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 A B S T R A C T

The mechanical response of battery cells plays a vital role in design of electric vehicles e.g., when evaluating 
their crashworthiness or studying the effects of cell swelling during operation. In this paper, we present a 
multiscale modeling framework for predicting the mechanical response of battery cell components at different 
length scales. Two design optimization loops for calibrating material model parameters are established. First, 
the effective mechanical response of the binder-conductive additive-electrolyte material phase inside the 
electrodes is estimated by performing homogenization of microscale Representative Volume Elements (RVEs), 
while utilizing experimental data for the effective electrode layer and data for the electrode particles from 
literature. Secondly, the effective response of the jellyroll is estimated by creating an RVE of the electrodes-
separator stack and perform homogenization, while utilizing experimental data for the individual layers. 
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Close agreement between numerical and experimental results are found for a jellyroll sample and a complete 
prismatic battery cell exposed to mechanical impact loading. By separating the length scales, and utilizing 
homogenization and calibration schemes, it is possible to estimate the mechanical response of the various 
material phases at the different length scales. This enables improved understanding of how battery cells behave 
under mechanical loads.
1. Introduction

The demand for electric vehicles (EVs) has increased in recent years 
with amplified restrictions on CO2 emissions. In a foreseeable future, 
Li-ion batteries is the dominating solution for energy storage in EVs. In 
such application, the mechanical response of the battery cells plays an 
important role in the design of the battery pack. For example, it is a 
critical design parameter when evaluating the crashworthiness of the 
vehicle or when studying effects of cell swelling in a partly constrained 
environment during operation.

Battery cells come in different shapes and sizes, or so-called form 
factors (Fig.  1a). Moreover, the geometric features of the electrode 
configuration (or the so-called jellyroll) vary depending on the battery 
design (Fig.  1b–c). The relevant length scales for the jellyroll structure 
are: (i) Microscale (or layer level); (ii) Mesoscale (or stack level); 
(iii) Macroscale (or cell level), illustrated in Fig.  1d. The mechanical 
response of Li-ion batteries is known to be highly affected by a range 
of factors e.g., geometric features, material constituents and operating 
conditions (e.g., temperature) [1]. Additionally, the effective response 
depends on the mechanical loading conditions, or relative speed of the 
applied external mechanical force (due to its complex material compo-
sition being a combination of solid and liquid phases). Hence, given 
its complex geometric and microstructural configuration, estimating 
the mechanical response of Li-ion batteries becomes a non-trivial task 
involving several length and time scales.

In terms of EV application, two aspects have enforced this work: (i) 
Minimizing the risk for Internal Short-Circuit (ISC) caused by mechan-
ical abuse [2,3]; (b) Estimating (and designing for) mechanical forces 
developed as a consequence of cell swelling, during operation [4–6]. It 
is noted that the aforementioned aspect is a highly complex phenomena 
which may lead to thermal events/runaway [3], and can originate from 
a variety of factors e.g., mechanical deformation (crushing or pene-
tration), improper charging conditions (over-charge or over-discharge), 
or elevated temperatures, cf. Zhang et al. [7]. The relevant time scale 
for the load application associated with the two scenarios previously 
mentioned, deviate significantly. In terms of mechanical abuse during 
a crash event, the impact occurs over a very short time span (typically 
milliseconds). For the case of cell swelling on the other hand, the forces 
introduced by the constrained expansion of the cells evolve over the life 
time of the battery. For instance, Cao et al. [5] conducted cell swelling 
simulations using material data obtained from quasi-static experiments. 
Hence, the mechanical response of the cells during the two loading 
scenarios correspond to two different cases: dynamic (or high-velocity) 
impact, and quasi-static (or slow impact).

Over the last decade, several modeling approaches for estimating 
the mechanical response of Li-ion batteries have been proposed in the 
literature (see e.g. review papers on the subject [1,8]). Back in 2012 
Sahraei et al. [9–11] proposed methods for estimating the mechanical 
response of Li-ion battery cells using homogenization, while attempt-
ing to predict failure associated with ISC due to mechanical impact 
loading. During the same time, Greve and Fehrenbach [12] established 
a macro-mechanical finite element (FE) based methodology to study 
crash simulation models for a cylindrical cell under quasi-static impact 
loading. In the work by Breitfuss et al. [13] the year after, all layers 
and their interactions were modeled for a pouch cell under quasi-static 
loading, and numerical and experimental results were compared. Since 
then, a lot of different modeling and experimental strategies have been 
proposed. For example, various cell form factors, e.g. cylindrical [14,
2 
15], prismatic [16,17], and pouch cells [18,19], have been studied 
in terms of their mechanical response. Moreover, different modeling 
strategies, accounting for operational conditions or mechanical loading 
rate have been proposed in the literature. For example, the effect of the 
state of charge (SOC) on the mechanical response of Li-ion batteries, 
accounting for the volume expansion of the cells, has been evaluated 
by Gilaki and Sahraei [20]. Moreover, Xu et al. [14] have developed 
a computational model of a 18650 Li-ion battery with coupled strain 
rate and SOC dependencies. Additionally, modeling strategies relevant 
for battery stacks (for modules or packs level) have been proposed, see 
e.g. [4,21,22].

Various strategies for predicting ISC due to mechanical abuse have 
been proposed in the literature. For example, Chung et al. [18] studied 
failure of Li-ion batteries due to mechanical impact loading and pro-
posed a Mohr–Coulomb based fracture criterion to predict failure (lead-
ing to ISC). Song et al. [23] recently proposed a more comprehensive 
ISC failure model entitled the Sahraei Failure Criterion which was devel-
oped from simulations of the microstructure of the electrodes-separator 
assembly.

Further, different experimental campaigns have been performed 
to study how Li-ion batteries respond to mechanical impact loading 
(recently also considering other battery cell chemistries e.g., Sodium-
ion [24]). For example, Kalnaus et al. [25] have performed an ex-
perimental campaign (testing more than one hundred large format 
automotive pouch cells) under various impact velocities. Keshavarzi 
et al. [19] have performed in-situ characterization of material proper-
ties of pouch Li-ion batteries in tension from three-point bending tests. 
In terms of aged battery cells, Sprenger et al. [26] have studied the 
mechanical response of electrically cycled batteries from an EV battery 
module to investigate the influence of electrical aging and SOC on 
the mechanical and crash behavior of Li-ion batteries. Moreover, Jia 
et al. [27] have done a comprehensive review on the safety aspects of 
aged versus fresh battery cells exposed to mechanical abusive loadings. 
These experimental campaigns provide important understanding of the 
effective response of the cells. However, they lack information on how 
the various components and materials within the battery cell respond 
to the mechanical loads. To address this limitation, various papers have 
studied single component (or layer) properties of battery cells. For ex-
ample, Cannarella et al. [28] have studied the mechanical properties of 
battery separators under compression and tension, and Gupta et al. [29] 
have measured how the mechanical (as well as certain electrical) 
properties of individual electrode layers are affected by electrochemical 
aging. Given the complexity of the length scales and material compo-
sitions involved, experimental testing to extract mechanical properties 
of the different materials inside battery cells becomes a highly non-
trivial task. In particular, measuring mechanical properties of complex 
composite materials such as the binder-conductive additive-electrolyte 
phase poses significant difficulties. Iyer et al. [30] have measured 
mechanical properties of a polymer binder and the binder-particle 
interface using micromechanical testing. Even though these test meth-
ods are promising, they pose several challenges when it comes to 
e.g., estimate the effective response of binder-electrolyte composite 
inside the electrodes. Hence, virtual methods can provide a useful tool 
for assisting these experiments, identifying additional relations based 
on available data. Finally, even though a lot of work has been done 
within the field, there is still no consensus or standards for modeling 
or experimental procedures for evaluating the mechanical response of 
battery cells. For example, Zhu [31] has done an extensive review of 
various modeling techniques and mechanical testing procedures which 
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Fig. 1. (a) Examples of different battery form factors. (b) Different electrode configurations (jellyroll). (c) Cross-section of the electrodes-separator stack. (d) The 
studied length scales for the jellyroll structure. From left to right: (i) Microscale (or layer level); (ii) Mesoscale (or stack level); (iii) Macroscale (or cell level). The 
porous binder-conductive additive-electrolyte system at the microscale (here referred to as matrix), is treated as one medium with effective isotropic properties. 
At the mesoscale, all layers are treated as single-phase (homogeneous) mediums with effective properties, while effective (transversely isotropic) properties are 
assigned to the jellyroll at the macroscale.
revealed that although many methods exists, the results are often only 
valid in a narrow stress state, and thus cannot be used to validate one 
another.

