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H I G H L I G H T S  

• Development of detailed modelling approaches of a lithium-ion cell. 
• Focus on the computational efficiency of detailed modelling. 
• Characterisation of cell components under transverse pressure. 
• Determination of the mechanical behaviour of a cell under transverse pressure. 
• Development of a short circuit prediction based on component failure.  
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A B S T R A C T   

Li-ion pouch cells can be understood as thin-layer laminates. Pressure loads normal to flat electrodes can cause 
failure or thermal runaway. However, detailed models for investigating transverse pressure loads in which each 
layer is resolved are computationally intensive. This paper outlines two approaches for time-efficient yet ac
curate detailed explicit finite element models of a cell. Both approaches are characterised by the fact that they are 
divided into in-plane and out-of-plane behaviour. The modelling of interlaminar contacts is completely omitted, 
to prevent parasitic contact compliance and efforts for contact handling. A discrete element formulation is used 
for a computationally efficient simulation of transverse loads. This prevents a reduction of the critical time step, 
which can result from transversal deformations. The difference between the two modelling approaches lies in the 
modelling of the out-of-plane behaviour. In the first approach, the behaviour in the out-of-plane direction is 
generated by characterising each component separately. The second approach assumes homogenous behaviour 
in the thickness direction. Both approaches rely on characterization data derived from component and cell tests. 
The cell models are validated against cell tests. Numerical results obtained with the two modelling approaches 
differ only slightly from the validation data.   

1. Motivation and introduction 

A damaged cell of a traction battery of electric vehicles can represent 
a significant hazard for all people involved in an accident [1]. To assess 
and – if necessary – avoid these situations, extensive knowledge of the 
crash behaviour of such vehicles and their electric energy storage sys
tems (EESS) is required. The traction batteries of electric vehicles usu
ally have a hierarchic design. A battery pack contains several modules. 
These, in turn, comprise individual cells [2]. Mechanical abuse and 
misuse can induce a thermal runaway [3]. In addition to electrochemical 
([4–6]), electrical [7] and thermal aspects ([8–10]), the mechanical 

behaviour ([11–13]) of the EESS, including safety assessment ([14–16]), 
is often the focus of attention. Liu et al. conducted an intensive study on 
the coupled mechanical-thermal-electrochemical (multi-physical) 
behaviour of lithium-ion cells and their modelling [17]. This 
multi-physical data can in turn be used to assess safety. For example, 
Xiao et al. used electrochemical impedance spectroscopy (EIS) mea
surements to diagnose internal cell damage [18]. Finegan et al. used the 
electrochemical and physical data to make predictions about safety 
using data-driven approaches [19]. Besides experiments [20], the tool of 
explicit simulation [21] is mainly used to evaluate the behaviour of 
lithium-ion cells. 
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Common modelling approaches consider the cell to be a homoge
neous structure, disregarding the heterogeneity of its constituents and 
providing advantages in terms of computational effort ([12–14,22–24]). 
This homogenisation allows larger element dimensions and fewer nodes 
and elements at the same time. Both have positive effects on computa
tional efficiency. However, transferability is limited because character
isation tests are required again for each new cell model, as the models do 
not represent the individual component plies. For example, Beaumont 
et al. used three compression and two bending tests to calibrate a 
macroscopic model [24]. Although these modelling approaches can 
accurately replicate the behaviour of existing cells, they fall short of 
representing hypothetical cells under development without sufficient 
experimental data for calibration. To achieve transferability, it would be 
preferable to employ a model based on component properties. For a 
short-circuit criterion in homogenised models, numerous auxiliary pa
rameters, such as strain [12,15]) or stress ([22,25]) of selected elements 
are used. Raffler et al. used a strain-based failure criterion considering 
the axial and radial deformation of a cylindrical cell [12]. Xu et al. used a 
stress-state-based criterion, employing the unified strength theory (UST) 
[14]. The macroscopic modelling of a lithium-ion cell created by Trondl 
et al. uses neither a stress- nor a strain-based failure criterion. The 
relative volume is used to evaluate the internal short-circuit [26]. These 
types of criteria can be calibrated well but are only marginally related to 
the actual short-circuit cause, the separator failure. 

RVE models examine a unit cell of the structure. This can be done to 
investigate micro-effects such as buckling [27]. Another use case is to 
generate homogenised material models from this ([15,28–32]). These 
are multi-scale approaches, as the cell is investigated on different length 
scales. Sahraei et al. used homogenisation theory to extract the me
chanical behaviour of an RVE, including component failure [15]. These 
results are the basis for the macroscopic calibration of the cell model. 
For short-circuit prediction, a homogenised strain criterion is used. Jia 
et al. also determined the homogenised material behaviour of the RVE 
and linked this to a data-driven model to predict the safety risk [32]. 
Kermani et al. discussed buckling behaviour under in-plane loading at 
RVE and macroscopic levels [30]. The ability to generate cell behaviour 
from the behaviour of individual components is a major advantage over 
homogeneous approaches. Unfortunately, much information is lost due 
to the transfer from the RVE to the macroscopic scale, such as the 
deformation of individual components. Tang et al. used this multi-scale 
approach on the next scale. A representative section of the cell 
arrangement in the module is used to investigate the homogeneous 
behaviour of the module [29]. An approach that does not require 
diversion via several scale levels would be desirable. In addition, this 
should enable corresponding insight into the behaviour of individual 
subcomponents. 

