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Abstract: The crash safety of lithium-ion traction batteries is a relevant concern for electric vehicles.
Current passive safety strategies of traction batteries usually come at the cost of their volumetric
or gravimetric energy density. This work analyses the influence of the variables cell selection and
orientation within the traction battery on the crash safety of an electric-powered two-wheeler. These
two variables do not negatively influence the traction battery’s volumetric or gravimetric energy
density in the design process. Metamodels and numerical simulations are used to evaluate the crash
safety of an electric-powered two-wheeler’s traction battery in a potentially dangerous crash scenario.
The influence of the variable’s cell selection and orientation is evaluated through the internal short
circuit risk of the integrated cells. The comparison of the metamodels shows that the cell orientation
reduces the internal short circuit risk by up to 51% on average in the analysed crash scenario. The cell
selection reduces it only up to 21% on average. The results show that crash safety can be increased
in the design process, and a combination with the current protection strategies can increase crash
safety further.

Keywords: Li-ion batteries; battery safety; integration of battery system; design of battery system;
crash safety of battery system

1. Introduction

Lithium-ion (Li-ion) represents nowadays the most common technology for the cells
of the traction batteries of electric vehicles (EVs), including electric-powered two-wheelers
(E-PTWs), thanks to its high volumetric and gravimetric energy density compared to other
technologies [1]. Li-ion cells are available in three main shapes: cylindrical, prismatic, and
pouch, which differ in construction [2]. Different formats (as an example for cylindrical cells
in 18650, 21700, 4680, etc.) [3] and different chemistries (e.g., LiCoO2, LiFePO4, LiMn2O4,
etc.) [4,5] are available for each shape.

Independent of the cell shape, relevant hazards, such as the venting of toxic gases,
the release of harmful liquids, or the combustion of the entire cell due to the uncontrolled
temperature rise called thermal runaway, can arise in case of abuse conditions due to
thermal, electrical, and mechanical loads, such as those acting on the cells in the case of a
crash [6,7].

The safety of Li-ion cells is commonly evaluated through experimental tests defined
in various norms and standards [8–10] to identify safe cells for vehicle integration. The
cells are subjected to abuse conditions representative of different load scenarios, inter alia
mechanical loading [11–13]. The experimental tests evaluate the safety of a cell based on
the cell reactions achieved during the test and categorise it through the EUCAR hazard
level table [14]. A maximal level of four is usually aimed for vehicle integration [15]. This
approach allows us to identify cells with potentially dangerous behaviour. However, it does
not allow us to forecast the safety performance of the cell on the crash safety of the traction
battery after integration into the vehicle. The effect of the cell is superimposed with other
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variables (e.g., load introduction points or energy dissipation components) introduced in
the integration process.

The design and integration of the traction battery in EVs play a relevant role in its
crash safety in case of a collision [16,17].

With the aim to reduce the risk of an internal short circuit (ISC) due to mechanical loads,
commonly the trigger of hazardous reactions under crash loads, several passive safety
strategies are present in the current state of the art. These strategies can be categorised into
three working principles: (1) increase the energy dissipation performance of the traction
battery, (2) reduce the intrusion into the traction battery, and 3) manipulate the load path In
case of a crash.

Energy dissipation components to improve the crashworthiness of the traction battery
can be applied to the traction battery housing [18,19], its connection to the frame [20], or
inside the modules [11]. In all approaches, the authors of the studies achieved a reduction in
the number of cells experiencing an ISC. However, these approaches decrease the traction
battery’s volumetric energy density or increase the traction battery’s mass due to the
volume and mass needed to integrate the energy dissipation components [19,21].

The intrusion in the traction battery, which can potentially damage the inner cells, can
be reduced using stiff traction battery housing. By stiffening the traction battery housing or
parts of it, a higher mechanical load is necessary to produce an intrusion and potentially
damage the traction battery cells [19]. Various approaches can be found in the current state
of the art using this principle. One research direction consists of optimising the geometry
of the traction battery housing by determining the optimal thickness of each part of the
traction battery enclosure [22] or optimising the geometry of the case itself [17].

In particular, Shui et al. [22] showed, by applying a multi-step optimisation process,
the possibility of reducing the deformation of the traction battery in case of crash with
similar loads by circa 22%, while also reducing the mass of the enclosure by circa 11%.

Further studies focus on the increase in the stiffness of the traction battery housing
using different materials, such as composite material [23,24] or high-strength alloys [16,25],
for the traction battery housing or part of it. Pan et al. [16] achieved a mass reduction of
circa 10% using high-strength steels for the traction battery housing while maintaining the
crash safety requisites for the integration of the traction battery into the vehicle.

Nevertheless, optimising the traction battery’s geometry or using high-strength mate-
rials does not always lead to a traction battery housing mass reduction, as shown by Szabo
et al. [17]. Furthermore, the modification of the stiffness of the structure [26], by means of
geometry or material modification can influence the response of the structure to external
vibrations and the dynamic response of the vehicle itself under driving conditions. There-
fore, the stiffness increase process is commonly conducted in combination with vibrational
analyses to ensure the achievement of a feasible structure for the vehicle integration, as in
the work of Shui et al. [22].