For the transition between the meso- and macroscale (Fig.  1d), there 
are in general two different modeling approaches in the literature: 
(i) Detailed models, resolving each individual layer inside the battery 
cell; (ii) Homogenization strategies, estimating the effective response 
of the jellyroll utilizing Representative Volume Elements (RVEs). In 
terms of the former option, various authors have developed detailed 
models to simulate the mechanical response of battery cells under 
mechanical impact loading, see e.g., [15,32]. Spielbauer et al. [15] 
developed a discrete layered FE-model that can represent the internal 
stress and deformation of a battery cell. In this work, the authors 
also address various obstacles in material parameter measurements, 
meshing and convergence, and validation to enable future improve-
ment of such models. Kulkarni et al. [33] have evaluated different FE 
modeling approaches including heterogeneous, homogeneous, hybrid 
and sandwich methods in terms of their suitability to simulate a real 
mechanical safety test procedures on battery cells under spherical 
indentation test on a sample pouch cell. Moreover, Sahraei et al. [16] 
have conducted a comprehensive study to estimate the mechanical 
response of Li ion prismatic battery cells, using a homogenization and 
failure calibration method. The same group has also developed a two-
dimensional mesoscale-model (or RVE) of the cell stack and studied the 
sequence of failure in layers under complex loading scenarios [34]. Ad-
ditionally, in-plane buckling and failure mechanism investigations have 
been performed using different RVEs, see e.g. [34,35]. Further, Gupta 
and Gudmundson [17,36] have developed a multiscale homogenization 
methodology that couples mechanics and electrochemistry on the meso- 
and macroscale. In these studies, RVEs for the electrodes-separator 
stack were used to process the transition between the layer/stack 
(mesoscale) and the battery cell level (macroscale).

In terms of the microstructural response, there are various studies 
and approaches for bridging the micro- and mesoscales (Fig.  1d). For 
3 
example, Foster et al. [37] have developed a continuum mechan-
ical model that resolves the individual active material particles of 
a Nickel Manganese Cobalt-oxide (NMC) cathode, and predicts the 
mechanical response of the cathode coating as a whole, with a de-
tailed description of the electrode material configuration. Moreover, 
Ucel and Gudmundson [38] utilized a statistical RVE model for esti-
mating effective mechanical properties and contact forces in battery 
electrode layers. Additionally, analytical and numerical methods have 
been proposed in the literature (see e.g. [39,40]) for estimating the 
effective stiffness of battery electrodes. Finally, various calibration 
schemes have been utilized or proposed in the literature. For example, 
Schmid et al. [41] recently proposed a calibration procedure based on 
a meta-model, while employing Proper Generalized Decomposition.

Modeling strategies proposed in the literature typically consider 
one scale transition. Moreover, analyses often rely on uncertain mate-
rial data (e.g. the binder-conductive additive-electrolyte phase), which 
must be retrieved through complex experimental methods, cf. [30]. 
Furthermore, model calibration to estimate the effective response of 
the jellyroll inside the battery cell is often performed without proper 
initialization, ensuring a rational initial guess minimizing the risk for 
ending up with a non-physical calibrated material model (the risk 
increases significantly with increased complexity of the selected ma-
terial model). Information on the execution and methodology behind 
said calibration routine is also often limited. To summarize, although 
extensive work has been done in the field to date, methods for sys-
tematically bridging all three (relevant) length scales: micro-, meso- 
and macroscale (utilizing homogenization and calibration schemes) to 
estimate the mechanical response of the various material phases (at the 
different scales), are lacking.

In this paper, we have developed a multiscale modeling framework 
for estimating the mechanical response of the material phases (at the 
different length scales) in Li-ion batteries by calibrating the macro-
scopic response in terms of its micro-structural properties. The model 
framework is set up at three length scales: (i) Microscale; (ii) Mesoscale; 
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(iii) Macroscale (Fig.  1d). Further, two design optimization loops for 
calibrating material model parameters are set up and performed. In the 
first design loop we back-calculate the effective response of the binder-
conductive additive-electrolyte matrix by performing homogenization 
of microscale RVEs for the individual electrode layers, while utilizing 
experimental data for the electrode layer and the electrode particles 
(available in literature). As the second step, we create an RVE of the 
electrodes-separator stack and perform homogenization to retrieve the 
effective properties of the jellyroll of the cell. In both cases, the effective 
response is retrieved via homogenization, while calibration is used to 
estimate the model parameters for the selected constitutive models 
based on experimental data. By combining the different models, it is 
possible to move between length scales to identify unknown parameters 
or calibrate model parameters in a systematic manner. This framework 
also provides the basis for adding additional physical aspects in future 
work. A systematic framework for this purpose is to the authors’ 
knowledge, not available in the literature to date.

2. Multiscale modeling scheme for the battery cell

In addition to the jellyroll, the battery cell contains several different 
components e.g., protective casing, terminals, support and protective 
structure like vents and gaskets, etc. In this work, we focus on the 
multiscale structure of the jellyroll. The cell casing is included in the 
macroscale model of the complete battery assembly (used for final 
validation) and is treated as homogeneous metal. Additional support 
structure such as tabs, terminals, and vent are not included for sim-
plicity. Further, in the final validation step (simulating the complete 
battery cell), we study a prismatic cell design. It should be noted that 
the general formulation developed in this work is not limited to this 
particular form factor.

2.1. Multiscale jellyroll design

The jellyroll is often referred to as the (electrochemically) active 
part of the battery cell, as it facilitates the energy storage capabil-
ity. The roll, or electrode stack, basically consists of a multilayered 
structure, comprising of two electrodes (cathode and anode), metallic 
current collectors (copper for anode and aluminium for cathode), and 
a porous separator layer, typically made from polymers (Fig.  1c). The 
electrode coatings and separator are porous structures saturated with 
a liquid electrolyte. Hence, multiple material phases are present at 
various length scales which showcase the complexity of estimating the 
structural response of the material with respect to mechanical loads. In 
this work, we study the multiscale structure of the jellyroll in terms of 
the three length (and modeling) scales illustrated in Fig.  1d.

2.1.1. Microscale
At the microscale, the complexity of varying scales and combination 

of materials are particularly relevant for the three phases: (i) the anode 
electrode coating layer, (ii) the cathode electrode coating layer, and 
(iii) the separator layer. The electrode coatings consist of electrode 
particles embedded in a porous polymer network (containing electron 
conductive additives), saturated with an (ion-conductive) liquid elec-
trolyte. The saturated polymer system is here referred to as the binder-
conductive additive-electrolyte matrix. The separator is highly porous 
and is typically made up by a polymer solid skeleton (e.g., polypropy-
lene or polyethylene, often with a thin ceramic-based coating) saturated 
with liquid electrolyte. At the microscale, we treat the porous binder-
conductive additive-electrolyte system as one medium with effective 
(matrix) properties. This simplification is motivated by the complexity 
of the binder system, and allows us to estimate an effective response of 
the matrix. Moreover, we treat the particles as a second (homogeneous) 
material phase in the electrode layers. The RVE for the electrode layers 
at this scale is shown in Fig.  1d. The RVE structures are generated as 
described in Section 3.2.1 RVE generation. For the separator, we treat 
the porous polymer network-electrolyte system a homogeneous (single-
phase) medium with effective properties. Hence, no RVEs are created 
for the separator or the current collectors at this scale.
4 
2.1.2. Mesoscale (electrodes-separator stack)
The mesoscale is modeled using an RVE of the electrodes-separator 

stack (Fig.  1d). The interfaces between the layers are treated as fully 
adhered i.e., the displacement field is continuous across the interfaces. 
This assumption is motivated by the fact that many battery designs 
to date utilize heat treatment to adhere the separator to the adjacent 
electrodes, enabling load transfer between the layers. At this scale, 
all layers are treated as homogeneous (single-phase) mediums with 
effective properties.

2.1.3. Macroscale (jellyroll)
The final level is the macroscale. This corresponds to the scale at 

which we assign effective properties of the jellyroll based on homog-
enization of the stack RVE at the mesoscale. We note that there are 
several modeling options at this scale e.g., the geometric representation 
of the jellyroll, element size and formulation, etc. In this paper, we 
study jellyrolls with prismatic winding electrode configuration and 
utilized the element size and split shown in Fig.  1d.

2.2. The three-scale problem

At each length scale we define, or select, a material model 𝑀 𝑖
𝑗

for each constituent/layer as illustrated in Fig.  2a, where 𝑖 denotes 
the length scale and 𝑗 denotes the individual constituent (or material 
phase) at the corresponding scale. For each length scale, it is possible 
to input experimental test data (here referred to as 𝑇𝐸𝑆𝑇 ) which 
can be used to calibrate the model parameters for the individual 
constituents/layers or the effective properties of effective medium.