A physically detailed modelling approach enhances transferability 
because information about the constituents/plies suffices to construct a 
new cell model, thus potentially reducing the effort required for 
renewed characterisation tests. ([11,33–36]) Additionally, these models 
provide direct insight into the behaviour of individual parts. However, 
mesoscale models are computationally intensive, which rarely justifies 
their use for large-scale problems. In particular, the representation of the 
interactions between the individual components through contact 
modelling used by Breitfuss et al. drives up the computational effort 
[11]. A detailed modelling approach without contact between the in
dividual components would be desirable, as this would contribute 
significantly to efficiency. The detailed modelling of the cell structure 
with subdivision of the electrodes into current collectors and active 
material often leads to smaller minimum dimensions of the elements. 
This is the case when the current collectors of the electrodes are thinner 
than the separators. Additionally, this leads to an increase in the number 
of elements and nodes. Both aspects negatively affect computational 
efficiency. The application of such subdivided approaches is justifiable 
at the RVE level. Modelling the entire cell is generally unnecessary, 
except for exceptional cases in which specific conditions apply. For 

example, when load cases exhibit symmetries or when dimensional 
reduction from 3D to 2D is feasible. This would be the case, for example, 
with 3-point bending situations, which were investigated by Schau
felberger et al. [35]. Li et al. used 2D axisymmetric models in addition to 
2D plane-strain models to keep the computational effort limited. In this 
work, the necessity of 3D full models was already emphasised, as they 
are suitable for all load conditions [36]. The disadvantage of these 
detailed 3D models is that they are connected with an enormous 
computational effort. Gilaki et al. refrained from mapping the in
teractions between individual components through contacts. This 
approach is used to model a 6P cylindrical cell through 22 million solid 
elements [33]. The model is used to simulate cell behaviour under radial 
loads. Applying this approach to pouch cells, an equivalent load (normal 
to the electrodes) would also lead to compression of the already thin 
layers. This would result in a reduction in the critical time step and, thus, 
an increase in the computational effort in an explicit simulation. In 
mesoscopic approaches, one often misses the prediction of the 
short-circuit [35]. Breitfuss et al. discussed the necessity and possible 
implementation. Extensive knowledge about the separator material is 
necessary to create a corresponding failure model. [11] Plaimer et al. 
conducted a detailed investigation of separator behaviour regarding 
electrochemical and mechanical performance. They showed the aniso
tropic behaviour of these plies [37]. Kalnaus et al. demonstrated that the 
behaviour of the separator is additionally dependent on the strain rate 
[38]. Xu et al. showed the influence of solvents in addition to anisotropy 
and strain rate influence. Thus, the tested samples behaved differently 
when dry or saturated with different fluids (water and DMC) [39]. 
Lagadec et al. conducted further studies on the performance and 
behaviour of the separator microstructure under mechanical loading 
([40,41]). 

A good compromise between the level of detail and computational 
efficiency in a lithium-ion cell model would be desirable. This would 
allow the implementation of a physics-based short-circuit criterion 
based on the state of the separator. Unfortunately, such well-balanced 
approaches are not yet described in the literature. 

The authors address these issues in this paper. This work aims to 
combine the advantages of homogenised (time-efficiency) and meso
scale (physical accuracy) models by creating a computationally efficient 
layer-by-layer model of a cell. In this way, information on component 
behaviour does not have to be sacrificed for the sake of computational 
efficiency, as is the case with homogenised RVE approaches. In addition, 
it is not necessary to limit oneself to load cases that allow an application 
of 2D models (plane-strain or axisymmetric). The innovation of this 
work is the development of a modelling approach that combines the 
supposed opposites of computational efficiency and level of detail in an 
explicit FEM solver, subject to the regime of the Courant Criterion. The 
mesoscopic approach ensures the transferability of the model. The 
model allows for parameter studies related to the material and geometry 
of components. To balance the level of detail and computational effi
ciency the electrodes are not further divided into active materials and 
current collectors. 

