain of the fibres is defined as Qf = U:L:1 Qf, and the elec-
trolyte domain is denoted by Q5BF. these domains constitute the negative electrode
domain Q5 = Qf U O5BE shown in Figure 2.1.
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Figure 2.1: SEM image of the negative electrode, as well as an illustration of a compu-
tational domain €.

In Paper A, the structural negative electrode is represented in finite strain
setting where model development is emphasized for the carbon fibres. Finite strains
are required to predict geometrical changes as well as to accurately predict the
internal stress-state in the SBE upon carbon fibre expansion from lithiation. The
key assumption is to prescribe a homogeneous and normalized concentration field
cr; € [0,1] in the carbon fibres, in which the fibres are expanding anisotropically.
Consequently, we can compute the accompanying stress response in the SBE. In
order to carry out these computations, we employ computational homogenization
methods to solve for an RVE problem; see works by Miehe et al. [47], Geers et
al. [48], van Dijk [49] and Saeb et al. [50].

As the first step in establishing the model, let w denote the displacement field,
additively decomposed into macroscopic (M) and microscopic (u) parts so that
u = uM + u*. The related deformation gradient can be expressed as

F:=T4+u®Vy=F+ H"(u"), (2.1)

where F' = I +uM ® V i is referred to as the macroscopic deformation gradient
and H*(u") = u* ® V y is the microscopic displacement gradient. Furthermore,
we introduce the volume averaging operator as

1
(o) = m /QD e dQ2. (2.2)

The negative electrode domain 25, can be considered as macroscopically con-
strained or unconstrained, which is related to how much the external boundaries
of the RVE are allowed to expand upon carbon fibre lithiation.

Introducing relevant constitutive relations for the carbon fibres and SBE, we
can proceed to compute the (equilibrium) 15 Piola-Kirchhoff stress P = P(cy,, F)

8



2.1. The structural negative electrode

pertinent to the balance of linear momentum. A macroscopically constrained RVE
domain is obtained by prescribing F = I such that the external boundaries of
the RVE are fixed, and solving for the microscopic displacement field u* given
a lithium concentration field in the fibres. The weak form representation of the
problem is expressed as'

(P(cpy, I+ H*(u?)) : [H*(0u*) @ V|)gp =0 Vout € Upn. (2.3)

As post-processing, we may evaluate the macroscopic 1°¢ Piola-Kirchhoff stress as

P(cy;, F) = (P(cy;, I + H" (uk)). (2.4)

.

In contrast, an unconstrained RVE domain is obtained when the negative elec-
trode is macroscopically stress free. In other words, we seek a macroscopic defor-
mation gradient, F, such that P = (P)5 = 0. However, the problem of finding
F for known P is ill-posed (contains infinitely many solutions) due to rigid-body
rotations in the deformation gradient. To mitigate this issue, the macroscopic de-
formation gradient is multiplicatively decomposed into rotation R, and stretch U
parts

F=R.-U. (2.5)
One can show that the implicit macroscopic stress relation is objective?
P, R-U) = R-P(c,,U). (2.6)
In a variational setting, we identify the conjugate stress to U as
(P(cy;, F): 0F)y=[RT - P]:6U =T : U, (2.7)

where T' = [R” - P] ™ s the (symmetric) Biot stress.
Hence, assuming R = I, the complete mixed form problem becomes to find
(ut,U) € Uy x R¥3sY™m 50 that

(P(ey,, U + H(ut)) - HM(0ub))y =0 Vouk € Uy, (2.82)

(P(c;, U+ H*(u"))g: 6U =T : 6U VU € R3>*3sym, (2.8b)

for a prescribed macroscopic Biot stress T, and a given concentration field in the
fibres. In the present setting, the Biot stress can be prescribed to zero to represent
an unconstrained, freely expanding, RVE where we solve for the macroscopic stretch
components in U as well as the microscopic displacement field u*.

'We note that appropriate boundary conditions must be chosen in Uy such that (u*) = 0.
2This relation holds under the condition that the microscale material models are invariant to
macroscopic rotations.
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A detailed description of the constitutive model for the carbon fibres is presented
in Section 2.2. To accurately capture the internal stress distribution arising from
fibre lithiation, a poro-viscoelastic formulation was adopted for the SBE in Paper
B, providing a representative description of the coupled solid—fluid interactions
within the composite microstructure. The constitutive model of the SBE, as pre-
sented in Section 2.3, was calibrated using compressive mechanical experiments
together with measurements of fluid mass loss, allowing characterization of both
the mechanical response and fluid-transport properties of the matrix material.

Furthermore, an additional factor governing the stress distribution within the
matrix is the microstructural morphology and the spatial arrangement of the carbon
fibres. In Paper C, SEM-image informed microscale RVEs were generated to
accurately reproduce realistic fibre volume fractions and stochastic arrangements.
These RVEs were integrated with the calibrated constitutive model for the SBE
from Paper B and the constitutive model for carbon fibres developed in Paper
A to simulate the internal stress states during lithiation.