2.2.1. Quasi-static loading conditions
In this paper, we study the mechanical response under quasi-static 

loading conditions. We note that while these assumptions might be in-
accurate in the case of dynamic (or high velocity) impact scenarios, this 
simplification is considered reasonable for many scenarios relevant for 
EV design. For example, such loading conditions are used for calibrat-
ing material response for battery cell swelling simulations (see e.g. [5]). 
In operational contexts, e.g., considering electrochemical–mechanical 
interactions under constrained cell swelling [42], the quasi-static re-
sponse offers essential input for modeling how cells deform under 
slow, progressive loads. This supports multiphysics simulations that 
couple mechanical and electrochemical behavior (see e.g., [36,43]), 
enabling the interplay between mechanical constraints and electro-
chemical performance to be studied. Moreover, for early estimations 
of the mechanical response of batteries (in terms of mechanical impact 
loading) for battery pack designs and crashworthiness evaluation, the 
quasi-static loading scenario provides a favorable (repeatable) baseline 
for calibrating material model parameters before incorporating tran-
sient effects (strain-rate dependency). This baseline calibration ensures 
that any deviations observed under dynamic conditions are attributed 
to strain rate effects rather than inaccuracies in the base model as well 
as reduces the risk for overfitting [44].

3. Homogenization and calibration at the different length scales

In this section, we outline the homogenization and calibration 
schemes used to move between the length scales and calibrate model 
parameters for the selected constitutive models, respectively. In this 
study, we rely on the assumption of small strains. This choice is mo-
tivated by the computational cost of large scale models typically used 
in the EV design workflow. However, we allow for large deformations 
(separating deformation and rigid body displacements) by utilizing 
the co-rotational element formulations in the commercial software LS-
Dyna. Specifically, the co-rotational formulation is used for the shell 
elements in the models, for which the total nodal motion is split into a 
large rigid body translation and a rotation. The small local deformation 
of the element is evaluated in a co-rotational frame, enabling linearized 
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Fig. 2. (a) The material models are denoted 𝑀 𝑖
𝑗 , where 𝑖 and 𝑗 denotes the length scale and constituent at the corresponding scale, respectively. Experimental 

test data are referred to as 𝑇𝐸𝑆𝑇  and can be input at each length scale. Homogenization is used to derive the effective properties for the heterogeneous 
medium, allowing us to move between the length scales (illustrated with the arrows). Material models and load cases used for the virtual testing: (b) Microscale 
(particle-electrode matrix) RVE; (c) Mesoscale (electrodes-separator stack) RVE. For the mesoscale, six load cases are simulated (transversely isotropic response). 
The 𝑥-axis is defined in the out-of-plane direction, while the y–z plane corresponds to in-plane.
strain computation with lower computational cost and enhanced stabil-
ity. In LS-Dyna, the co-rotating frame updates every timestep, evaluate 
local element stiffness and forces in the local frame, and transform them 
back to global coordinates. This enables accurate and stable modeling 
of large rigid motions with moderate local deformations, making them 
especially effective for predicting complex crash behavior like buck-
ling or folding of thin-walled structures. For the solid elements, the 
large deformations are instead handled using a fully nonlinear updated 
Lagrangian formulation without motion decomposition. For both the 
implicit and explicit analysis, we use fully integrated 8 nodal hexahe-
dral solid elements (intended for poor aspect ratios and referenced as 
ELFORM = −2 in the LS-Dyna manual [45]) which alleviate transverse 
shear locking by modifying the jacobian matrix in such a way that 
the spurious stiffness is reduced [46]. This allows the solids to capture 
severe distortions or crushing. Hence, this combination of elements is 
therefore well suited for computationally efficient large scale crash or 
impact simulation models, where large deformations are expected. For 
more information on the implementation of these elements, we refer to 
the LS-Dyna manual [45].
5 
3.1. Homogenization

Homogenization (or virtual testing) is used to replace the hetero-
geneous medium with an equivalent homogeneous one. The goal is to 
derive the effective properties for a heterogeneous medium that allow 
bridging between the different length scales (cf. Fig.  2a).

In terms of mechanical response, the microscopic stress must satisfy 
the equilibrium equation (balance of linear momentum) in the RVE, 
which in the absence of body forces, is defined as 

−𝝈 ⋅ ∇ = 0 (1)

where 𝝈 is the (small strain) stress tensor at the heterogeneous scale. 
The stress–strain relation (or constitutive model) at the microscale is 
defined as 
𝝈 = 𝝈(𝜺, 𝒒) (2)

where 𝜺 = 1
2 [𝐮 ⊗ ∇]sym is the (microscopic) strain tensor (defined in 

terms of the displacement field 𝐮), and 𝒒 denotes a set of internal 
variables such as, e.g., inelastic strains or hardening variables, that need 
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to be solved from accompanying constitutive evolution models. The 
effective macroscopic stress 𝝈̄ and strain 𝜺̄ are derived as the volume 
averages of their microscopic counterparts1

𝝈̄ = ⟨𝝈⟩ = 1
|𝛺□|

∫𝛺□

𝝈 d𝛺 (3)

𝜺̄ = ⟨𝜺⟩ = 1
|𝛺□|

∫𝛺□

𝜺d𝛺 (4)

where ⟨⋅⟩ denotes the volume average and 𝛺□ denotes the RVE volume. 
The stress–strain relation at the macroscale can now be defined as 
𝝈̄ = 𝝈̄(𝜺̄) (5)

which is implicit in the sense that its evaluation requires the solution 
of a boundary value problem on the RVE. In the special case of linear 
elasticity, the microscale constitutive model and the corresponding 
macroscale (effective) model reads 
Microscale: 𝝈 = E ∶ 𝜺, Macroscale: 𝝈̄ = Ē ∶ 𝜺̄ (6)

where E and Ē are the fourth-order stiffness tensor at the microscale 
and (the corresponding effective counterpart) at the macroscale, respec-
tively. The coefficients in Ē can be determined by solving for six unit 
strain load cases on the RVE, see [47]. In this work, we seek to move 
between the involved length scales by deriving, or back-calculating, 
material model coefficients representing these relations.

3.2. Representative Volume Element (RVE)

The RVE is used to estimate effective/representative values of the 
physical properties for the larger domain. In this study, we utilize 
two RVEs at the length scales: micro- and mesoscale, shown in Fig.  2. 
Periodic boundary conditions are used for the microscale and mesoscale 
RVEs, using the built-in RVE tool in LS-Dyna (Keyword: *RVE_ANALY-
SIS_FEM [48]). To estimate the effective quantities in Eqs. (3) and (4) 
(in terms of the assumed properties of the microscale phases) a set of 
deformation modes, representing the various strain states, are applied 
(cf. Fig.  2b–c).

3.2.1. RVE generation
Two types of RVE structures are generated at the two length scales: 

micro- and mesoscale. At the microscale, the RVE structures (repre-
senting the electrode layers) are generated using the RVE generation 
tool available in the commercial software ANSA pre-processor. The 
RVE corresponds to a cube with equal side lengths (𝑙RVE). This length 
is first defined, followed by setting the particle inclusion radius (𝑟p) 
and its aspect ratio (circular), as well as parameters related to the 
inclusion generator (e.g. minimum distance between inclusions, max-
imum number iterations, etc.). It is possible to generate inclusions 
with various sizes and shapes. For simplicity, same size circular in-
clusions are used in this study. The material model parameters are 
assigned to the phases once the RVE is generated. To enable periodic 
boundary conditions, periodicity is enforced by adding constrains to 
the RVE generator on conformable mesh. It is worth noting that the 
RVE generator also asks for target mesh size (chosen to accurately 
resolve the particle-matrix geometry) and outputs a meshed geometry 
with tetrahedral solid elements. Due to known limitations of tetrahe-
dral elements in large deformation problems, we split the tetrahedral 
elements into hexahedral elements after the RVE is generated (with 
a built in function in ANSA). At the mesoscale, the RVE structures 
(representing the electrode stacks) are generated by creating cubes 
with equal side lengths, corresponding to the total thickness of the 
electrode stack. The cube is then split into segments, representing the 
different layers (electrodes, separator, collectors), and meshed with 

1 We note that appropriate boundary conditions must be applied at the RVE 
level for Eq. (4) to hold.
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hexahedral solid elements. Finally, we note that the selected RVEs at 
the microscale represent a perfectly periodic microstructure. If we were 
to model a specific material, the statistical representation (particle size 
distribution, clustering, etc.) would affect the required RVE size. At the 
mesoscale, the RVE can be considered perfectly period in the through 
thickness direction and the response is insensitive to the in-plane RVE 
size.

3.3. Material model: Elasto-plastic (small strain setting)

The material models used for the various constituents and compo-
nents (at the different length scales) are listed in Table  1. We note 
that the model parameters are either based on data from the literature 
directly (e.g. properties for the anode and cathode particles) or esti-
mated/calibrated based on experimental data (e.g. anode and cathode 
coating layers). The utilized constitutive models are: Linear elastic 
(*MAT_001); Elastic-Piecewise linear plasticity (*MAT_024), Uncoupled 
crushable foam (*MAT_063), and Transversely isotropic crushable foam 
(*MAT_142), where *MAT refers to the specific material card in the 
LS-Dyna library [49]. The material model is linked to the assumed 
constitutive relation between the stress and strain.