The Courant-Friedrichs-Levy (CFL) condition is a stability criterion 
for computing the critical admissible time step in a simulation using 
explicit time integration. This leads to increased computational effort in 
the case of thin plies modelled with solid elements. Subordinate ap
proaches, such as shells or plates, are inapt when transverse loading is 
present. The situation is aggravated when external loads lead to further 
reduced elements sizes and time steps. For a stable simulation, the time 
step must be sufficiently small to fulfil the CFL condition. This means 
that the time step must fall below a critical value (Equation (1)) [42]. 

Δt < Δtcrit (1)  

Δtcrit =min
e
(Δte) (2) 

The minimum time step of all elements e is used for the critical time 
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step Δtcrit. (Equation (2)) The element-related critical value Δte depends 
on the minimum element dimension le min and wave propagation speed 
ce. (Equation (3)) 

Δte =
le min

ce
(3) 

This also applies to the detailed modelling of lithium-ion cells under 
transverse loading. This work shows an approach that allows the 
simulation of the cell’s transversal loads without deteriorating compu
tational efficiency due to the compression of already thin layers. 

The approach attempts to decrease simulation time as much as 
possible and therefore completely dispenses contact modelling between 
the component layers to find a good balance between detailed modelling 
and computational efficiency. 

The separators are key players for cell failure. Two characteristic 
types of internal short-circuits can be distinguished [43]. Contact be
tween the anode and cathode due to separator failure leads to a rapid 
drop in cell voltage (hard ISC). A gentle drop is caused by the flattening 
of the separator (soft ISC). This work focuses on predicting a hard ISC 
(rupture of the separator). An approach is presented in which the con
dition of these separators is used as a short-circuit criterion. For this 
purpose, a failure model for these components is implemented to 
generate a physics-based criterion and to avoid using auxiliary 
parameters. 

2. Method 

2.1. Cell under study 

The cell used in this work is a nickel manganese cobalt (NMC) pouch 
cell with a mass of approximately 0.9 kg and a capacity of 41 Ah. The 
dimensions are 260 × 216 × 7.8 mm. The geometry and chemical 
composition of the components have been extensively examined by 
Kovachev et al. [44], and a summary of the key specifications of the 
single components is provided in Table 1. The cell features 85 layers in a 
pouch envelope. The ‘jelly stack’ comprises 42 separators, 21 cathodes 
and 22 anodes. Thickness was measured using the broad ion beam (BIB) 
cutting method. 

The anodes’ active material is graphite. This is applied to current 
collectors made of copper. The aluminium cathode current collectors are 
coated with LiNiMnCoO2 (NMC). All current collectors have active 
material on both sides. 

The separators comprise a 17 μm thick structure made of poly
propylene, covered with a 3 μm of alumina (Al2O3). The enveloping 
pouch was identified as a composite of four layers. This comprises three 
layers of polymers and one layer of aluminium [44]. 

2.2. Modelling approach 

The model was established in the explicit FEM solver LS-DYNA (R13 
developer version (SVN 134893) for MPP double precision). 

The meso-scale model of the pouch cell was established considering 
the following approaches, to reduce computational effort and 

simultaneously achieve numerical robustness:  

• Separation into in-plane and out-of-plane behaviour,  
• Combination of different sub-layers, like active materials and current 

collectors, to increase the critical time-step,  
• Avoidance penalty or kinematic constraint contacts to simplify 

simulations and rule out potential contact instabilities or unwanted 
penetrations,  

• Application of a discrete element formulation to rule out time-step 
drops due to massive element distortions in out-of-plane compres
sion, and  

• Implementation of a physical failure model for the separator plies. 

For further discussion, a cell coordinate system is introduced, where 
the u-axis points towards the terminals, the w-axis is normal to the 
planar electrodes and the v-axis is perpendicular to the u- and w-di
rections (Fig. 4). In-plane loading (u- and v-axis) is handled by time- 
efficient shell elements, while out-of-plane loading and interlaminar 
shear are modelled by solid elements. As the in-plane behaviour is 
already covered by the corresponding shell elements, it is crucial for the 
solid elements to solely depict the out-of-plane transverse behaviour and 
shear. This requires a decoupled material model that generates no 
stresses upon u-, v- and uv-loading while providing response to w-, wv- 
and wu-loading. Two model variants are investigated (Fig. 1). In variant 
A, each component is defined separately regarding in-plane and trans
versal behaviour. The separator is modelled as a shell-solid-shell, while 
the anode and cathode are constructed as solid-shell-solid laminate. As 
the entire stack of components begins and ends with an anode, the 
enveloping pouch needs to be modelled in the same scheme as the 
separator layers. 

In variant B, the individual components are modelled as shell ele
ments only again depicting the in-plane behaviour only. The out-of- 
plane behaviour is depicted again by solid elements with homogenous 
characteristics over the entire cell thickness. Fig. 1 visually contrasts 
both approaches. In both variants, shell and solid elements alternate 
over thickness. 