2.2 Carbon fibres

For the fibre domain f in Paper A and Paper C, we adopt a hyperelastic model
accounting for "free” deformation caused by lithium insertion in the lattice. We
then adopt, in standard fashion, the multiplicative split of the deformation gradient
so that

F=F°¢. F%(p,) (2.9)

where F© is the elastic deformation gradient, whereas F(c;;) is the chemical

deformation gradient due to insertion and is defined by the insertion tensor a",

Fcpy) =I+a%ey,, a®=afle;®e +afle;®e; +e3®@e;], (2.10)

that reflects transverse isotropy with basis e; associated with the longitudinal
direction and e,, e5 in the transversely isotropic plane. Using (2.9) and (2.10), we
may compute the corresponding elastic Green-Lagrange strain

E¢:=[FT. [E—E" . [F"]™! (2.11)

where

1 1
E=g[F'-F—1I], E%cy)=g[[F"(ey)]" - F(ey) — 1. (2.12)
For the particular choice of a® in (2.10), we obtain
E™M(cy) = [20fcy; + [of'Pc] e, @ €4

2.13
+ 205 + [0 Peti] [e; ® ey + €3 ® €3] (2.13)

10



2.3. Structural Battery Electrolyte (SBE)

Next, we introduce the free energy density 1 in the material format
1
¥ =yY(E(E, cy)) = §EG(E»CL1) FEplers) « EC(E, cpy). (2.14)

As to the introduced variables and constitutive parameters, Eg(cp;) is the small
strain Hooke tensor representing transverse elastic isotropy®. We note that E(cy;)
corresponds exactly to the linearization of the stress-strain response at an expanded,
stress free state, due to lithiation. Thereby its coefficients are directly determined
from the measurements in [23]. The particular choice of v in (2.14) represents the
St-Venant model of hyper-elasticity w.r.t the intermediate configuration. The 2"¢
Piola-Kirchhoff stress S can then be derived as
8¢ ch]—1 e ch1—T : e e

S = 9E [Feh]~ . S¢ . [F] with S := E(cy;) : E°. (2.15)
Clearly, S¢ is the 2° Piola-Kirchhoff stress on the intermediate configuration that
is obtained from push-forward of S as follows

S¢:=F&h.§. [FhT, (2.16)

Combining (2.15) with (2.11), we arrive at the constitutive relation
S = L(ey) : [B — B () (2.17)

where the Li-concentration dependent elastic stiffness L is given as

L(cy:) = [[F ()] @F ()] ] Eglews) « [FM (ep)] T@F M (epy)] ]
(2.18)

2.3 Structural Battery Electrolyte (SBE)

The structural battery electrolyte is represented as a continuum porous medium.
Based on the principle of effective stress, the total 2" Piola-Kirchhoff stress S
is decomposed into a mechanical contribution from the solid skeleton, S’, and a
contribution from the pore pressure p. In accordance with Terzaghi’s theory [51],
we assume that the solid phase is intrinsically incompressible so that the density
of the solid phase is constant p® = pj. Under this assumption, the total stress is
expressed as

S=8 —JpC! (2.19)

3E depend on the lithium concentration c;; in the fibres; specifically, the longitudinal and
transverse moduli B, = Ey (c;), Eqx = Ep(cpy,)-

11



Chapter 2. Mechanical considerations of the structural negative electrode and its
constituents

where J = det(F) is the determinant of the deformation gradient and C' is the
Cauchy-Green deformation tensor.

For the electrolyte solid skeleton we adopt a visco-hyperelastic model that repre-
sents a finite deformation extension of the classical Zener model (sometimes denoted
Three-Parameter Model), see Figure 3 in Paper B. In order to represent the vis-
cous response in a realistic fashion, we consider the "non-equilibrium chain” and
introduce the multiplicative split

F=Fe¢.F" (2.20)

where, once again, F° represents elastic deformation, whereas FV is the viscous
deformation, cf. Reese and Govindjee [52]. In this case we adopt the formulation
of a Neo-Hooke model. Similarly to the steps of the derivation for the fibre, whereby
FY now plays a role that is similar to that of the insertion deformation F", we
conclude that the relevant elastic deformation C*° for the "non-equilibrium chain”
can be expressed as

Ce:=[F|T.C-[F']"' withC:=F'.F (2.21)

Next, we introduce the free energy density 1 in the material format, which is split
additively into equilibrium and non-equilibrium parts, associated with the static
spring and dashpot-spring branches as

1 = PFQ 4 NEQ, (2.22)