The constitutive relation for the linear elastic material model
(*MAT_001) is defined according to the well known Hooke’s law, cf. 
Eq. (6) for the microscale problem. In Eq. (6), E is the fourth-order 
elasticity tensor, typically expressed in terms of Young’s modulus 𝐸
and Poisson’s ratio 𝜈 for isotropic materials. In the case of anisotropic 
response, the elasticity tensor is described in terms of its directional 
properties. From mechanical testing on battery cell components (under 
various loading conditions), see e.g. [15,16], it is clear that the stress–
strain relation is non-linear already for small strains. To capture such 
behavior within the regime of small strain settings, a simple option is 
to use elasto-plastic models. To introduce plasticity for small strains, 
the strain tensor is additively decomposed into elastic and plastic parts
𝜺 = 𝜺e + 𝜺p. (7)

The constitutive (material) relation can now be expressed as 
𝝈 = E ∶ [𝜺 − 𝜺p]. (8)

Next, a yield criterion in terms of yield stress 𝜎𝑦 and a hardening be-
havior is introduced. For the utilized Elastic-Piecewise linear plasticity 
model in LS-Dyna (*MAT_024), the yield function is based on the von 
Mises stress 
𝑓 (𝝈) = 𝜎eq − 𝜎𝑦(𝜖𝑝) (9)

where 𝜎eq =
√

3
2 𝒔 ∶ 𝒔 is the equivalent von Mises stress, for 𝒔 =

𝝈− 1
3 tr(𝝈)𝑰 being the deviatoric stress tensor, and 𝜖𝑝 = ∫ 𝑡0

√

2
3 𝝐̇

𝑝 ∶ 𝝐̇𝑝 d𝑡
is the equivalent plastic strain, defined in terms of the plastic strain 
rate 𝝐̇𝑝. Thereby, we assume isotropic hardening. Moreover, 𝜎𝑦(𝜖𝑝) is 
a piecewise linear function discretized at 𝜎𝑦(𝜖𝑝𝑛) for 𝑛 = 0, 1, 2,…. The 
plastic response is basically defined in terms of parametric points of 
[𝜎𝑦(𝜖

𝑝
𝑛), 𝜖

𝑝
𝑛], corresponding to the equivalent plastic strain versus yield 

stress (handled as a Load curve in LS-Dyna). The behavior is the same 
for compression and tension.

In terms of the crushable foam model (*MAT_63), the plasticity 
relation is modified to account for the highly compressible behavior 
typical of foams. During compression the foam compacts which leads 
to a rapid increase in stiffness with high volumetric stain. To capture 
this behavior, a nonlinear relationship between hydrostatic stress and 
volumetric strain is introduced. Compared with the Piecewise linear 
plastic model, we introduce a hydrostatic pressure dependent yield 
function defined as 
𝑓 (𝝈) = 𝑝 − 𝑝𝑦(𝜀𝑣) (10)

where 𝑝 = 1
3 tr(𝝈) is the mean (hydrostatic) stress, 𝑝𝑦(𝜀𝑣) is the yield 

function defining the yield surface in terms of volumetric strain 𝜀 =
𝑣
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Table 1
List of material models used for the various components, at the different length scales. The material parameters for the Binder-
conductive additive(CA)-Electrolyte matrix (microscale) and the jellyroll (macroscale) are considered unknown and are identified 
via combining homogenization and calibration.
 Material Length scale Material model Calibrated Reference 
 Cathode particle (𝑀1

1 ) Micro Linear elastic (*MAT_001) No [50]  
 Anode particle (𝑀1

3 ) Micro Linear elastic (*MAT_001) No [50]  
 Binder-CA-Electrolyte (𝑀1

2 , 𝑀1
4 ) Micro Uncoupled crushable foam 

(*MAT_063)
Yes –  

 Al collector (𝑀2
1 ) Meso Piecewise linear plasticity 

(*MAT_024)
Yes [15]  

 Cathode coating layer (𝑀2
2 ) Meso Uncoupled crushable foam 

(*MAT_063)
Yes [15]  

 Separator layer (𝑀2
3 ) Meso Uncoupled crushable foam 

(*MAT_063)
Yes [15]  

 Anode coating layer (𝑀2
4 ) Meso Uncoupled crushable foam 

(*MAT_063)
Yes [15]  

 Cu collector (𝑀2
5 ) Meso Piecewise linear plasticity 

(*MAT_024)
Yes [15]  

 Jellyroll (𝑀3
1 ) Macro Transversely isotropic crushable 

foam (*MAT_142)
Yes –  

 Casing Macro Piecewise linear plasticity 
(*MAT_024)

No –  
tr(𝜺). For this model, the hardening rule is defined in terms of 𝑝𝑦(𝜀𝑣). In 
this study, we apply the corresponding (parametrized) piecewise linear 
function in terms of parametric points of [𝑝𝑦(𝜀𝑣,𝑛), 𝜀𝑣,𝑛], corresponding 
to the volumetric strain versus yield stress. Unloading is fully elastic 
and in tension, the behavior is treated as elastic-perfectly-plastic with 
the transition denoted as the tensile stress cutoff (𝜎𝑇 ).

3.4. Calibration

To calibrate the parameters of the constitutive models 𝑀 𝑖
𝑗 in terms 

of relevant experimental test data TEST, two design optimization loops 
are set up in the commercial software LS-OPT [51] (Fig.  3).

For design optimization loop 1, we calibrate the parameters of the 
constitutive model for the binder-conductive additive-electrolyte ma-
trix (𝑀1

2 , 𝑀1
4 ) by performing virtual testing on the microscale RVE 

(homogenization) and compare the computed response versus experi-
mental data for the electrode layer (mesoscale). In this loop, we assume 
that the properties of the electrode particles are known and utilize 
experimental data from the literature for these constituents [50].

For design optimization loop 2, we calibrate the parameters of the 
constitutive model for the jellyroll (𝑀3

1 ). The optimization loop con-
sists of two steps. The first step corresponds to the initialization step. 
To get an initial guess for the effective properties of the jellyroll, 
prior to the final calibration, we utilize the mesoscale RVE of the 
electrodes-separator stack. We start by calibrating the parameters for 
the constitutive models of the individual layers (𝑀2

𝑗 ) versus exper-
imental data at the corresponding scale. Once the parameters are 
identified, we perform homogenization to retrieve the effective prop-
erties of the jellyroll based on the mesoscale RVE. Next, we perform 
the final calibration step, where we calibrate the model parameters 
for the jellyroll using the impact simulation model. As initial guess 
to the calibration loop, we utilize the estimated parameters for the 
jellyroll from the RVE simulations. The impact simulation model is 
then imported to the calibration framework in LS-OPT ([51]) together 
with experimental data (of measured impactor displacement and force 
exerted on the impactor). We can now execute the calibration loop 
to identify material model parameters of the jellyroll for which the 
numerical and experimental estimates of the force versus displacement 
of the impactor are as similar as possible.

In terms of the optimization routine, the design variables are the 
𝑛 unknown model parameters for the evaluated constitutive models 
denoted as 𝝍 = [𝜓1, 𝜓2,… , 𝜓𝑛]. Further, design constraints are placed 
on the design variables 𝝍 to limit the design space. The correlation is 
done by ordinate-based curve matching using the Mean Square Error 
(MSE) of the difference between the computed effective macroscopic 
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stress–strain data (𝝈̄, 𝜺̄) and the imported (corresponding) test data 
curve. The optimization problem is defined as follows 

min

(

1
𝑁

𝑁
∑

𝑛=1
𝑊𝑛

(

𝑔𝑛(𝝍) − 𝐺𝑛
𝑠𝑛

)2
)

(11)

In Eq. (11), 𝑔𝑛(𝝍) is the simulated response at 𝜀̄𝑛 for given parameters 
𝜓 , and 𝐺𝑛 corresponds to the experimental value at point 𝜀̄𝑛, 𝑁 is 
the total number of points (where the MSE is computed), and 𝑊𝑛
and 𝑠𝑛 are the weights (applied to the squared error) and scaling 
factor, respectively. Hence, we seek to identify the unknown model 
parameters 𝝍 which minimize the given objective function (within the 
considered design space). The optimization is performed utilizing a 
linear polynomial response surface (with D-Optimal point selection) 
in accordance with the Sequential Response Surface Method (SRSM) 
available in the LS-OPT suite [51].