The intention of this hybrid modelling approach is to model the in- 
plane behaviour of the electrodes and separators via shell elements. 
Solid elements are used to represent the pressure deflection between the 
shells. 

The structure of a Li-ion pouch cell is a stack of very thin plies 
comparable to a laminate. Accordingly, the dimension in the thickness 
direction is decisive for the time step of the explicit simulation. In 
variant A, the electrodes are not subdivided into current collectors and 
active materials. Considering Table 1, this induces an increase in the 
minimum element dimension because the thickness of the current con
ductors is smaller than that of the separators. With variant B, the min
imum dimension is further increased. In addition, as homogenisation 
takes place in the w-direction, the minimum dimension of the solid el
ements is not limited to the thickness of the separators. 

As the solid elements cover the interaction between the various plies 
through their shear behaviour, contact modelling is not necessary. Shell 
and solid elements constituting the individual plies share nodes. 

The decoupled material model for solids is combined with a discrete 
element formulation. This formulation applies to materials with a 
Poisson’s ratio equal to zero. The time step of an element Δte can also be 
calculated by the maximum natural frequency ωmax (Equation (4)). The 
natural frequencies depend on the mass matrix M and stiffness matrix K 
(Equation (5)). The main difference to continuum-mechanical finite el
ements is that the stiffness matrix K is independent of the element length 
for discrete elements. Thus, the time step depends only on the element’s 
mass and (maximum) stiffness. This is a great advantage in computa
tional effort considering Equations (1)–(3). Therefore, no time-step 
drops are observed upon element distortion, e.g. due to transverse 
compression. 

Table 1 
Dimensions of the components in the thickness direction [44].  

Component Thickness [μm] Number of plies Material 

Anode 140 22  
Anode CC 10 22 Copper 
Anode AM 65 44 Graphite 
Cathode 170 21  
Cathode CC 20 21 Aluminium 
Cathode AM 75 42 NMC (LiNiMnCoO2) 
Separator 20 42 Polypropylene 
Pouch 190 2 Polymers and aluminium 

AM: active material; CC: current collector. 
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Δte =
2

ωmax
(4)  

det
(
K − ω2M

)
= 0→ ωmax (5) 

To create a realistic short-circuit criterion, the failure of the sepa
rator layers is simulated. This is inspired by the work of Yuan et al., who 
show that a short-circuit can be predicted from the strain state of the 
separator [43]. This avoids the use of auxiliary variables and allows an 
internal short-circuit to be derived from the simulated mechanical fail
ure of the separators. 

2.2.1. In-plane behaviour 
The in-plane behaviour of all four components (anode, cathode, 

separator and pouch) is covered by shell elements. Assuming that the 
electrodes do not exhibit significant anisotropic behaviour, an isotropic 
material model is used. Similarly, the pouch layer, which features an 
aluminium core just like the cathode is modelled isotropic. An elastic- 
plastic material model (*MAT_PIECEWISE_LINEAR_PLASTICITY) is 
used for these three components. With *MAT_ADD_EROSION, a 
maximum principal strain failure criterion is applied. 

The anisotropic material model *MAT_EXTENDED_3-PARAME
TER_BARLAT is used for modelling the separator. With the extended 
version of the original model, the yield stress depends on the material 
direction and loading state [45]. The anisotropic plasticity is specified 
by three independent load tables (stress vs. strain and strain rate). 

Due to the anisotropy in mechanical behaviour, selecting an isotropic 
failure model is not expedient. In this case, an orthotropic failure model 
is implemented through *MAT_ADD_GENERALIZED_DAMAGE, which 
offers the possibility to define damage initiation, failure strain and 
damage accumulation over strain and triaxiality η (ratio between hy
drostatic stress σH and von Mises stress σM). As shown in Equation (6), 
the damage tensor contains three main damage coefficients Di. These are 
each a function of the exponent for damage-related stress fadeout 
FADEXPi and the damage threshold value (critical damage) DCRITi or 
critical history value (material instability) ECRITi depending on the 
triaxiality. The resulting damage tensor represents the relationship be
tween the undamaged stresses σ̃ij and damaged stresses σij. [46] 
⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

σ11
σ22
σ33
σ12
σ23
σ31

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

(1 − D1) 0 0 0 0 0
0 (1 − D2) 0 0 0 0
0 0 1 0 0 0
0 0 0 (1 − D3) 0 0
0 0 0 0 1 0
0 0 0 0 0 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

σ̃11
σ̃22
σ̃33
σ̃12
σ̃23
σ̃31

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

with 

Di→
(
Di − DCRITi

1 − DCRITi

)FADEXPi

(6) 

The damage is driven by the history variable HISi and its time de
rivative. The course of all defined damage coefficients can be deter
mined individually via the parameter DMGEXPi.(Equation (7)) The 
failure strains εf ,i can also be defined independently of each other as a 
function of triaxiality η. Both failure strain εf ,i and critical history value 
ECRITi are defined by a table of triaxiality and strain rate. [46] 

Ḋi =DMGEXPi • Di

(

1− 1
DMGEXPi

)

•
˙HISi
εf ,i

(7)  

When one of the three damage coefficients reaches the value 1 (complete 
damage), the corresponding element erodes. In this way, separator 
failure is represented in detail. The internal short-circuit is determined 
by analysing the eroded energy of all separator layers. As shown in 
Equation (8), a hard short-circuit occurs when the eroded energy 
ESeparator

eroded is greater than zero. The critical position can be determined by 
analysing the fringe plot. 