The response of the equilibrium spring is expressed in terms of the total deformation
PP = ¢FQ(C), whereas the non-equilibrium branch free energy is expressed in
terms of the elastic deformation NFQ = ¢yNEQ(C®). We then derive (in standard
fashion) the effective 2°¢ Piola-Kirchhoff stress

0 oYEQ  gyYNEQ  gCe
§ =900 |00 00 T : (2.23)

oC oC oce oC
It remains to define the evolution rule for FV. We propose the following Norton-
type model

V.= Fv. [FV]—]. _

! [M} 3Maey (2.24)

tlo,| 2M

where we introduce the Mandel stress M := C° - 2852? with the split into devia-

toric and volumetric parts

1 _
M = My, + 5te(M)I, M = \/g IM,..|. (2.25)

12



2.4. Micromechanical analysis of the negative electrode

We note that the presented constitutive response is applicable for the drained
solid skeleton with an incompressible solid phase. In contrast, compressibility is
introduced in the fluid phase. In the present setting, the current porosity can be

derived as .

BT) = 1= ~[1— 6, (226)

where ¢, is the initial (undeformed) porosity. The evolution of fluid density is
expressed as

P (p) = np [1 + %] » (2.27)

where & denotes the intrinsic bulk modulus of the fluid. The liquid electrolyte
transport is represented with a Darcy type law in the reference configuration, ex-
pressed as

oW = —K - Vp, (2.28)

where K is the permeability tensor in the reference configuration. At this stage,
we assume that the permeability is macroscopically isotropic, such that K = K1I.

2.4 Micromechanical analysis of the negative
electrode

Upon combining the developed constitutive models in Papers A and B with a
SEM-informed RVE from Paper C, and allowing the fibres to expand during lithi-
ation, a complex internal stress state is obtained, as depicted in Figure 2.2. By
solving the microscale boundary value problem using these constitutive relations,
several observations regarding the mechanical performance of the structural nega-
tive electrode can be made:

i The use of realistic fibre arrangements highlights significant stress concentra-
tions in the SBE matrix that are absent in idealized periodic fibre arrange-
ments. In regions where fibres are closely packed due to manufacturing in-
duced randomness, the localized compressive stresses are significantly higher.

ii The constitutive model for the SBE, which accounts for both viscous relax-
ation and Darcy-type fluid transport, introduces a rate-dependency to the
internal stress state. During rapid lithiation, the restricted fluid mobility
within the SBE leads to a transient stiffening effect. This indicates that in-
ternal stress peaks are not only a function of the state of charge but are also
sensitive to the lithium insertion rate.

13



Chapter 2. Mechanical considerations of the structural negative electrode and its
constituents

iii A notable result from the unconstrained RVE simulations is that the macro-
scopic longitudinal stretch, U, is almost entirely governed by the fibre in-
sertion tensor, effectively reaching the free expansion limit «;,.

Figure 2.2: Minimum effective principal stress field in the SBE matrix at a state of full
charge (cp; = 1), shown in MPa. The simulation accounts for the anisotropic expansion
of the carbon fibres and the poro-viscous response of the matrix.

14



Electro-chemo-mechanical
modelling of the structural
battery full cell

3.1 The structural battery full cell

In this chapter, focus is placed on the formulation of the electro-chemo-mechanical
processes governing the multiphysics response of a structural battery full cell.
While the microscale electrode analysis in the preceding chapter utilized a finite-
strain framework, the full cell formulation adopted here considers small deforma-
tions. Further emphasis is placed on the thermodynamic coupling between the
chemical and mechanical fields; specifically, we address how the application of me-
chanical loading produces a change in the electric potential. By extending the
Helmholtz free energy functionals, we derive the corresponding constitutive re-
sponses pertaining to the governing differential equations.

In Paper D, we present a fully coupled electro-chemo-mechanical model for
a structural battery composite full cell. The material parameters associated with
these constitutive relations are calibrated against experimental galvanostatic charge-
discharge curves. Building upon this framework, Paper E introduces a specific
focus on the experimental findings and numerical modelling of the electro-chemo-
mechanical coupling. In particular, we calibrate the proposed model to capture the
electric potential variations induced by applied mechanical load, providing a basis
for understanding the multifunctional processes in structural batteries.
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Chapter 3. Electro-chemo-mechanical modelling of the structural battery full cell

3.2 Balance equations

To model the coupled electro-chemo-mechanical processes in a structural lithium-
ion battery, depicted in Figure 3.1, we consider the following set of balance equa-
tions representing momentum, charge, and mass

—0-V=0 in Q (3.1a)

Flep;—cx] —d-V =0 in QSBEUQSEP, (3.1b)
0co, +3o, V=0 in QOBEUQSEP o =14 X, (3.1¢)

Oyeri +d - V=0 in QUQP (3.1d)

