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Abstract: Impact damage is one of the most critical scenarios for the lithium-ion battery pack of an
electrical vehicle, as it involves mechanical abusive loads with serious consequences on electrical and
thermal stability. The development of a numerical model for an explicit dynamic simulation of a
Li-ion battery pack under impact implies a significant computational effort if detailed models of a
single battery cell are employed. The present paper presents a homogenized finite element model
of a battery cell, validated by experimental tests of individual materials and an impact test of an
entire cell. The macro model is composed of shell elements representing outside casing and elements
with a homogenized and isotropic material for the jelly roll. The displacements and deformed
shape of the numerical model of the battery cell were compared with those measured on real test
specimens; full-field optical scanning was employed to reconstruct the 3D shape of the deformed
battery. The overall deformation of the simulation and experimental results are comparable with a
deviation of the maximum intrusion of 14.8% for impact direction and 19.5% for the perpendicular
direction considering the cumulative effects of simplifying hypotheses of the numerical model and
experimental side effects. The results are a starting point for future analyses of a battery pack and its
protection systems under impact. The model presented in this paper, considering the low computing
power needed for calculation and acceptable mesh size for crash, should be able to be used in bigger
resources consuming crash simulation models. In this way, the cells’ deformation and behavior can
be tracked more easily for safety management and diagnosis of the crashworthiness of the packs or
car batteries.

Keywords: Li-ion battery; experimental impact test; material models; explicit dynamic simulation

1. Introduction

Lithium-ion battery (LiB) cells are presenting increased interest due to their higher
energy density and electrification trend in automotive engineering. Widely used in con-
sumer electronics, the lithium-ion batteries’ failures are due to an internal short-circuit
occurring during normal use. Operational abuse such as overcharging by poorly designed
charge systems, or manufacturing defects such as metallic contaminants or electrode mis-
alignment are just a few examples of failure. Simulations of the internal short circuit (ISC)
due to mechanical intrusion of a cell, such as through nail penetration, a small indentation,
or a controlled pinch test [1–3], have also been used to investigate the development of
an internal short circuit. Nail penetration will lead to damage of the cell and shorting
of multiple electrode layers, which are brought into electrical contact with one other, as
well as through the nail. Macroscopic damage to the electrodes, such as large cracks
through the electrode jelly roll or delamination of electrode layers were found [4] to be
the failure modes of lithium-ion battery cells subjected to hemispherical punch, lateral
indentation by a cylindrical rod, compression between two flat plates, and three-point
bending. Commercially available cells were tested in [5] using the mechanical blunt rod
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testing method, as well as sharp nail penetration; these test conditions were carried out on
different cell constructions as well. Although much research has been done over time to
develop the most appropriate test methods, no consensus has been reached on methods
for initiating internal short circuits. Because of this, many testing laboratories continue
to use mechanical methods as a substitute for a wide range of tests related to the internal
short circuit of batteries [6–8]. In addition, the conditions under which lithium-ion batteries
are used are constantly evolving. Sales of electric vehicles (EVs) have increased recently,
and lithium-ion batteries are considered to be promising alternative energy sources for
use in electric vehicles [9]. It has been demonstrated that even in static situations (with-
out external mechanical loading), during the normal charging and discharging of LiBs,
diffusion-induced stresses are generated, which lead to the deformation of electrode mate-
rials [10,11]. The external mechanical loading exerted during the normal usage of electric
vehicles (e.g, continuously running on rough road surfaces) can lead to the premature
mechanical failure of LiBs after certain cycles. One of the main reasons for this could be
due to the enlarged stresses and deformation generated in the electrode materials caused
by the external mechanical loading, which can result in short circuits that render electrode
active materials incapable of storing Li-ions [12].

Battery safety has become one of the main issues when it comes to passenger safety [13].
Battery thermal management (BTM) is generally used to prevent overheating [14], but a short
circuit can produce a significant amount of heat, which can cause thermal instability [15].
Studies have shown [1,15] that the thermal instability of a single cell in a battery pack is more
likely to cause thermal instability of the entire battery pack when the initiator cell is in contact
with other cells and is close to the pack wall. The operational safety of electric vehicle batteries
requires electrical and thermal monitoring in addition to structural protection against impact
or other types of accidental stresses while running in order to avoid a short circuit under
the action of mechanical stresses. Battery systems in electric vehicles are protected against
deformation by metal structural elements to comply with legal impact regulations, consumer
impact tests, and other requirements [16].