4. Results and discussion

4.1. The micro- to mesoscale problem

We start by simulating the RVE problem at the microscale (Fig.  4a). 
For these simulations, the implicit solver in LS-Dyna is used [45]. Model 
parameters used as input for the microscale RVE model are summarized 
in Table  2. The output of the RVE model from the simulated RVE 
load cases are the average stress–strain response of the particle-matrix 
composite in the different directions. The evaluated load cases are 
uniform compression and tension (displacement applied along one side, 
while periodic boundary conditions are used for the remaining faces). 
These load cases are assumed to correspond to the loading conditions 
for the imported experimental data (from [15,52]) shown in Fig.  4b. 
The properties of the particles are assumed to be known linear elastic 
and are based on the work by Qi et al. [50], listed in Table  3. Further, 
the volume fractions of particles in the two electrodes are assumed to be 
0.33, for simplicity. We note that commercial electrodes typically have 
particles of varying size and volume fractions. However, in this work 
we simplify to same-size particles. The anode and cathode particles are 
assumed to be graphite and Lithium Cobalt Oxide (LCO), respectively. 
For the effective response of the anode and cathode coating layers we 
utilize experimental data from the work by Speilbauer et al. [15] and Ji 
et al. [52], respectively (shown in Fig.  4b). In terms of material model 
for the matrix, we use the Uncoupled crushable foam (*MAT_063) 
and assume a Poisson’s ratio of 0.01 (Table  3). The unknown design 
variables (𝜓𝑖) for the calibration loop correspond to the remaining 
model parameters for the matrix: 𝐸 , 𝜎𝑇 , and the hardening curve 
𝑚 𝑚
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Fig. 3. Calibration procedures to estimate parameters of the constitutive models 𝑀 𝑖
𝑗 in terms on relevant experimental test data TEST. (a) Design optimization 

loop 1: Calibrate the material model parameters of the binder-conductive additive-electrolyte matrix (micro- and mesoscale). (b) Design optimization loop 2: 
Calibrate the material model parameters of the individual layers and perform homogenization to retrieve the effective properties of the jellyroll (meso- and 
macroscale).
𝑝𝑦,𝑚(𝜀𝑣) (cf. Table  2). The hardening curve is defined in terms of four 
predefined volumetric strain levels: 𝜀𝑣 = 0,−0.05,−0.1,−0.15, for which 
we seek the corresponding yield stress values: 𝑝𝑦,𝑚(𝜀𝑣 = 0), 𝑝𝑦,𝑚(𝜀𝑣 =
−0.05), 𝑝𝑦,𝑚(𝜀𝑣 = −0.1), 𝑝𝑦,𝑚(𝜀𝑣 = −0.15). Additional information on the 
utilized design space for the model parameters is provided in Appendix 
A. In Fig.  4c, the effective stress (𝝈̄) as function of the effective strain (𝜺̄) 
for the final iteration (optimized solution) are plotted together with the 
test data (from [15,52]) for the anode and cathode, respectively. The 
simulated load cases correspond to uniform compression and tension. 
The effective strain field at a number of time increments during the sim-
ulation (𝑡𝑆𝑖 ) for the anode are shown for illustrating the corresponding 
deformation modes. The calibrated material parameters for the matrix 
system for the anode and cathode are presented in Fig.  4d–e.

From Fig.  4c it can be seen that the numerical and experimental 
results demonstrate the following behavior: (i) Both electrodes behave 
similar in tension (mode governed by the matrix); (ii) The response 
in compression is noticeably different for large compression (mode 
governed by the particle-matrix combination). Firstly, we note that 
the properties of the matrix are similar for the two electrodes (as 
expected), cf. Fig.  4d–e. The main difference between the two con-
stitutive models is the behavior for large compression (Fig.  4e). This 
difference is assumed to be associated with the simplistic representation 
of the electrodes in combination with the utilized test data. Since the 
samples are tested in virgin state, the anode particles corresponds to 
graphite (C) without any lithium (𝐸ano𝑝 = 32 GPa) and for the cathode 
corresponds to the lithiated state LCO, or LiCoO2 (𝐸cat𝑝 = 264 GPa), 
cf. [50]. The difference in compressive behavior is assumed to be linked 
to the different stiffness of the particles in combination with particle 
volume fraction. Further, it should be noted that experimental data 
for electrode layers vary noticeably between sources and test setups. 
Hence, with more detailed description of the RVEs, in combination with 
more reliable experimental data, it will be possible to retrieve better 
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estimates of the effective response of the matrix (utilizing the proposed 
methodology).

Iyer et al. [30] have performed micromechanical testing, including 
micropillar compression, microcantilever bending, and nanoindenta-
tion, to measure the mechanical properties of the polymer binder 
phase in battery electrode layers. In this study, only the binder phase 
was evaluated and the experimental results from this study showed a 
stiffer response as compared to the estimated properties of the binder-
conductive additive-electrolyte matrix (cf. Fig.  4d–e). Upon the assump-
tion that the liquid electrolyte provides limited stiffness in the case of 
quasi-static loading, the stiffness of the binder-electrolyte composite 
is expected to be lower. Hence, the estimated response (Fig.  4d–e) is 
qualitatively in agreement with the reported measurements in [30].

The particle volume fraction of the RVE is of high importance for the 
effective stiffness of the electrode. The shape of individual particles on 
the other hand, is considered less important for the effective stiffness, 
but critical when attempting to resolve local stress fields at electrode–
electrolyte interfaces. In Fig.  5a, the effective stress (𝝈̄) as function 
of the effective strain (𝜺̄) are shown for different volume fraction of 
particles (𝑉p) for the compression load case of the calibrated anode 
RVE. The results clearly show that increased 𝑉p results in increased 
compressive stiffness of the medium. Hence, it is important to know 
the correct volume fractions to ensure reliable estimates of the matrix 
response. In Fig.  5b, the effective stress as function of the effective 
strain are shown for different RVE sizes/dimensions. The RVE size is 
defined relative to the particle radius. The smallest RVE (with a cubic 
side length of 𝑙RVE = 3.33 𝑟𝑝, where 𝑟𝑝 is the particle radius) corresponds 
to the one utilized in the calibration loop earlier. It should be noted that 
the RVE size is changed by generating new RVEs. This means that small 
difference will be present due to the rearrangement of the particles. 
These results indicate that the selected dimensions of the original RVE 
are large enough to be representative for capturing the overall response.
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Fig. 4. Micro- and mesoscale. Design loop 1: Matrix material calibration. (a) The unknown material response is the binder-conductive additive-electrolyte matrix. 
(b) Experimental data for the anode and cathode electrode layers are imported from [15] and [52], respectively. (c) The effective stress (𝝈̄) as function of the 
effective strain (𝜺̄) for the final iteration (optimized solution) together with the test data (from [15,52]) for the anode and cathode, respectively. The strain fields 
(𝜖zz) for the anode at a number of time instances (𝑡𝑆𝑖 ) are also shown to illustrate the modes of deformation. (d) Calibrated material parameters for the matrix 
system for the anode and cathode. (e) Estimated hardening curves utilizing a piecewise linear approximation with 4-points for the two matrix systems.
4.2. The meso- to macroscale problem

The second scale transition is the meso- to macroscale problem. For 
this scale transition we study two cases: (i) Small scale sample of a 
jellyroll (without liquid electrolyte), and (ii) full scale battery cell of 
prismatic format (with aluminium casing and liquid electrolyte). The 
two cases are presented in the following.

4.2.1. Small scale jellyroll sample
The small scale jellyroll sample was manufactured manually by 

assembling a electrodes-separator stack of dimensions 70 by 70 mm. 
The total thickness of the sample was 1.82 mm, corresponding to 8 
repeatable units (or RVEs) in the thickness direction. Model parameters 
used as input for the mesoscale RVE model and the impact simulation 
model for the small scale jellyroll sample are provided in Table  4. We 
now consider homogenization from the mesoscale representative unit 
(RVE) to the effective jellyroll model, cf. Section 3.1. The stack design 
for the small scale sample (or mesoscale RVE) is shown in Fig.  6a and 
9 
the geometric model parameters for the RVE are summarized in Table 
5.

For this problem, we start by importing experimental data for the 
effective response of the individual layers from [15] (show in Fig.  6b). 
It should be noted that the cathode material is now assumed to be 
NMC and the corresponding test data which is used, exhibit a notice-
able stiffer response in compression (compared to the LCO electrode 
in [52]). Moreover, for the separator we assume isotropic response 
(for simplicity) and use properties for the machine direction. Based on 
this input, we calibrated the elastic modulus and tensile stress cutoff 
or yield stress for the respective layers within the electrodes-separator 
stack RVE (in terms of the selected constitutive models). For the hard-
ening curves of each layer, we import the experimental data directly 
as Load curves. The estimated parameters are summarized in Table  4. 
Next, we simulate the virtual load case of uniform compression, tension 
and shear for the in-plane and out-of-plane cases (i.e. 6 load cases) to 
retrieve the effective response in terms of transverse isotropy for the 
stack (Fig.  6c). The estimated model parameters for the jellyroll (based 
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Table 2
Summary of model parameters used as input for the microscale RVE. The output from the RVE simulations are the 
average stress and strain fields of the particle-matrix composite. Parameters marked as ‘‘Calibrated’’ correspond 
to design variables in the calibration loop (calibrated values are reported in the table, while initial values and 
design space used in the calibration are found in Appendix A). Parameters marked as ‘‘Fixed’’, are fixed values.
 Input Parameter Definition Data type Output  
 Geometry: RVE RVE side length 𝑙RVE = 21 μm Fixed Stress–strain 

response
 

 Particle radius 𝑟p = 6 μm Fixed  
 Solid elements 

(8 nodal hexahedral)
35 444 Fixed  

 Approximate element size 0.5 μm Fixed  
 Material: Particle Elastic modulus See Table  3 Fixed  
 Poisson’s ratio See Table  3 Fixed  
 Material: Matrix 
anode