In these expressions, o represents the stress tensor in the balance of linear mo-
mentum in Eq. (3.1a). Eq. (3.1b) describes the balance of charge, where d is
the electric displacement vector and F' is Faraday’s constant; here, the difference
between the lithium-ion ¢;; and anion ¢y concentrations represents the local ionic
charge imbalance. The mass conservation for the electrolyte species and the active
electrode materials are given by Eqs. (3.1c) and (3.1d), respectively, where ¢,
denotes the molar concentration of species a and j, represents its corresponding
flux. The charge balance is not explicitly solved in the active electrode domains Qf
and QP; this effectively assumes that the electronic conductivity in these regions is
sufficiently high to motivate the assumption that the electric potential is uniform
in these domains.

b

Figure 3.1: Illustration of the structural battery full cell computational domain, con-
sisting of the positive electrode domain QP, the carbon fibre domain Qf, the separator
domain Q°FF and SBE domain QSBE,
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3.3. Constitutive equations

3.3 Constitutive equations

3.3.1 Electrodes

As previously mentioned, the active electrodes are composed of materials that
undergo significant concentration dependent changes in their mechanical properties
and volume upon lithiation. The Helmholtz free energy 14 for carbon fibres in the
negative electrode and positive electrode phase 8 € {f, p} is decomposed into
elastic and chemical contributions as

1 - ~
Vg€, ) = 5 le — €] s Eglery) = [€ — €] + hg(ers, 5 — cpy)- (3.2a)

The chemical expansion strain is defined as

ey — St
ech — aﬁw (3.2b)

s

where ci‘?fﬁ is an initial reference value of the lithium concentration, 55 is the

maximum concentration and € denotes the (small) strain tensor. For the carbon
fibres, the chemical expansion oy is transversely isotropic, including longitudinal
and transverse expansion coefficients. Conversely, for the positive electrode, an
isotropic expansion behaviour is assumed so that «, = a,I. An additional prop-
erty of the electrodes is the concentration of vacant sites denoted ¢, ;. The con-
centration of vacant sites together with the lithium concentration constitutes the
maximum concentration of the electrode. In this work we assume that the maxi-
mum concentration of the electrodes are constant, which implies a system of zero
losses such that ¢5 = cp; + ¢, 1; for constant ¢4, cf. Bucci et al. [45]. Hence, we

express the chemical contribution ¢4 as
bglersc,) = cLitty g + ety g + RT [ep;In(ery) + ¢ In(e,)] + Agleps, ¢y). (3.2¢)

In this expression, /L%L 5 and ,ufl 5 are the reference chemical potential for lithium
and vacant sites, R is the ideal gas constant and T the temperature. The fourth-
order elastic stiffness tensor Ej characterizes the mechanical response of the elec-
trode phases. For the carbon fibres, E¢(c;;) is defined as concentration-dependent
to capture the effects on the carbon fibres moduli during lithiation. The stiffness
of the positive electrode E, is assumed to be constant. The term Ay in (3.2c)
accounts for the deviation from ideal conditions due to the interaction between the
lithium concentration and vacant site, characterized by a material-specific solubility
parameter kg [53].

The constitutive relations for the active electrodes are derived by taking the
partial derivatives of the Helmholtz free energy with respect to the strain and
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concentration, respectively. For the carbon fibres in the negative electrode, the
stress tensor o and the chemical potential p;; are obtained as

Oy cLi — Ci%y
U<€7 CL1) de f(CLl) [E Oy 5f ; ( a)
8¢f ]_ 0 CL. CL.
. ) = —_— = — — : T 1 1 k _
:UJL1<67 CLI) aCLi C~faf o+ :U’f + R n C~f —cp + f 5{ +
30 [Exen)) "+ S B o

(3.3b)
In Eq. (3.3b), the first term represents the stress-coupling governed by the chemical
expansion o, while the last term accounts for the energy change associated with the
concentration-dependent elastic moduli. Finally, the mass flux of neutral lithium
within the carbon fibres is governed by the gradient of the chemical potential, scaled
by the mobility coefficient My, ¢, as

Ju = _MLi,f<CLi)V:uLi7 (3.4)

where M, ¢ is assumed to be isotropic in the transverse plane of the fibres.
Similarly, the constitutive relations for the positive electrode phase are obtained
from the free energy . Given the assumption of constant elastic properties and
isotropic chemical expansion for this phase, the stress and chemical potential sim-
plify to
0y _

CLi — CLi

_ . P

o€ cpy) = 9 = E,: b E I
p

: (3.5a)

€E—

0 . '
pi(€, cp) = ﬂ = —%tr(a) + u) + RT {ln <~ “Li ) + kK, ( — @)] .

Ocy; Cp Cp — CLi c
(3.5b)

p
In Eq. (3.5b), the coupling term solely depends on the trace of the stress tensor.
The transport of lithium within the positive electrode particles is likewise driven
by the chemical potential gradient

JLi = _MLi,p(CLi)VﬂLia (3.6)

where M, , denotes the isotropic mobility coefficient for the positive electrode.