Hard ISC=

{
true if ESeparator

eroded > 0
false else

(8)  

2.2.2. Out-of-plane behaviour 
The out-of-plane behaviour is entirely generated by the solid ele

ments, located between the shell element layers. With variant B, the 
transverse compression behaviour is homogenised (i.e., each layer is 
assigned an identical transverse compression response behaviour). In 
variant A, each layer has transverse compression response behaviour. 
Regardless of the variant, the *MAT_MODIFIED_HONEYCOMB material 
model is used for the solids in both cases. This is a decoupled material 
model. It allows the mechanical behaviour of all six directions to be 
defined independently. A discrete element formulation is possible, 
especially for this material model. Thus, compression of the already thin 
elements does not lead to time-step drops. Additionally, when selecting 
a nodal-mass based time-step calculation, higher time-steps for the light 
and thin separator will be achieved, due to shared nodes. The solids must 
not show any mechanical response under in-plane loads, as this is 
covered by the shell elements. Thus, the mechanical behaviour in the u- 
and v-directions remain undefined. The same applies to the uv-shear 
component. Thus, only the behaviour in the thickness direction (w-di
rection) and the out-of-plane shear behaviour remain to be defined for 
the solid elements. In other words, the layers behave like cohesive ele
ments but with the main difference that non-linear compression 
behaviour can be realised, which is crucial when depicting transverse 
compression behaviour. However, unlike with tie-shell elements 
(element formulation 20 in LS-DYNA), moments are not transferred. 
This appears to be a reasonable assumption, given the minimal distance 
between the adjacent shell elements and the small thickness of the 
current collectors that are spuriously bridged by the solid elements. 

Fig. 1. Comparison of the two approaches (left: Variant A, right: Variant B).  
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No failure modelling in element erosion is considered for transverse 
compression (failure will only occur if the underlying shells erode). 

2.2.3. Morphological modelling 
A cell has special areas besides the jelly stack, which must be 

considered separately. The cell tabs are the cell parts that connect the 
individual anode or cathode layers and lead out of the pouch, forming 
the terminals there. On the opposite side of the cell, all the separator 
layers are connected to hold them in place by pressing them onto the 
edge of the envelope [44]. 

Fig. 2a and b shows the modelling approach of the mentioned areas. 
The cell tabs are modelled by shell elements. The same principle is used 
to model both the connection of the separators and the pouch fold. 
(Fig. 2c) 

A mesh size of 2.5 × 2.5 mm was chosen for the discretisation. This 
was considered sufficiently small for the load cases under study in this 
work. For other load cases, such as in-plane loads or highly localised 
indentations, a smaller mesh size is recommended. This discretisation 
affects all layers to allow for a connection by shared nodes between the 
shell and solid elements. 

The thicknesses of the individual layers (compare Table 1) do not add 
up to the thickness of the real cell. This is likely caused by the disas
sembly of the cell into its components. During dissection, the cell is 
discharged, and the electrolyte evaporates. The thickness of the indi
vidual layers is therefore reduced by 2.5–2.8% to match the thickness of 
the real cell. This resulted in the following values for the individual 
components:  

• separator 19.5 μm,  
• anode 136 μm,  
• cathode 165.2 μm  
• and pouch 184.9 μm. 

The electrolyte is assumed to be almost incompressible. Under 
volumetric loading, its behaviour contributes considerably to mechan
ical behaviour. In this model approach, an airbag model of a linear fluid 
represents the electrolyte. This is mainly to replicate the cell behaviour 
under volumetric loading. In LS-DYNA, the airbag model *AIR
BAG_LINEAR_FLUID is used. As shown in Equation (9), the pressure p 
depends on the bulk modulus K and the ratio of the control volume V0 to 
the compressed volume V. 

p=K ln
(
V0

V

)

(9) 

For the parameter V0 the entire volume of the pouch is used. (Fig. 2c) 
The bulk modulus K was set to a constant 1.8 GPa, which should 
represent an approximately incompressible fluid. This approach is 
suitable for considering the electrolyte under quasi-static loading. For 
dynamic loading, the influence of the electrolyte on the mechanical 
behaviour would also have to be taken into account, as presented by 
Kisters et al. [47]. 