Elastic modulus (tension) 𝐸ano
𝑚 = 2.21 GPa Calibrated  

 Poisson’s ratio See Table  3 Fixed  
 Tensile stress cutoff 𝜎𝑇 ,ano𝑚 = 28 MPa Calibrated  
 Hardening curve 𝑝ano𝑦,𝑚 (𝜀𝑣), Fig.  4e Calibrated  
 Material: Matrix 
cathode

Elastic modulus (tension) 𝐸cat
𝑚 = 2.04 GPa Calibrated  

 Poisson’s ratio See Table  3 Fixed  
 Tensile stress cutoff 𝜎𝑇 ,cat𝑚 = 26 MPa Calibrated  
 Hardening curve 𝑝cat𝑦,𝑚(𝜀𝑣), Fig.  4e Calibrated  
Table 3
Adopted material properties. Anode: Graphite, Cathode: Lithium Cobalt Oxide (LCO). Model parameters for the 
binder-conductive additive-electrolyte matrix system are estimated via calibration.
 Material Volume fraction [–] Elastic modulus [GPa] Poisson’s ratio [–] Reference 
 Anode particle: Graphite 0.33 32 0.32 [50]  
 Cathode particle: LCO 0.33 264 0.32 [50]  
 Binder-conductive additive-electrolyte 0.66 – 0.01 –  
Fig. 5. Comparison of different microscale RVE configurations (for the anode RVE). (a) Different volume fraction of particles (𝑉p). (b) Different RVE sizes, where 
𝑙RVE and 𝑟p refers to the RVE outer dimension and particle radius, respectively.
on the virtual response of the stack) in tension are listed in Fig.  6d and 
summarized in Table  4, with hardening behavior in compression and 
shear based on results in Fig.  6c. Hence, the hardening curves for the 
jellyroll are based on the simulated data from the RVE load cases and 
are imported directly as Load curves. Finally, the simulation model and 
the test specimen are shown in Fig.  6d for comparison.

Utilizing the estimated material model parameters for the jellyroll 
from the virtual testing, the mechanical impact load case shown in Fig. 
7a is simulated. The simulation is performed using the explicit solver in 
LS-Dyna with the penalty-based global contact formulation [45]. Both 
the static and dynamic friction are set to 0.15, and a time step scale 
factor of 0.9 is used to scale the critical time step estimated by the 
10 
software (based on the smallest element size and material wave speed). 
For the explicit solver, the time step is controlled by the software guar-
anteeing numerical stability. In addition, mechanical impact testing 
was performed on the corresponding jellyroll test specimen (Fig.  7a). 
The jellyroll was tested in dry conditions (comparable with the utilized 
experimental data from literature) with a load application speed of 
1 mm/min (quasi-static). In Fig.  7b, the force versus displacement of 
the impactor during the simulation and experiment are shown. The 
simulation model are in close agreement for small strains (in accor-
dance with the assumption of small strains for the utilized constitutive 
models), while a slight deviation is observed for larger compression.
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Table 4
Summary of model parameters used as input for the mesoscale RVE and the impact simulation model for the small scale jellyroll 
sample. Output from the RVE simulation is the average stress–strain response of the stack in the different directions and the 
force–displacement (of the impactor) from the impact simulation. Parameters marked as ‘‘Pre-calibrated’’ have been estimated in 
the (initialization) step based on experimental data, ‘‘Load curves’’ are imported experimental data (Exp), or simulated data from 
the RVE load cases (Sim), directly added as tabular values, and ‘‘Fixed’’ are fixed values.
 Input Parameter Definition Data type Output  
 Geometry: 
Mesoscale RVE

RVE side length 𝑙RVE = 227 μm Fixed Stress–strain 
response

 

 Thickness of layers See Table  5 Fixed  
 Solid elements 

(8 nodal hexahedral)
1872 Fixed  

 Approximate element size 18 μm Fixed  
 Material: Anode Elastic modulus (tension) 𝐸ano = 4.19 GPa Pre-calibrated  
 Poisson’s ratio 𝜈ano = 0.01 Fixed  
 Tensile stress cutoff 𝜎𝑇ano = 28 MPa Pre-calibrated  
 Hardening curve 𝑝𝑦,ano(𝜀𝑣), Fig.  6b Load curve (Exp)  
 Material: Cathode Elastic modulus (tension) 𝐸cat = 4.83 GPa Pre-calibrated  
 Poisson’s ratio 𝜈cat = 0.01 Fixed  
 Tensile stress cutoff 𝜎𝑇cat = 26 MPa Pre-calibrated  
 Hardening curve 𝑝𝑦,cat(𝜀𝑣), Fig.  6b Load curve (Exp)  
 Material: Separator Elastic modulus (tension) 𝐸sep = 0.93 GPa Pre-calibrated  
 Poisson’s ratio 𝜈sep = 0.01 Fixed  
 Tensile stress cutoff 𝜎𝑇sep = 100 MPa Pre-calibrated  
 Hardening curve 𝑝𝑦,sep(𝜀𝑣), Fig.  6b Load curve (Exp)  
 Material: Cu 
collector

Elastic modulus 𝐸Cu = 57.8 GPa Pre-calibrated  

 Poisson’s ratio 𝜈Cu = 0.3 Fixed  
 Yield stress 𝜎Cu = 122 MPa Pre-calibrated  
 Hardening curve 𝜎𝑦,Cu(𝜖

𝑝
𝑛 ), Fig.  6b Load curve (Exp)  

 Material: Al 
collector

Elastic modulus 𝐸Al = 49 GPa Pre-calibrated  

 Poisson’s ratio 𝜈Al = 0.3 Fixed  
 Yield stress 𝜎Al = 94 MPa Pre-calibrated  
 Hardening curve 𝜎𝑦,Al(𝜖

𝑝
𝑛 ), Fig.  6b Load curve (Exp)  

 Geometry: Jellyroll 
impact

Length/Width jellyroll 70 mm Fixed Force–
displacement

 

 Thickness of sample 1.82 mm Fixed  
 Solid elements 

(8 nodal hexahedral)
41 067 Fixed  

 Shell elements 
(4/3 nodal quad/tri)

601 Fixed  

 Approximate element size 0.6 mm Fixed  
 Material: Jellyroll Elastic modulus x-dir. 𝐸xx = 0.75 GPa Based on RVE  
 Elastic modulus y/z-dir. 𝐸yy = 𝐸zz = 1.77 GPa Based on RVE  
 Elastic modulus xy/xz-dir. 𝐸xy = 𝐸xz = 0.61 GPa Based on RVE  
 Elastic modulus yz-dir. 𝐸yz = 1.22 GPa Based on RVE  
 Poisson’s ratios 𝜈xx = 𝜈yy = 𝜈xy = 𝜈yz = 0.01 Fixed  
 Hardening curve x-dir. 𝑝𝑦,xx(𝜀𝑣), Fig.  6c Load curve (Sim)  
 Hardening curve y/z-dir. 𝑝𝑦,yy(𝜀𝑣) = 𝑝𝑦,zz(𝜀𝑣), Fig.  6c Load curve (Sim)  
 Hardening curve xy/xz-dir. 𝑝𝑦,xy(𝜀𝑣) = 𝑝𝑦,xz(𝜀𝑣), Fig.  6c Load curve (Sim)  
 Hardening curve yz-dir. 𝑝𝑦,yz(𝜀𝑣), Fig.  6c Load curve (Sim)  
Table 5
Small scale jellyroll sample, geometric model parameters and material models used. Single-side coated electrodes. Thicknesses 
measured using a high precision thickness gauge. Notations: Nickel Manganese Cobalt-oxide (NMC), Polyethylene (PE).
 Layer Material Thickness Material model Reference 
 Anode coating Graphite 88 μm Uncoupled crushable foam (*MAT_063) [15]  
 Cathode coating NMC 80 μm Uncoupled crushable foam (*MAT_063) [15]  
 Separator PE 16 μm Uncoupled crushable foam (*MAT_063) [15]  
 Cu collector Copper 11 μm Piecewise linear plasticity (*MAT_024) [15]  
 Al collector Aluminium 16 μm Piecewise linear plasticity (*MAT_024) [15]  
In Fig.  7c, the mean pressure at the middle and at the end of the 
loading scenario are shown. Additionally, the test sample after the 
experiment is shown for comparison. It is found that the observed 
pattern of the pressure field in the simulation is similar to the one 
observed in the experiment. The non-uniform pattern is assumed to be 
associated with the sample shape (being a square).