3.3.2 SBE and separator domains

In the electrolyte and separator domains, the Helmholtz free energy v accounts
for the elastic energy of the porous skeleton, the chemical energy of the electrolyte,
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and the electrostatic energy as

1 . . 0 Cq 1 2
V(€ ¢y, ) = € E,:e+ ;ca {ua + RT'In (—) — RT] — 55(Vgp) )

Cref

(3.7)
for species a € {Li, X} and domain w € {SBE, SEP}. Here, ¢ denotes the permit-
tivity and c,; is the salt concentration in the electrolyte. The effective stiffness
tensor E,, is defined according to the specific region; while Eqzp characterizes the
structural electrolyte, the separator stiffness Eqpp as well as mobility coefficients
NLisep and nx ggp are determined via a mixture-relation that incorporates the con-
tribution of the glass fibre reinforcement and SBE materials. The derived constitu-
tive relations for the stress, chemical potentials, and electric displacement becomes

9, :
o=5"= E,:e, (3.8a)
_ 67/@ _ .0 Ca
o = dc. to + RT In (Cref> , (3.8b)
_ Wy _
d= W eVo. (3.8¢)

The ionic transport within the liquid phase of these domains is driven by the
electrochemical potential gradients, resulting in the mass fluxes

Jri = —NMiwlri Vi + FV], (3.92)

Jx = X, wCx [Vux — FVyl, (3.9b)

where 7, ,, denotes the domain-specific ionic mobility coefficient for either lithium
cations or the corresponding anion. The coupling of the chemical and electrical
fields is explicitly captured in the flux relations, where the valence of the species
determines the direction of migration. Specifically, the lithium cations (Li") are
positively charged with a valance number of 41, while the corresponding anions
(X7) are negatively charged with a valance number of -1. As a consequence, the
migration parts of j;; and jx have opposite directions

3.3.3 Interface conditions

The interface between the electrodes and the electrolyte, denoted as I, is charac-
terized by the reaction of lithium species between a neutral atomic state within the
electrode and an ionic state in the electrolyte, see Figure 6 in Paper D. Across
these boundaries, the mass flux j,, = j;; - n is assumed to be continuous, where n
is the unit normal vector pointing outward from the electrode domain. Conversely,
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the chemical and electric potentials exhibit jumps across the interface, denoted
as [ur;] and [¢], respectively. The kinetics of the interfacial mass flux are gov-
erned by the classical Butler-Volmer equation, relating the reaction rate to the
electro-chemical overpotential n as

= o () e ()]

n = Flel + [pl- (3.10b)

The exchange current density i, (c;) represents the rate of the charge-transfer reac-
tion at the respective interface. In this formulation, 7, is defined as a concentration-
dependent parameter to capture the varying reaction kinetics as a function of the
local lithium concentration in the electrode host. To ensure mass conservation at
the interface, it is assumed that no concentration accumulation occurs, such that
the normal flux is continuous over the boundary, i.e., [ji;] - m = 0. The corre-
sponding interfacial electric current density ¢,, is determined via Faraday’s law of

electrolysis as
i, = Fj,. (3.11)

Furthermore, for the case where interface charge accumulation is neglected, it is
assumed that the normal component of the electric displacement d,, is coupled to
the mass flux according to

d, =—"Fj (3.12)
K

n

where € and k represent the effective electric permittivity and ionic conductivity
of the homogenous positive electrode or carbon fibres, respectively.

3.4 Multifunctional characterization of the
structural battery full cell

The numerical framework developed in Paper D and Paper E was utilized to
investigate the multifunctional performance of the structural battery composite.
The proposed fully coupled model incorporates a significant number of material
parameters, spanning mechanical, chemical, and electrical domains. By utilizing
experimental measurements to fix well-characterized parameters, such as elastic
moduli, mobility coefficient and the exchange current density in the fibres, the re-
maining parameters were systematically calibrated against experiments. In Paper
D, this calibration was performed against experimental galvanostatic discharge
data, demonstrating that
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i

1

The model accurately captures the rate-dependent charge-rest-discharge pro-
files of the structural battery full cell. By incorporating the concentration-
dependent mobility and Butler-Volmer kinetics, the voltage drop at higher
C-rates is well predicted, as shown in Figure 3.2a.

As the result of a sensitivity study, it was concluded that the ionic conduc-
tivity of the SBE is the primary limiting factor for high-rate performance,
rather than the solid-state diffusion within the carbon fibres.