Computational models were developed for simulations of Li-ion battery cells mainly
based on representative volume element (RVE) specimens subjected to in-plane con-
strained compression tests [17,18], various loading conditions [19,20], thermo-mechanical
loadings [21], or coupled mechanical-electrical-thermal simulations [22]. The proposed
approaches are a micro approach (a detailed model) and a macro approach (less detailed
model). In the detailed model, the battery cell is modeled as a layered composite [23] or
an RVE with nominal stress-strain response materials obtained based on the properties
of the cell components of layered anodes, cathodes, separators, and cover sheets [18,19].
Macro models [4] are composed of shell elements representing the outside casing and solid
elements with a homogenized and isotropic material for the jelly roll. The homogenous
model does not account for the effect of structural anisotropy caused by the layered nature
of the jelly roll, but the correlation between this type of numerical model and experimental
tests in terms of displacements was reported as very good [4].

Establishing a complex concept of a battery protection system against deformation
by structural elements to comply with impact regulations and standards can begin by
using simplified but accurate numerical models of a battery cell. Using a detailed model
(micro approach) in the case of an impact analysis requires significant computational effort.
Therefore, the present paper proposed a macro-homogenized material model of the battery
cell and the jelly roll of a commercially available lithium-ion cylindrical cell. Material
models of individual components of a battery cell were experimentally determined by
tensile tests of samples extracted from the cell. A finite element model of the cell was devel-
oped, experimentally calibrated, and validated against impact load. The displacements and
deformed shape of the numerical model was compared with those measured on real test
specimens. Optical scanning was employed to reconstruct the 3D shape of the deformed
battery. Agreement between the numerical and experimental values of the deformations
produced by the impact is good considering the cumulative effects of simplifying the
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hypotheses of the numerical model and the side effects during the experimental impact
test. In fact, when the cells are placed in a battery box, the developed FE model serves as a
starting point for future analyses of a battery pack, including cells and protection systems
under impact. The development of a reliable protection system of a battery pack cannot be
done without considering simplified and accurate models of single-battery cells.

2. Materials and Methods
2.1. Model Build-Up

The active material of standard lithium-ion battery cells is multi-layered: a copper
foil (anode) coated with a carbon-based material, an aluminum foil (cathode) coated with
lithium-metal oxides, and a polymeric membrane that electrically insulates the anode from
the cathode (separator). A mixture of organic solvent and lithium salt (electrolyte) provides
an ionic conductive medium for the transfer of Li+ ions between the anode and the cathode
during charging/discharging. The separator is made of a single layer of polyethylene (PE)
or three layers of polypropylene, polyethylene, and polypropylene (PP/PE/PP).

For this paper, the lithium-ion cylindrical battery type 18650 was used. An explicit
dynamic numerical simulation presumes definition of the material models with identified
material constants and coefficients, or when the software allows direct import of experimen-
tal stress-strain curves. In both variants, a reverse engineering process is necessary to obtain
a proper geometrical model and to obtain samples for the mechanical characterization of
different materials that form a battery cell. Thus, the battery was cut open to identify the
geometrical elements, as well as make samples for material testing.

The exterior dimensions of the battery were, as seen in the name, an 18 mm radius
and a 65 mm body length. The main relevant components taken into consideration for our
test were the galvanized steel case and the jelly roll found inside, made up of three main
materials: copper, aluminum, and polyethylene, as seen in Table 1.

Table 1. Mechanically relevant battery components.

Component Material Thickness (mm)

Case Steel 0.32
Anode Copper 0.025

Cathode Aluminum 0.025
Separator Polyethylene 0.025

Many experimental tests presented in the literature are compressive tests of an entire
battery or only of the inner sandwich structure of the cell (jelly roll) to determine the
mechanical characteristics of an equivalent homogenized material. In this paper, we tried
to validate a numerical model by performing tensile tests, which can be done more easily
and are available for many other materials that have potential to be used in battery cell
fabrication. The assumption of similar tensile-compressive behavior can be accepted if the
plastic deformations are small. Individual tensile tests of each component and the sandwich
structure were performed, and based on the obtained values, a proper numerical model of
the jelly roll was calibrated. The proposed methodology is a combination of experimental
tests and numerical simulations, and represents an element of originality of the work.