The measured diameter 𝑑Eimp of the impact pattern (illustrated in 
Fig.  7c), and the corresponding simulated measure 𝑑S , are found to be 
imp
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approximately 13.3 mm and 12.7 mm, respectively. Moreover, the eight 
distinct corners of the impact pattern, as well as the small circular hot-
spot in the middle of the impact area, are clearly distinguishable (and 
have similar dimensions) in both the tested and simulated specimen. 
Hence, close quantitative agreement between the numerical prediction 
and the experimental results are found in terms of the mode of deforma-
tion. This means that the physics of the experiment is well captured in 
the simulation model, and that the model provides a physically sound 
base for further fine-tuning of model parameters.
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Fig. 6. Meso- and macroscale for small scale jellyroll sample. Design loop 2: Estimating effective properties of the jellyroll (note: single-side coated electrodes). 
(a) The unknown material response is the jellyroll. (b) Experimental data for the electrode layers from [15]. (c) Virtual testing. Plots showing the effective stress 
(𝝈̄) versus the effective strain (𝜺̄) for the different RVE load cases. (d) The simulation model for the jellyroll sample (and estimated model parameters in tension), 
and the corresponding test specimen.
4.2.2. Prismatic battery cell testing
For the final validation step, we utilize the same procedure as de-

scribed for the small scale jellyroll sample but for the prismatic battery 
cell (including casing) shown in Fig.  8. The model parameters used as 
input for the mesoscale RVE model and the impact simulation model 
for the prismatic battery cell are provided in Table  6. The mesoscale 
RVE for the electrodes-separator stack for the prismatic cell is presented 
in Fig.  8a. This battery cell geometry corresponds to the one studied 
in the work by Purantagi [53]. The geometric model parameters and 
material models used are listed in Table  7. We note that the thickness 
of the individual layers are estimated (not exactly what is found in the 
tested battery cell) and normalized with respect to the total thickness 
of the RVE. For the virtual testing load cases the implicit solver in LS-
Dyna is used, while the explicit solver (with global contact formulation) 
is used for the impact load case [45]. In Fig.  8b, the effective stress 
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(𝝈̄) versus the effective strain (𝜺̄) is shown for the out-of-plane tension 
and compression. Based on the virtual testing, we again estimate the 
properties of the jellyrolls, which are summarized in Table  6 (results 
from virtual testing collected in Appendix A). The mechanical impact 
simulation model is shown in Fig.  8c–d. The aluminium casing is 
treated as a homogeneous material using the piecewise linear elasto-
plastic constitutive model as shown in Fig.  8c (cf. [54]), and with 
normalized thicknesses listed in Table  7. The support and impactor 
are treated as rigid bodies (Fig.  8d). The graph in Fig.  8e shows the 
normalized force (exerted on the impactor) versus the displacement of 
the impactor for the simulation and the corresponding experimental 
data. The loading speed for the test is 1 mm/s, which motivates the 
assumption of quasi-static conditions. It should be noted that the exper-
imental test is now performed on a active fully charged battery cell. The 
normalized cell voltage is included for illustrative purpose, indicating 
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Fig. 7. Impact loading case for the small scale jellyroll specimen (quasi-static loading). (a) Model and experimental setup. (b) Force vs. displacement of the 
impactor for the simulation and experiment. (c) Mean pressure during the impact. Comparison between pressure field at the end of the simulation with sample 
after the impact test. Note: test performed on dry samples. The measured and simulated diameter of the impact pattern are denoted 𝑑Eimp and 𝑑Simp, respectively.
a distinct drop at high impact force and displacement (associated with 
ISC). It should be noted that the current simulation model does not 
include the electro-chemical problem. Due to the difference in time 
scales between mechanical failure and the thermal- and electrochemical 
processes, mechanical modeling alone is often sufficient to predict 
the onset of internal short circuits in early-stage safety assessments, 
cf. [34]. However, for future work considering operational conditions, 
the current modeling framework can serve as a base for populating 
and estimating the mechanical response of the various material phases 
inside the battery, prior to adding the relevant additional physics. It 
is worth noting that for the initial simulation (Simulation Initial), no 
additional calibration has been performed at this stage. The response 
of the jellyroll is solely based on the virtual response of the electrodes-
separator stack RVE with calibrated material parameters in terms of the 
properties of the individual layers (at the mesoscale). The simulation 
and experimental results agree well for small strains, in agreement 
with the model assumptions (constitutive models based on small strain 
theory). The difference between the simulated and experimental results 
is assumed to be due to the various uncertainties and simplifications 
e.g., model simplifications (e.g. utilized material models and boundary 
conditions), test data on dry, non-active samples (i.e. not accounting 
for changes in stiffness associated with e.g. SOC [20]), etc. The main 
advantage of this model setup is however, that we can now study 
the influence of various material or geometrical parameters and fea-
tures. Hence, the method provides a favorable initial guess to further 
calibration (optimization) steps, and the influence and importance of 
various factors can be assessed when evaluating the robustness and 
safety of different battery cells exposed to mechanical impact loading. 
To illustrate this we have included an example of a calibrated response 
of the jellyroll in Fig.  8e (Simulation Calibrated). In this calibration loop 
(corresponding to the final calibration step described in Section 3.4), the 
design parameters are limited to the hardening curve of the jellyroll 
in the out-of-plane direction (𝑝𝑦,xx(𝜀𝑣)) and only minor changes are 
allowed (compared to the initial guess from virtual testing). Additional 
information on the utilized design space for the calibration loop is 
provided in Appendix A. These parameters are selected because it 
13 
is assumed that they are the most influential for the given loading 
scenario, in combination with the introduction of the liquid electrolyte 
and change in SOC. As can be seen, close agreement between numerical 
and experimental result are now obtained (as expected). It is worth 
noting, however, that there is a slight deviation between the calibrated 
response and the experimental data under high compression load. 
This difference is thought be, in particular, due to the fact that only 
the parameters representing the hardening curve in the out-of-plane 
direction for the jellyroll are included in the calibration loop. Hence, 
improved accuracy can be obtained by increasing the design space, 
including additional material parameters representing the remaining 
hardening curves (in the other directions) and elastic properties.

4.3. Comparing the computational run times

All simulations are conducted using LS-DYNA version 14.1.0 AVX2 
with double precision, on a high-performance computing cluster. The 
implicit solver is used for the RVE load cases with default convergence 
criteria, while the explicit solver is used for the impact problems.2 The 
estimated computational run times (or CPU times) for the different 
models are listed in Table  8 together with the solver type and number 
of elements. The run time here refers to the wall-clock time measured 
from the start of the solver execution until completion (excluding pre- 
and post-processing stages). The simulations were executed using 24 
CPU cores (in parallel) with a total shared memory of approximately 
4.1 GB allocated for Message Passing Interface communication. 

From Table  8, it is clear that the simulation time varies signifi-
cantly between the different models. For example, the run time for the 
macroscale impact model for the prismatic battery cell is approximately 
34 times longer compared with the microscale RVE (reference model). 
For the calibration loops, the run time for the individual model is 
critical as is it has a large impact on the total solver time. This is due to 

2 For the explicit solver, the time step is determined by the software. For 
example, the actual time step used in the impact simulation of the prismatic 
battery cell was 4.86 ⋅ 10−4 s with a maximum stable time step of 6.94 ⋅ 10−4 s.
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Fig. 8. Meso- and macroscale for prismatic battery cell. Design loop 2: Estimating effective properties of the jellyroll (note: double-side coated electrodes). (a) 
The unknown material response is the jellyroll. (b) Virtual testing. Plot showing the effective stress (𝝈̄) versus the effective strain (𝜺̄) for out-of-plane compression 
and tension. (c)–(d) The simulation model for the prismatic battery cell. (e) Normalized force vs. displacement of the impactor for the simulation and experiment.
Simulation Initial: Initial guess from virtual testing. Simulation Calibrated: Hardening curve of the jellyroll in the out-of-plane direction calibrated. Note: Sample 
tested in operating conditions i.e. containing electrolyte and the cell was fully charged. The yield stress and tangential modulus for the casing are denoted 𝜎𝑦
and 𝐸𝑡, respectively.
the fact that the calibration loops are set to execute 15 simulations for 
each iteration, with a total of 10 iterations. To speed up this process, we 
executed the individual (15) simulations within each iteration in paral-
lel (only possible with high-performance computing clusters). Finally, 
it should be noted that the computational cost depends strongly on 
e.g. the choice of solver type, integration scheme, number of elements, 
etc.

5. Conclusions and outlook to future work

In this work, a multiscale modeling framework for estimating the 
mechanical response of the material phases (at various length scales) 
in Li-ion batteries is presented.