Paper E is focused on the coupling between mechanical loading and electrochemi-
cal potential. This is a defining feature of multifunctional structural batteries. Key
observations include the following

iii

iv

Both experimental measurements and numerical simulations show that ap-
plying a mechanical load to the full cell, induces a measurable change in the
open-circuit potential (OCP). Moreover, we are able to calibrate parameters
to fit the experimental data of mechanical loading induced OCP variation
well, as shown in Figure 3.2b.

The simulations confirm that this potential shift is driven by the carbon
fibres in the negative electrode, primarily through the term —c%faf : o in
Eq. (3.3b). When the carbon fibres are subjected to tensile or compressive
stress, the chemical potential of the intercalated lithium is altered, forcing a
redistribution of charge and a shift in the electric potential ¢.

The results demonstrate that the structural battery full cell can act as a
sensor, where the change in electric potential can be associated with the
mechanical strain state of the composite.

21



Chapter 3. Electro-chemo-mechanical modelling of the structural battery full cell
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Figure 3.2: a) Experimental and calibrated voltage profiles at C/10 from Paper D. b)
Experimental and calibrated voltage-strain coupling profiles from Paper E. ¢) Applied
current profile for the charge-rest-discharge cycle at C/10, applicable to the response in
(a). d) Applied force profile for the cell potential variation in (b).
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Summary of papers

Paper A

Effects of lithium insertion induced swelling of a structural battery negative elec-
trode

Carl Larsson, Fredrik Larsson, Johanna Xu, Kenneth Runesson, Leif E. Asp
Composites Science and Technology, 2023, 110299

In this paper, effects of lithiation of the carbon fibres on the mechanical prop-
erties and internal stress state of the negative electrode are studied. The method is
outlined for analysis of features such as homogenized electrode stiffness and expan-
sion, whereas the internal stress state analysis is carried out at the microscale us-
ing a synthetical representative volume element (RVE). In particular, two extreme
cases representing a fully constrained and an unconstrained electrode are consid-
ered. High internal stresses are expected for the fully constrained RVE, while lower
stresses are expected for the unconstrained RVE, where the RVE is allowed to ex-
pand freely. To properly represent geometrical change upon carbon fibre lithiation,
finite deformation kinematics is adopted and a novel approach to homogeneous
stress free expansion is presented. The numerical results show a significant differ-
ence in the computed internal stress state and homogenized tangent stiffness when
comparing the proposed finite strain model against the equivalent model using lin-
ear (small strain) kinematics. Moreover, the computed homogeneous expansion of
the negative electrode as a function of state of lithiation exhibits a trend that is
similar to what is observed from experiments.
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Paper B

Poro-mechanical analysis of a structural battery electrolyte: experimental study
and model calibration

Carl Larsson, Fredrik Larsson, Ruben Tavano, Johanna Xu, Kenneth Runesson,
Leif E. Asp

Mechanics of Materials, 2026, 105632

In this paper, the solid—fluid interaction within the structural battery electrolyte
(SBE) is addressed through the application and validation of a continuum poro-
viscoelastic model in the finite deformation setting. The model employs a Zener
type rheology with a Norton evolution law to characterize the viscous response
of the solid skeleton, which is coupled with a Darcy type seepage formulation to
describe the transport of the liquid electrolyte. To calibrate the model, uniaxial
compression tests are performed at varying strain rates on in-house manufactured
cylindrical specimens. During these experiments, radial deformations are recorded
using an optical camera, while mass measurements taken before and after com-
pression provide a quantitative basis for the liquid electrolyte seepage. The model
is further validated against independent stress relaxation tests. While discrepan-
cies remain regarding time-dependent relaxation at high strain rates, the model
successfully captures the rate-dependent stress—strain behaviour, radial extension,
and fluid mass loss, particularly under large compressive strains.

Paper C

Mechanical response of the negative electrode in structural batteries with nonuni-
form microstructure

Carl Larsson, Ramesh Talreja, Fredrik Larsson, Richa Chaudhary, Amanda Pers-
dotter, Leif E. Asp

Submitted

In this paper, the influence of manufacturing-induced nonuniform fibre distribu-
tions on the local stress state within the structural battery electrolyte (SBE) ma-
trix is investigated. As carbon fibres expand during lithiation, the resulting reduc-
tion in inter-fibre distances generates compressive stresses in the SBE matrix that
may lead to mechanical degradation. To quantify these effects, scanning electron
microscopy (SEM) images of processed battery composites are utilized to obtain
statistics on volume fraction and initial inter-fibre distances. A reconstruction pro-
cedure is employed to generate representative volume elements (RVEs), which are
subsequently used in a boundary value problem. This analysis incorporates the

24



chemical expansion of the fibres and a poro-hyper-viscoelastic constitutive model
for the SBE matrix. The results demonstrate that the extremes in local compressive
stress are higher in the non-uniform microstructures compared to a reference model
with a uniform hexagonal fibre pattern. The study thus highlights the importance
of considering microstructural nonuniformity, stemming from the manufacturing
process, when assessing the mechanical integrity and multifunctional performance
of structural batteries.