The tensile test samples cut out of these materials had a length of 100 mm and a width
of 7 mm. The thickness of the individual specimens was measured with a micrometer
by washing away the active coating using a solvent. The measurement was done both
individually and as a stack and by dividing the stack height by the number of specimens.
The measured thicknesses of the samples are presented in Table 1. All the samples were
tensile tested using an Instron 3366 (10 kN) machine according to standard procedure. For
each of the components, five samples were made, and after testing, the median values were
chosen and used for numerical simulations. The stress-strain results obtained from the tests
are engineering values.
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2.2. Tensile Test of Battery Components

For the steel case samples, the tensile test was performed with a 1 mm/min crosshead
speed corresponding to a strain rate of 4.6 × 10−4 s−1 at room temperature of 18 ◦C. The
jelly roll elements were tested together in a sandwich layout and individually: aluminum
and copper at a crosshead speed of 2 mm/min (resulting strain rates of 5.9 × 10−4 s−1

for aluminum and 5.8 × 10−4 s−1 for copper), and the separator layer at 10 mm/min
(29.1 × 10−4 s−1 strain rate) at the same temperature as the case samples. Figure 1 presents
the specimens of different materials at the end of the tensile test. Jelly roll testing as
a layered structure is affected by the individual sample dimensions, as shown by their
alignment with respect to the tensile direction and the existence of an equal pretension in
each individual layer of material—a fact that is difficult to achieve in practice.
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Figure 1. Tensile test of battery materials as individual or sandwich samples.

Figure 2 shows the stress-strain curves of individual battery materials underlying their
mechanical behavior, tensile stress, and strain at maximum load, and E-modulus being
presented with their standard deviation in Table 2.
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Figure 2. Stress-strain curves of individual materials of the battery.

Table 2. Case samples—Tensile test results.

Sample
Maximum

Load
(N)

Tensile
Stress at

Maximum
Load

(MPa)

Tensile
Strain at

Maximum
Load
(%)

E-Modulus
(MPa)

Case 912 ± 7.4 429 ± 3.6 1.24 ± 6.6 72,611 ± 30
Cathode 34 ± 10 136 ± 10 0.42 ± 30 47,645 ± 8.4
Anode 53 ± 4.7 215 ± 4.7 1.49 ± 20 48,907 ± 25

Separator layer 19.6 ± 7.7 78 ± 7.7 26.8 ± 2 2296 ± 40
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2.3. Validation of Numerical Models

The development of a macro-scale numerical model of a cell implies the existence of
material parameters that describe the mechanical behavior. The producers of batteries have
data privacy rights regarding the materials used in their products. For this reason, we used
experimental materials data, which was first employed in a tensile test simulation. The
comparison of experimental and numerical tensile load-displacement curves will increase
the confidence of the proper material’s model used in simulations of the entire battery cell.

From the physical test results, five materials were defined in the LS Dyna environment
based on the E-modulus, the material stress-strain curve, and the maximum plastic strain
failure parameter. Each sample was modeled with the same length, thickness, and similar
tensile test conditions, as shown in Figure 3. The model was meshed with hexa elements
with a medium size of 3 mm. The force analysis in LS Dyna was conducted with the help
of the functions provided by the solver called via specific commands. The ones used in
this model were section–force type, which determine interior forces and moments at a
cross-section. A cross-section, in LS Dyna, is defined with the help of a node set, which
defines the cutting surface, and a shell set containing deformable elements. In our case, the
maximum force until the breaking point was measured with a section–force type analysis
defined on a cross-section transverse on the sample model. The numeric shell model
represents the middle surface of the real sample, with the thickness as a partial parameter,
so the measure is analogous to internal force measurement in the cross-sectional area of
the specimen.
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Figure 3. Finite element model of the tensile specimen.