Two design optimization loops for calibrating material model pa-
rameters are set up and performed. In the first design loop we back-
calculate the material properties for the binder-conductive additive-
electrolyte matrix of the anode and cathode electrodes, in terms of the 
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selected constitutive model. In this work, we utilize the Crushable foam 
material model available in the LS-Dyna suite. The material properties 
are estimated by performing homogenization of microscale RVEs for 
the individual electrode layers, while utilizing experimental data for 
the effective response of the electrode layer and the electrode particles 
(available in literature). The numerical results reveal that the proposed 
design loop is able to retrieve the material model parameters for the 
matrix. Further, the results show that the estimated parameters are 
noticeably affected by the volume fraction of particles and the quality 
of the experimental data. These results can, e.g., be used to study 
residual stresses and strains due to particle swelling/contraction (at the 
microscale) potentially giving rise to delamination or debonding [55,
56].

In the second design loop we estimate the effective properties of 
the jellyroll by performing homogenization on RVEs of the electrodes-
separator stack. Firstly, we study a small scale jellyroll sample and 
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Table 6
Summary of model parameters used as input for the mesoscale RVE and the impact simulation model for the prismatic battery 
cell. Output from RVE simulation is the average stress–strain response of the stack, and impact simulation is force–displacement. 
Parameters listed as ‘‘see Table  4’’ indicates values reused from the small-scale jellyroll sample, estimated in the (initialization) 
step. ‘‘Load curve (Sim)’’ denotes imported simulated data from the RVE load cases, directly added as tabular values, and ‘‘Fixed’’ 
are fixed values. ‘‘Load curve (Calibrated)’’ refers to parameters included as design variables in the final calibration loop. Figure 
S1 and information on calibration design space are found in Appendix A.
 Input Parameter Definition Data type Output  
 Geometry: 
Mesoscale RVE

Side length (normalized) 𝑙RVE = 1 Fixed Stress–strain 
response

 

 Thickness of layers See Table  7 Fixed  
 Solid elements 

(8 nodal hexahedral)
8800 Fixed  

 Approximate element size RVE thickness
20

Fixed  
 Materials RVE: Anode, cathode, separator, 

collectors
See Table  4  

 Geometry: Prismatic 
impact

Number of jellyrolls 4 Fixed Force–
displacement

 

 Thickness of jellyroll 20 mm Fixed  
 Solid elements 

(8 nodal hexahedral)
41 280 Fixed  

 Shell elements 
(4/3 nodal quad/tri)

8643 Fixed  

 Approximate element size 3 mm Fixed  
 Material: Jellyroll Elastic modulus x-dir. 𝐸xx = 0.64 GPa Based on RVE  
 Elastic modulus y/z-dir. 𝐸yy = 𝐸zz = 1.49 GPa Based on RVE  
 Elastic modulus xy/xz-dir. 𝐸xy = 𝐸xz = 0.56 GPa Based on RVE  
 Elastic modulus yz-dir. 𝐸yz = 1.06 GPa Based on RVE  
 Poisson’s ratios 𝜈xx = 𝜈yy = 𝜈xy = 𝜈yz = 0.01 Fixed  
 Hardening curve x-dir. 𝑝𝑦,xx(𝜀𝑣), Fig.  8b Load curve (Sim/Calibrated)  
 Hardening curve y/z-dir. 𝑝𝑦,yy(𝜀𝑣) = 𝑝𝑦,zz(𝜀𝑣), Fig. S1 Load curve (Sim)  
 Hardening curve xy/xz-dir. 𝑝𝑦,xy(𝜀𝑣) = 𝑝𝑦,xz(𝜀𝑣), Fig. S1 Load curve (Sim)  
 Hardening curve yz-dir. 𝑝𝑦,yz(𝜀𝑣), Fig. S1 Load curve (Sim)  
 Material: Casing Elastic modulus 𝐸 = 70 GPa Fixed  
 Poisson’s ratio 𝜈 = 0.33 Fixed  
 Yield stress 𝜎𝑦 = 140 MPa Fixed  
 Tangential modulus 𝐸𝑡 = 40 MPa Fixed  
Table 7
Prismatic battery cell model parameters. Mesoscale RVE (stack level). Double-side coated electrodes. Notations: Nickel Manganese 
Cobalt-oxide (NMC), Polyethylene (PE). Note: The thicknesses of the individual layers and casing are estimated and normalized 
with respect to the total thickness of the RVE. Casing is divided in four sides: top (T), bottom (B), short-sides (SS) and long-sides 
(LS).
 Layer Material Normalized thickness Material model Reference 
 Anode coating Graphite 0.47 Uncoupled crushable foam (*MAT_063) [15]  
 Cathode coating NMC 0.38 Uncoupled crushable foam (*MAT_063) [15]  
 Separator PE 0.09 Uncoupled crushable foam (*MAT_063) [15]  
 Cu collector Copper 0.02 Piecewise linear plasticity (*MAT_024) [15]  
 Al collector Aluminium 0.04 Piecewise linear plasticity (*MAT_024) [15]  
 Casing Aluminium 9.6(T)/6.1(B)/3.5(SS)/2.9(LS) Piecewise linear plasticity (*MAT_024) –  
Table 8
Simulation run times (or CPU times) for the different models. The implicit solver was used for the RVE load case while the explicit 
solver was used for the impact simulations. Run time here refers to the wall-clock time measured from the start of the solver 
execution until completion.
 Length scale Model Solver Nr. elements (Solid/Shell) Run time (s) 
 Microscale RVE (ref.) Implicit 35 444/0 19  
 Microscale RVE (RVE size = 5 𝑟p) Implicit 236 440/0 61  
 Microscale RVE (RVE size = 6.67 𝑟p) Implicit 518 819/0 160  
 Mesoscale RVE small scale jellyroll sample Implicit 1872/0 10  
 Mesoscale RVE prismatic battery cell Implicit 8800/0 31  
 Macroscale Impact small scale jellyroll sample Explicit 41 067/601 72  
 Macroscale Impact prismatic battery cell Explicit 41 280/8643 649  
perform a (quasi-static) mechanical impact loading scenario. The im-
pact load case is simulated utilizing the effective properties of the 
jellyroll, retrieved via virtual testing. The simulation and experimental 
results are found to be in close agreement for small strains (in accor-
dance with the assumption of small strains for the utilized constitutive 
models), while a slight deviation is observed for larger compression. 
These results demonstrate that the provided framework is well suited 
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for estimating the effective response of the jellyroll, based on test- and 
geometric data for the electrodes-separator layout.

Finally, a prismatic battery cell (including casing) is studied utiliz-
ing the same procedure. The simulation and experimental results are 
(also for this case) found to be in close agreement for small strains while 
deviating for larger compression. One of the main advantages of this 
process, is that we can at this point run additional calibration loops or 
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sensitivity studies to fine-tune/calibrate model or material parameters, 
or identify the influence of various material or geometrical parameters 
and features. This enables us to study the importance of various factors 
when evaluating the robustness and safety of different battery cells 
exposed to mechanical impact loading. Moreover, the method provides 
a favorable initial guess to the final calibration (optimization) problem, 
limiting the design space and reducing the risk for ending up in local 
optima.

By connecting the length scales via a homogenization scheme, 
and calibrating the constitutive models, we foresee that the current 
framework will provide a foundation for exploring (mechanical) failure 
mechanisms at different length scales associated with internal short-
circuit triggered by mechanical impact on battery cells (future work). 
In particular, by introducing a modeling scheme for mapping the 
stresses/strains from the macroscale ‘‘back’’ to the mesoscale, it will be 
possible to estimate the stress and strain state within the individual lay-
ers inside the battery cell (to compare with failure stresses or strains of 
the individual components), cf. [23]. We note that for EV application, 
such a study should be accompanied with the introduction of strain 
rate dependency in the constitutive model description (cf. [57]), addi-
tional loading scenarios, and should consider the involved (remaining) 
physical phenomena (cf. [21,43]). These tools will provide valuable 
information, enabling improved understanding of the involved failure 
mechanisms during mechanical impact, which may trigger unwanted 
short-circuit processes or electrochemical degradation. Furthermore, 
methods for generating more realistic microstructures (see e.g., [58–
60]) for the microscale RVEs will be explored in future work. This 
is critical when attempting to resolve local stress fields within the 
electrode. It is also worth noting that the electrode particles are known 
to change volume as well as elastic properties with degree of lithia-
tion [50]. Hence, the proposed calibration procedure allows for study-
ing the effect of lithiation (or SOC) on the mechanical response of the 
electrodes as well as swelling effects. In terms of model fidelity, we also 
note that accounting for large deformations/strains (e.g., hyperelastic 
response, cf. Larsson et al. [61]) is a relevant next step. Finally, various 
parametric studies would be relevant to pursue to evaluate different 
material parameters, designs and concepts. By knowing the significance 
of the individual parameters relative to the effective response, it is 
possible to guide future experiments on e.g., what data that is most 
important to retrieve and its sensitivity to measurement errors, as well 
as guide the design of battery cells for improved robustness (impact 
resistance) and safety.
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