Paper D

Electro-chemo-mechanical modelling of structural battery composite full cells
Carl Larsson, Fredrik Larsson, Johanna Xu, Kenneth Runesson, Leif E. Asp
npj Computational Materials, 2025, 141

In this paper, a coupled electro-chemo-mechanical modelling framework is pro-
posed to enable the analysis of structural battery full cells. To support this frame-
work, structural battery cells were manufactured in-house, providing experimental
charge-rest—discharge voltage profiles for model calibration. A simplified contin-
uum representation of the positive electrode is adopted, where redox reactions are
represented using Butler—Volmer kinetics at the electrode interfaces. Mechanical
stresses occur due to the lithiation-induced expansion of the carbon fibres in the
negative electrode; however, the positive electrode is treated as stress-free. The
measured model parameter values are employed where available, while the remain-
ing parameters, primarily those governing the continuum positive electrode, are
determined through parameter identification. This calibration utilizes experimen-
tal data obtained at different operating rates to ensure the model’s ability to predict
transient processes. A sensitivity analysis is performed to quantify the influence of
each optimized parameter on the simulated cell voltage profiles and the associated
cost function. The results demonstrate that, despite the simplified representation
of the positive electrode, the model successfully captures the general trends of the
experimental voltage profiles across varying rates. Finally, the framework is vali-
dated against independent experimental data from a separate cell, confirming its
predictive capability for charge-rest—discharge processes.
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Paper E

Electro-chemo-mechanical coupling in structural lithium-ion batteries: Experimen-
tal findings and numerical modelling

Rauan Al-Emrani, Carl Larsson, Clara Dahlberg, Fredrik Larsson, Leif E. Asp,
Johanna Xu

Composites part B: Engineering, 2026, 113286

In this paper, the coupled electro-chemo-mechanical modelling framework is fur-
ther developed to investigate the sensing capabilities of structural battery full cells.
This work extends the previous formulation in Paper D by incorporating me-
chanical fields in all domains, allowing for the analysis of stresses in the entire cell
volume. A key aspect of this development is the extension of the swelling behaviour
and electro-chemo-mechanical coupling to the positive electrode, utilizing a homog-
enized continuum representation for a lithium iron phosphate (LFP) cathode on
aluminium foil.

To support this framework, laminated cells were manufactured in-house to pro-
vide experimental data on voltage—strain coupling. By utilizing the extended model
to interpret these results, the study identifies the carbon fibre negative electrode
as the driver of the voltage—strain response. In contrast, the particle-based pos-
itive electrode exhibits a weak coupling. These findings provide a mechanistic
understanding of interactions of mechanical stress and cell potential, and they
demonstrate the predictive capabilities of the extended multiphysics framework.
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Conclusions and outlook

The overall goal of the work presented in this thesis was to advance the understand-
ing of coupled processes and develop improved computational tools for structural
battery composites. Five sub-goals, as presented in Section 1.2 were identified, and
have been fulfilled to varying degree of success.

Sub-goal 1: Characterize the mechanical response of the structural neg-
ative electrode during lithium insertion.

The foundation for mechanical analysis of the structural negative electrode was
established in Paper A, which investigated the effects of carbon fibre lithiation
within a finite strain setting. By accounting for concentration dependent fibre mod-
uli as well as anisotropic expansion, the study characterized the evolution of internal
stresses and the homogenized tangent stiffness of the electrode during lithiation. A
central finding of this work is that the adoption of finite deformation kinematics
is essential, whereas small strain models underestimate the magnitude of internal
stresses during the lithiation process. Furthermore, a finite strain framework is nec-
essary to consistently incorporate experimental observations of carbon fibre moduli,
which were measured in the current configuration. The finite strain approach en-
ables the computation of the effective increase in stress build-up as fibres expand
within a macroscopically constrained composite. Conversely, the model predicts
the effective expansion of the composite under unconstrained conditions.

While the model successfully established the necessary kinematic framework and
quantified lithiation induced deformation in the SBE, it relied on an idealized uni-
form fibre arrangement and a simplistic material model for the SBE matrix. These
simplifications provided incentives for further mechanical characterization and mi-
crostructural investigations conducted in Papers B and C.
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Sub-goal 2: Propose and calibrate a constitutive model for the struc-
tural battery electrolyte (SBE) matrix.

This sub-goal was addressed in Paper B, which investigated the coupled solid—
fluid interaction within the structural battery electrolyte. In this work, a Zener
model was adopted for the solid skeleton, coupled with a Darcy-type seepage formu-
lation to describe the transport of the liquid electrolyte. This framework was imple-
mented within the finite deformation setting to capture the non-linear response of
the SBE under operational loads, directly addressing the lack of matrix calibration
identified in Paper A. The model was calibrated and validated against uniaxial
compression and stress relaxation experiments. These tests were performed on
in-house manufactured specimens. The experimental setup was restricted to uni-
axial compression, which is well motivated since the primary stress state generated
between fibres during expansion are of compressive nature.