As for the boundaries, the model has two rigid bodies defined on the sample’s end ele-
ments: one with all the freedom degrees blocked, and the second one with the displacement
defined on the axial direction.

The validation of the material models was done with the comparison of the maximum
load before breaking, obtained by numerical simulations and experimental testing, as seen
in Table 3.

Table 3. Comparison of the numerical and experimental tensile test results.

Sample
Tensile Test

Maximum Load
(N)

Simulation
Maximum Load

(N)

Case 912 914
Cathode 34 33
Anode 53 53

Separator layer 19.6 19

Figure 4 presents a comparison between the force-displacement curve of each in-
dividual material of a battery cell, obtained by an experimental tensile test and nu-
merical simulation. Similarities shown in these results improve the confidence of the
simulation results.
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2.4. Jelly Roll Simulation

In this paper, a homogenized model of the jelly roll is considered in which all compo-
nents of the inner-layered structure of the battery are grouped together into a single type
of material. It is considered that compressive and tensile properties of this material are
the same, but at the same time, it is recognized that compressive and tensile properties of
this material are different. From previous modeling of lithium-ion cells [17–19], it is under-
stood that the jelly roll material behaves like compressible foam until densification, and its
crushing strength is much less than that of the steel case. Similar assumptions presented
by Liu et al. [20] that ignore the differences of mechanical behavior between tension and
compression lead to numerical results that are in good agreement with the measured data.
The error introduced by the assumption of similar tensile-compressive behavior can be
accepted only for a simplified model; the contribution of individual components of the jelly
roll in the impact test is not quantified.

The samples cut off from the jelly roll were tested individually and together as a
layered specimen. Testing a specimen made of the three different samples (aluminum,
copper, and polyethylene) layered together as a single element was, as mentioned before,
problematic and caused a scattering in the results (Figure 5): two of them had a force peak
of around 70 N, while the other two measured around 100 N. This can be explained by
uneven loading of individual layers due to initial misalignment and the existence of an
unequal pretension in each individual layer of material. The problem can be overcome in
two ways: first, by testing a considerable number of specimens and building a statistically
relevant mean value, or second, by performing a numerical simulation of the jelly roll based
on the individual material model (validated above) and comparing it with the experimental
results. We chose the variant of numerical simulation, and an FEM sandwich model was
created, as shown in Figure 6. The FE model was similar in dimensions and boundary
conditions as the real specimen. The result of the FEM sandwich model (depicted in
Figure 5) was the main factor in choosing the right results for defining the jelly roll material.
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After comparing the load-displacement curves, one material sample was chosen for
the jelly roll material definition (Sample 1). The simulation showed a maximum force of
68 N compared with the real sample of 69 N, as seen in detail in Figure 7.
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After validating the individual material models of the battery components and es-
tablishing the jelly roll proprieties, the next step was the explicit dynamic simulation of a
battery cell under impact.

3. Impact Testing and Simulation
3.1. Experimental Setup

The experimental setup consisted of a gravitational pendulum with a 9 kg ball and
60 mm radius hitting the battery fixed on a metal plate (Figure 8). The pendulum arm was
620 mm long and the dropping angle was 83◦. The whole system had a relatively little
movement when the impact was produced, so a small error in the results was expected. The
experimental system setup did not have the aim of causing a strong impact that produced a
deformation leading to battery failure. If the battery cell is enclosed in a battery pack with
a protection system, the impact should affect it in a small measure, avoiding its failure.
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Figure 8. Battery impact test: (a) impact pendulum; (b) impact ball and battery before and
after impact.

The kinetic energy can be calculated with the formula:

Ek = 0.5 mv2 (1)

in which: Ek represents the kinetic energy; m—mass; and v—impact velocity;

v =
√

2gL(1 − cos a◦) (2)

in which: g—gravitational acceleration; L—pendulum arm length; and a◦—pendulum arm
drop angle.

In our case, considering the above formulas, the calculated impact velocity equaled
3.26 m/s and the kinetic energy was 48 J. The mass of the connection bar between the ball
and pin support, as well as the energy loss by friction in the bearing, were neglected. After
impact, the battery did not crack, nor were there significant thermal effects observed by
measurement with a thermal imaging camera.