2.3. Experiments 

2.3.1. In-plane behaviour – characterisation 
Tensile tests of the individual components were conducted to cali

brate the material models of the shell elements. The cell was discharged 
to a state of charge (SOC) of 0% for safety reasons before disassembly. 
Test specimens 5 mm wide and 15 mm long at three orientations (0◦ and 
90◦ relative to the u-axis) were extracted (cut out) out of the individual 
layers of the anode and cathode. For the separator and pouch, additional 
samples for the diagonal direction (45◦ relative to the u-axis) were cut 
out. Specimens were tested at two loading rates: 20 mm/min and 600 
mm/min. 

Fig. 2. Modelling approaches a) Cell tab b) Separator connector c) Pouch fold and electrolyte.  
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2.3.2. Out-of-plane behaviour – characterisation and calibration 
For the behaviour in the thickness direction in variant A, the results 

of compression tests of the components are used for characterisation. 
The components anode, cathode and separator are examined regarding 
their transverse pressure properties by joining multiple identical layers 
to form a stack until the desired height of approximately 1 mm is 
reached. This was done to minimise possible measurement errors 
regarding displacement. For the anode and cathode, seven layers were 
each used. A total of 47 layers formed a stack for the separator. To 
exclude the influence of stacking errors (exact positioning of layers on 
top of each other), the samples were made larger than the impactor. The 
sample stacks were loaded with a flat end cylinder (diameter 11 mm) at 
two loading rates (1 mm/min and 10 mm/min). (Fig. 3) 

The samples were soaked in a substitute electrolyte (propylene car
bonate) to test the components as realistically as possible. For the 
characterisation of the pouch under transverse compression, a 3-mm 
diameter impactor loads a single layer. This is because, considering 
the thickness, only two layers occur in the cell, and these are not satu
rated with electrolytes. 

For variant B, the solids represent homogenised behaviour in the w- 
direction. Therefore, the results of the cell tests are used for calibration. 
Hence, an indentation test across the short side with a cylindrical 
impactor (D = 30 mm) was used (Fig. 4b). 

Both variants are calibrated in terms of out-of-plane shear against, 
the results of a 3-point bending test. (Fig. 4d) 

2.3.3. Cell tests for calibration and validation 
Besides the cell tests for transversal compressive behaviour, which is 

the focus of this work, other tests were performed to calibrate the 
interlaminar shear. Consistently with the material characterisation tests, 
cell tests were performed at SOC 0%. 

The first test configuration is the penetration test with a cylindrical 
impactor of 30 mm in diameter with its axis parallel to the u-axis 
(Fig. 4a). In this case, the cylinder penetrates the centre of the cell over 
its entire length. The same test over the short side (the cylindrical axis 
parallel to the v-axis, Fig. 4b). Local differences in the transverse 
compression behaviour can be observed, which may be caused, for 
example, by the cell tabs, separator connector or anisotropy of the 
separator layers. 

In a third configuration (Fig. 4c), the cell is penetrated by a hemi
spherical impactor. As the contact area is much smaller than that of the 
cylindrical impactor, stiffness is lower as compared to first and second 
configuration. 

In the fourth configuration (Fig. 4d) the cell is exposed to 3-point 
bending with a cylindrical impactor and cylindrical supports, each 30 
mm in diameter. The span-width was 120 mm. As an experimental aid, a 
steel plate (DC01) with a thickness of 1 mm is positioned between the 
cell and the supports. 

Each test was conducted quasi-statically (1 mm/s). During the tests, 
the electrical voltage of the cell was recorded in addition to the pene
tration force of the impactor and its displacement. The voltage drop is 
considered an indicator of the internal short-circuit. This approach is 
well known in literature ([12,22,25]). As the component tests and the 

cell experiments were performed at the same SOC, the drop in cell 
voltage can be used as a validation variable for separator failure. For the 
different test configurations, five repetitions were carried out for sta
tistical validation. 

All these tests were simulated to calibrate and validate the models. 

3. Results 

3.1. In-plane behaviour 

Fig. 5a shows the results of the tensile tests for the components 
anode, cathode and pouch. Strain rate and loading direction showed 
little to no effect on the component behaviour. Therefore, curves were 
averaged over all (n = 12 for anode and cathode – n = 18 for pouch) 
single measurements. These were used as a target for the material 
modelling. On average, the anode samples failed at a strain of 3.1% 
(±1.0%), the cathode samples at 1% (±0.22%) and the pouch material 
at around 65% (±18%). Fig. 5b shows the curves for the separator 
samples, with distinct anisotropic and strain-rate dependent mechanical 
behaviour. Least strain rate effects were observed in the u-direction. The 
orthotropic failure model is calibrated against the failure strains of the 
tensile tests can be used to calibrate the failure model. As suitable test 
configurations for shear (η = 0) and in-plane compression (η = − 1

3) are 
lacking, the values for uniaxial tension (η = 1

3) are used for these ranges. 
Compared to the measured curves, the simulation curves of all tensile 
tests show that all essential mechanical characteristics can be repre
sented. The determined material parameters used for modelling are 
listed in Table 2. Young’s moduli were determined by simulating indi
vidual tensile tests. The Poisson’s ratios of copper and aluminium were 
assumed for the electrodes and the pouch. 