With the proposed model, the rate-dependent behaviour, radial extension, and
loss of fluid mass for test samples subjected to compression loads were successfully
captured. To further refine this predictive tool, future work should focus on broad-
ening the calibration space to include more stress states. Additionally, further re-
finement of the seepage model, and viscous evolution laws in the solid skeleton, can
potentially lead to more accurate predictions of time-dependent stress relaxation,
especially at high strain rates. In addition, incorporating deformation-dependent
permeability through homogenization procedures allows for upscaling of transport
properties as the pore geometry evolves with deformation.

Sub-goal 3: Investigate the influence of microstructural non-uniformity
on the local stress fields.

The influence of nonuniformity in the fibre arrangement, inevitably arising from
the manufacturing process, was addressed in Paper C. By utilizing SEM image
informed RVE reconstructions, the study investigated how stochastic fibre arrange-
ments affect local stress variations upon carbon fibre lithiation. The stresses in
the RVE reconstructions were directly compared to those in a uniform hexagonal
array fibre arrangement. This approach addresses the idealized arrangement limi-
tation identified in Paper A by replacing idealized fibre arrangements with fibre
arrangements that reflect the physical reality of the composite.

The results of the RVE reconstructions demonstrate that local compressive stresses
are higher than those predicted by idealized models . This finding is significant, as
it proves that uniform microstructural assumptions lead to an underestimation of
internal stress peaks and, consequently, degradation risks.

While this work establishes a representation of the microstructure and the in-
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ternal stress state, future research should focus on developing a characterization
procedure for determining if, when, and how failure occurs in the inter-fibre spacing
upon carbon fibre lithiation.

Sub-goal 4: Develop a fully coupled electro-chemo-mechanical model
for a structural battery full cell.

This sub-goal was addressed in Paper D, which presents the transition to the de-
vice level through a fully coupled full cell model. To simulate galvanostatic charge-
discharge cycles, a framework was established by adopting a simplified continuum
representation for the positive electrode combined with non-linear Butler-Volmer
kinetics. This integration allowed for the simultaneous analysis of ionic transport,
chemical reactions and prediction of mechanical stresses in the negative electrode.

Through strategic calibration against experimental voltage profiles, the model
reproduces charge-rest-discharge profiles at different charge rates well. A sensitiv-
ity analysis demonstrated that the ionic conductivity of the SBE is the primary
factor that limits power performance. While the model successfully captures the
fundamental electrochemical behaviour, the representation of the positive electrode
remains rudimentary. Future work pertaining to Paper D should prioritize im-
plementing a more sophisticated model for the positive electrode and evaluating
the framework under a wider range of charge rates for further calibration and val-
idation. Additionally, suitable experimental characterization related to interface
conditions should be pursued in future work to further populate the model.

While the primary focus of this study was the electrochemical characteristics of
the structural battery full cell, the mechanical response of all constituents requires
deeper exploration. This is addressed in Paper E, where the model is extended
to include mechanical considerations for all domains, enabling the calibration and
investigation of critical multifunctional effects such as the voltage—strain coupling.

Sub-goal 5: Characterize the coupled potential-strain response (sens-
ing) in the structural battery full cell.

The two-way coupling between mechanical loading and electric potential was
explored in Paper E through an integrated experimental-computational approach.
This study was designed to experimentally characterize the voltage—strain coupling
effect in a structural battery full cell. By extending the electro-chemo-mechanical
modelling framework in Paper D to include mechanical fields in all domains, we
identified that the carbon fibre negative electrode is the primary contributor to
the experimentally observed potential shifts. This finding provides evidence that
the carbon fibres in the structural negative electrode possess an inherent sensing
functionality. Moreover, we were able to calibrate the model parameters to fit the
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observed voltage-strain behaviour very well.

The experimental evidence gathered here validates the multifunctional nature of
the full cell. However, the tests were conducted in a discharged state, where the
majority of the lithium remained hosted in the positive electrode. A progression
of this study would be to characterize the voltage—strain coupling across different
states of lithiation to determine how the voltage-strain coupling sensitivity evolves
with state of charge. From a modelling perspective, there is a clear path toward up-
scaling this micro-level framework to the laminate scale to investigate the effective
coupling in a composite, with varied stacking orientations of structural battery
laminates. Finally, implementing this fully coupled model within a finite defor-
mation setting would allow for the integration of the fibre and SBE constitutive
models from Papers A and B. This unification would enable studies on the effect
of inhomogeneous lithiation of carbon fibres on the stresses in the SBE.
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