The crushing strength of a battery cell comes from both the strength of the outer shell
casing and the crush-resistance of the jelly roll. The process of getting the deformed shape
of the battery after impact and the highest deformation [24] was done in our case by an
optical 3D-scanning procedure. The system used was an Atos Core optical sensor from the
GOM Company (Braunsweig, Germany) based on fringe projection technology and the
principle of triangulation (Figure 9). A fringe pattern of different widths is projected by
the sensor unit onto the object to be measured, and two CCD cameras observe and record
the changes of sinusoidal offset phase light intensity reflected by the object. The sensor
applies multiple phases of offset according to the principle of heterodyne light interference
to reach the best sub-pixel accuracy. All the 3D coordinates belonging to camera pixels are
calculated automatically within seconds and with high accuracy by the computer based
on transformation equations of optical imaging. More independent measurements from
different views are needed to digitize the whole surface of a battery.

This method measures very precisely (around 2 µm according to the producer) the
deformation of the battery by obtaining a skin mesh after the complete surface scan. A
major advantage of the measuring system is the possibility to compare the measured data
with 3D CAD data of the battery. A special software, GOM Inspection, is used for scanning
and inspection with built-in functions like pre-alignment of the mesh on CAD, surface
comparisons, and section cuts.
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Figure 9. Optical 3D-scanning procedure of the impacted battery.

In total, five batteries were impacted, most of which were eliminated from the analysis
as failed tests; only the first specimen from Figures 10 and 11 was used for validation.
Considering the cylindrical surface of the specimens, the ball impactor and the plastic
fixtures that allowed the battery to have slight movement during the impact, positioning
the battery in just the right spot for impact created a problem. The position of the impact
was not satisfactory most of the time, as we can see in the second specimen shown in
Figure 10. Considering these conditions, we selected only one battery, which was hit the
most diametrically.
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The results are represented as a surface (Figure 10) and as a section (Figure 11) com-
parison with the CAD data of the battery. The CAD data were generated based on outside
dimension measurements of the battery before the impact test and represent the initial de-
flection of each measured point. The biggest intrusion measured on the battery is 1.08 mm
in the impact direction, and a maximum deformation of 0.5 mm in a perpendicular direc-
tion, as seen in the Figure 10. It can also be noticed that the deformation is more localized
on the area where the ball hits the battery.

A detail of the cross-section in the impact zone in comparison with the initial circular
cross-section is depicted in Figure 11. It can be seen that the impacted zone is strongly
deformed towards the inside of the battery (negative values), and in a perpendicular plane,
the steel case is deflected to the outside of the battery (positive values). The ratio between
these deflections is about 2.14.

3.2. FE Model Build Up and Simulation Results

The simulation of the model was performed with the LS DYNA solver and is presented
in Figure 12. The battery model has two parts: one shell for the case, and one for the interior
with the above presented materials. These shells are made of elements with a medium size
of 3 mm. The size is important to keep the time step low without adding mass to the model;
in this case, close to 0 mass was added. Time step is influenced by the size of the element
and the density of the element material. The part of the battery contained 465 hexa (94.7%)
and 26 tria (5.3%) elements. For the jelly roll shell, the numbers were 422 hexa (97.25%) and
14 tria (2.75%) elements.

The pendulum ball was modeled out of rigid shells. In this case, the plate in the model
was considered un-deformable, as it was also made by ideal rigid shells. This method of
modeling was chosen due to the complexity of measuring the real stiffness of the place
where the battery was fixed, which was in the middle of the plate in the front of the pillar
that sustained the plate.

The ball had a defined mass of 9 kg and an initial velocity of 3.26 m/s at contact
with the battery. The contact between the battery and the plastic bands was defined in LS
DYNA as tied contact with a specific maximum force from which it comes undone as in the
real test.

The simulation had a total time of 2 ms with a printing output of 0.2 ms, enough for
the battery to reach the maximum deformation.
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Figure 13 shows two stages of the explicit dynamic simulation, namely before and after
the impact. For accurate simulation, the two bent strips that keep the battery in position
before impact visible in Figure 8 were also modeled.
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Figure 13. Simulation of the battery: (a) layout side view of the initial state and (b) last state of
the simulation.