3.2. Out-of-plane behaviour 

Fig. 6 visualises the test and simulation results of the compression 
tests. Notably, the pouch compression tests are based on a single layer, 
while the others were multi-layer compression tests. The penetration of 
the impactor with rounding leads to an inhomogeneous stress state. 
Therefore, a force-displacement curve was used to calibrate the material 
models. The results show that the loading rate significantly influences 
the transverse compression behaviour of the separator compared to the 
anode, cathode and pouch. For the latter components, the target curves 
can be safely averaged over all test specimens (n = 3) and loading rates 
(m = 2). With the separator, the average curves are established for each 
loading rate independently. 

The simulations for the anode, cathode and pouch fit the target 
curves well. The simulation results of the separator tests exhibit de
viations. This can be attributed to the comparatively simple strain rate 
model of *MAT_MODIFIED_HONEYCOMB, where the yield curve is 
scaled based on the compression rate. 

The presented results of the tensile tests are incorporated into the cell 
model of variants A and B by adapting the respective material models for 
the shell elements. The compression tests, however, were only inte
grated in variant A, as the behaviour of transverse compression in 
variant B is not based on the individual components but on the results of 
the entire cell. 

3.3. Cell behaviour and short-circuit prediction 

The results of the cell tests and their simulations are shown in Fig. 7. 
The different diagrams show the measured and simulated impactor force 
over penetration; the measured cell voltage is also shown. The voltage 
drop is assumed to coincide with the failure of the separator. The 
maximum and minimum envelopes are shown in solid grey lines. 
Fig. 7a–c compares the experiment and simulation of the indentation 
tests with the configurations in Fig. 4a–c. Both variants A and B are Fig. 3. Exemplary illustration of the compression test.  
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shown side by side (green and blue solid lines). The vertical red lines 
mark the point where the first separator elements erode, indicating an 
internal short-circuit. This point is determined by analysing the eroded 
energy of all separator layers, as described in Equation (8). The location 
of failure is detected by the use of the fringe plot. This is schematically 
shown for the indentation test short side in Fig. 7e. In the section, only 
the separator layers are visible. The upper layer is coloured red, while all 
others are blue. Here, it is clearly visible where the elements erode. The 
diagram below shows the course of the eroded energy of all separators 
over the displacement. This clearly shows the intrusion at which a hard 
internal short-circuit occurs. The maximum relative deviation of the 

simulated separator failure from the measured internal short-circuit is 
around 10%. In addition, the effective stress (von Mises) is shown over 
the cross-section of the cell at an intrusion of 2.5 mm. This shows an 
essential advantage of the hybrid modelling approach of shells and 
solids. Although shell elements have already been eroded, the stability 
of the cell model is maintained by the solid elements. 

For the characterisation of the behaviour in the thickness direction of 
variant B, the results of the cell test with a cylindrical impactor (Fig. 4b) 
are used. The simulation results show that the negative effects of this 
simplification on the level of fidelity are limited. Additionally, an in
crease in the initial time step to 1.33E-05 ms was observed. This 

Fig. 4. Cell test configurations a) Indentation test with cylindrical impactor long side b) Indentation test with cylindrical impactor short side c) Indentation test with 
hemispherical impactor d) 3-point bending test. 
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represents a relative improvement of 48%. 
However, it is evident that the simulation curve drops in comparison 

to the experiment. This is due to the premature failure of the cell. The 
failure point coincides with the beginning of the force drop. 

Fig. 7d shows the results of the 3-point bending test. As the impactor 
displacement is much greater than in the other test configurations, this is 

simulated exclusively with variant B over a displacement of 25 mm. A 
simulation with variant A is inappropriate due to increased computa
tional effort. As can be seen from this illustration, no cell failure 
occurred during the bending load. The simulation results show that the 
initial slope hit very well, but the simulation curve went slightly above 
the plateau. 

Approximately 40% more elements are required for modelling the 
cell with variant A than with variant B. In addition, a larger time step can 
be achieved with variant B. Both aspects result in the calculation time of 
variant B being halved compared to variant A. 

Fig. 8 compares the behaviour in the thickness direction of both 
variants. Here, the RVE of the jelly stack was subjected to transverse 
compression. This clearly shows that variant B is a simplification. The 
components were compressed unevenly, which was already to be ex
pected from the compression tests of the components. (Compare Fig. 6) 

Fig. 5. Comparison between simulation and real component tests a) Tensile test anode, cathode and pouch b) Tensile test separator.  