In an explicit simulation, the important energy check is related to the variation of the
kinetic, internal, and total energy. Figure 14 represents the energy variations across the
simulation time, during which the kinetic energy value at the beginning of simulation was
48 J, the same as the kinetic energy of the real test calculated in the second paragraph. We
can also see in stage 1, before 1 ms, how the kinetic energy is changing in internal energy
as the ball hits and the battery is deforming. The internal energy is calculated as the sum
between these energies (kinetic and internal), so it remains constant during the simulation.
In stage 2 of the simulation, after 1 ms, the ball has lost all the kinetic energy, so the battery
reached the maximum deformation due to impact, so it confirms that 2 ms of simulation is
enough for this load case.
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Figure 14. Energy variations during the simulation time.

The simulation results are presented in color-coded images in Figures 15 and 16, and
are represented by the maximum deformation of the battery, where the Y displacement
represents the deformation on the direction of the ball impact, and the Z displacement is the
deformation of the battery in the perpendicular direction of the impact. The maximum Y
and Z displacement values are 1.24 mm and 0.33 mm, respectively. The overall values are
comparable with the real test result shown above in Section 3.1, having a deviation of 14.8% for
impact direction (Y) and 19.5% for deformations in a perpendicular direction (Z) due to energy
loss in the system movement and the fixing plate’s small elastic deformation—variables which
are not present in the simulation model.
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4. Conclusions

One of the most critical scenarios during the impact of an electrical vehicle is the
damage of the battery pack. Mechanical abusive loads acting on several cells can have
serious consequences on the electrical and thermal stability of the battery pack, affecting
passengers’ safety and neighborhood vehicles. The development of a numerical model for
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an explicit dynamic simulation of a Li-ion battery pack under impact implies a significant
computational effort if detailed models of a single battery cell are employed. Establishing a
complex concept of a battery protection system against deformation by structural elements
to comply with legal impact regulations, consumer impact tests, and other requirements
can begin by using simplified but accurate numerical models of a battery cell.

A mechanical impact test on commercial cylindrical lithium-ion batteries was car-
ried out in order to assess the deformation level of the cell. A combination of experi-
ments and numerical simulations were used to investigate a battery cell impacted with a
spherical object.

A macro-mechanical finite element model of the cell, suitable for standard crash
simulations, was set up using an element mesh size of approximately 3 mm. The material
model properties for the individual battery constituents were obtained from standard
tensile tests. The material properties for the jelly roll were calibrated from a combination of
experimental and numerical simulations of individual and layered specimens.

The precise measurement of the plastic deformation of the battery after impact was
performed by a 3D, full-field optical scanning system with a precision micrometer level.
This method allows for full-field shape information and, by comparison with the initial
geometry of the battery, the deflection of any point can be evaluated. The full-field informa-
tion obtained after post-processing of the scanning process can be directly compared with
the finite element simulation results.

Agreement between the numerical and experimental values of the deformations
produced by the impact is good considering the cumulative effects of the battery support,
the friction moment of the pendulum, and the stiffness of the experimental setup on
experimental results.

Considering the low computing power needed for calculations and the acceptable
mesh size for crashes, the model presented in this paper can be used in bigger resources
consuming crash simulation models. In this way, the cell deformation and behavior can be
tracked more easily for safety management and diagnosis of the crashworthiness of the
packs or car batteries.

The findings presented in this paper allow the following overall conclusions to
be drawn:

• Building a numerical model of a battery cell is reliable if material models of its individ-
ual components, especially the homogenized model of the jelly roll, are experimentally
calibrated;

• Ensuring the correct evaluation of an experimental impact test implies a full-field
reconstruction of the deformed geometry of a battery cell, a proper method being
proposed in the paper;

• The use of a simplified numerical model of a single cell is suited to evaluate the impact
behavior of a battery pack and the corresponding battery protection system subjected
to impact loads.

Despite the deviations that were documented between the simulation and experimen-
tal results, the findings provide researchers with a useful experimental and simulation
workflow. These research findings indicate new possibilities for using a simplified numeri-
cal model of a battery cell to validate a complex explicit dynamic model of an entire battery
pack and its corresponding protection system.
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