Table 2 
In-plane parameters of components.   

Parameter 

Young’s 
Modulus E 
[GPa] 

Poisson’s 
Ratio ν [− ] 

Failure Strain 
εf [%] 

Components Anode 3.0 0.35 3.1 
Cathode 2.5 0.35 1.0 
Separator 1.15 0.01 9.1–82.0 
Pouch 1.75 0.35 65.0  
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4. Limitations 

The failure of the separator layers is used as a short-circuit criterion. 
However, this is only the case for a so-called hard ISC. An adaptation of 
the criterion would be required to detect soft ISC (flattening of the 
separator). 

A mesh size of 2.5 × 2.5 mm was chosen as the in-plane discretisation 
for both variants. The subdivision of the components in the thickness 
direction for variant A resulted in the solid elements of the separator 
having large aspect ratios. This was considered sufficiently small, as this 
work focuses on transverse loads. For other load cases, such as in-plane 
crush or localised indentations, an adjustment of the mesh size is rec
ommended. This, of course, results in increased computational effort. 

The modelling methods presented in this study were used on a cell 
with a SOC of 0%. If a more comprehensive model with a higher SOC is 
desired, one would need to consider either taking components from 
charged cells, since Sonwane et al. showed the dependence of me
chanical properties on SOC [48]. As this is difficult from a safety 
viewpoint, macroscopic modelling of SOC dependence is being consid
ered. However, this work is limited to the modelling of a cell with a SOC 
of 0%. In addition, the modelling approaches were adjusted to the 
quasi-static behaviour of the cell. Accordingly, it is assumed that there is 
no change in the stiffness of the cell due to dynamic effects of the 
electrolyte. 

5. Conclusion 

The scope of this work was to develop a finite element model of a 
lithium-ion pouch cell that combines high level of detail and relatively 
high computational efficiency. Therefore, the use of penalty contacts 
within the jelly stack was completely omitted. Furthermore, a discrete 
element formulation is applied, which successfully prevents a reduction 
in the time step under transverse compression. Two modelling ap
proaches, denoted as variants A and B, were investigated. The key 
properties of both variants are shown in Table 3. 

In variant A, the transverse compression behaviour of individual 
layers is considered, while in variant B, transverse compression behav
iour is homogenised over the thickness. 

For both variants, the geometric properties are modelled in detail, 
such as cell tabs and pouch envelope. For the characterisation of in- 
plane behaviour, component tests are required for both variants. The 
behaviour in the thickness direction is based on data from component 
tests only for variant A. Cell tests are required for variant B. The inter
laminar behaviour was calibrated against 3-point bending tests for both 
variants. Eventually, the cell was validated against various transverse 
compression experiments. 

Both variants performed quite similarly in overall structural 
response. The short-circuit criterion matches well with the drop in cell 
voltage in the experiments (max. deviation of 10%). However, an 
extension of this criterion is necessary to predict soft ISC (separator 
flattening). Similar to the work of Li et al. [31] and Jia et al. [27], this 
could be done through data-driven security risk prediction. In addition, 
a post-mortem analysis of the cells would be of great interest. This would 
allow the failure model to be validated on a component basis. However, 
as reactions in the cell occurs after the short-circuit despite a SOC of 0%, 
an analysis of the structure is not expedient. This has the potential for 
improvement and should be implemented in future work. 

Despite the efficient modelling due to the points mentioned, the 
computational effort is extremely high in absolute terms, even for the 
more efficient variant B. In addition, the critical time step is too small by 
at least a factor of 10 to combine this model with common vehicle 
structure models without any problems. However, the main advantages 
of these approaches are their transferability and high level of detail. 
Despite the simplifications, the separator’s failure can be simulated and 
thus the cell failure can be predicted. An adaptation of the model to a 
new cell type is already possible with knowledge of the geometry and 
mechanical properties of the new components. The effort for renewed 
characterisation tests, which would be necessary for adapting homoge
neous models, can be significantly reduced here. A further reduction of 
computational effort would be conceivable in the future through the 

Fig. 6. Comparison between simulation and real compression test a) anode b) cathode c) pouch d) separator.  

A. Schmid et al.                                                                                                                                                                                                                                 



Journal of Power Sources 581 (2023) 233510

10

Fig. 7. Comparison between simulation and real cell tests a) Indentation test with cylindrical impactor long side b) Indentation test with cylindrical impactor short 
side c) Indentation test with hemispherical impactor d) 3-point bending test e) Schematic failure analysis. 

Fig. 8. Comparison of w-strain over thickness with transversal compression left) Variant A right) Variant B.  
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application of model order reduction [49] or multi-scale approaches. 
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