Faßbender et al. [27] proposed manipulating the traction battery load path in case of
a crash by adopting a damage-tolerant traction battery through a module design based
on a triangular shape. This allows a relative movement of the modules in the event of
traction battery deformation, thus increasing the intrusion into the traction battery needed
to damage the cells. Faßbender et al. [27] provide no information on the effects in terms
of cells’ protection or changes in the traction battery’s gravimetric and volumetric energy
density of the traction battery. However, such an effect can be expected due to the extra
volume of the module housings needed to allow their relative displacement.

The strategies presented in the aforementioned studies have been successfully verified
in a numerical environment. However, they can have a negative impact on the volumet-
ric or gravimetric energy density of the traction battery due to added components or
stiffening structures.

This study aims to investigate the use of mechanical capabilities of cells to absorb
deformation energy until ISC occurs in the case of a crash. Therefore, the influence of
the two variables, cell selection and orientation, on the crash safety of an E-PTW traction
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battery is investigated. The cell selection and orientation within the traction battery are
two variables in the design process of a traction battery, which come at no volumetric
or gravimetric energy density cost. The approach presented in this work represents an
innovation in the current state of the art as it uses the cells’ mechanical properties to
improve the traction battery’s crash safety without integrating further components into the
traction battery that reduce its gravimetric or volumetric energy density.

2. Materials and Methods

To achieve the goal of this study, a finite element (FE) model of the entire E-PTW is
built. The EPTW FE model is subjected to a potentially dangerous crash load condition
through FE simulations, analysing its crash safety with the traction battery cells’ internal
short circuit risk (ISCR).

With the FE model, the influence of the two variables is evaluated through:

1. The cell selection, by considering two 18650 cells from different manufacturers;
2. The cells orientation within the traction battery, by considering two different cell

orientations.

Additionally, a thickness range of two components of the traction battery housing
defining its mass and crashworthiness is analysed to evaluate the influence of cell selection
and orientation independent from the crashworthiness of a specific traction battery housing.
This measure ensures the overall validity of the study.

Metamodels of the ISCR as a function of the FE model variables are built to analyse
the influence of the cell selection and orientation on the crash safety of the traction battery
beyond the simulated cases, reducing the computational effort of the study.

The comparison of the ISCR trends of the traction battery of the E-PTW with different
integrated cells and cell orientation permits us to observe their influence on the crash safety
of the traction battery.

2.1. Reference E-PTW, Cells, and Crash Scenario

This work is based on an E-PTW concept of category L3e-A2 [28] for urban and
commuting purposes. The E-PTW concept can integrate two structural (i.e., substituting
the vehicle frame) traction battery concepts. Both integrated traction battery concepts
(Concept Y and Concept Z) are composed of three identical modules (216 cells per module)
connected in their series (see Figure 1) but differing in their orientation. Each module
consists of 18650 cells with a 24s9p configuration. The modules are oriented with the cells’
longitudinal axis in the yM direction in Concept Y (see Figure 1a) and with an angle of
25.5◦ relative to the zM direction in Concept Z (see Figure 1b). The traction battery concepts
integrate the connection to the steering head, motor, and swingarm. The volume of Concept
Y and Concept Z is the same; therefore, integrating the same cells results in an identical
volumetric energy density.

This study considers two commercial Li-ion cylindrical cells of the 18650 format with
the chemical composition Lithium-Nickel-Manganese-Cobalt-Oxide (commonly called
NMC). The two cells, referred to in this study as cell A and B, have the same format and
do have the same dimensions according to the datasheets, namely a nominal diameter of
18 mm and an axial length of 65 mm. The cells are from different manufacturers and differ
minimally in their electrical specifications. However, the electrical performance of both
cells, based on the data sheets, is comparable. Additionally, both cells have their protection
systems integrated (such as the current interrupt device, positive thermal coefficient switch,
or safety vent).
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Figure 1. CAD models of the E-PTW with traction battery: (a) Concepts Y and (b) Concept Z.

The current literature [6,29,30] refers to the collision of an EPTW and a cylindrical
object as a worst-case crash scenario for E-PTWs; therefore, this scenario is selected in this
study. The cylindrical object has a diameter of 150 mm, as proposed in the SAE J2464 [31].
The impact speed is set to 8.9 m/s to represent a collision in urban areas, following the
collision speed defined by Matsuda [20] and Ellersdorfer [6]. The collision area is set
in the middle of the traction battery side to maximise the potential deformation of the
traction battery.

2.2. E-PTW, Traction Battery, Cells, and Crash Scenario FE Modelling

Data on the traction battery’s crash safety are obtained using the FE simulations
of the considered crash scenario. The cylindrical collision object is modelled with two-
dimensional (2D) elements and a rigid material model.

The E-PTW concept is simplified in the FE modelling to reduce the computational
effort of the analysis due to the high total number of cases that needed to be analysed
numerically for the metamodel building (see Figure 2). The components of the E-PTW not
part of the traction battery are modelled using 112 one-dimensional (1D) rigid elements.
The mass of the 1D elements is chosen to obtain a mass and a centre of gravity position for
the entire vehicle in the simplified model, as in the concept E-PTW.
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E-PTW model with traction battery: (b) Concepts Y and (c) Concept Z.

More details are present in the FE model of the traction battery to achieve a higher
accuracy in approximating its mechanical behaviour in the crash scenario. The FE model
of the traction battery consists of the following components (presented in Figure 3 using
Concept Y as reference):

• The traction battery housing is composed of two components: the external plates (EPs),
which define the external contour of the housing, and the longitudinal plates (LPs),
which are placed between the modules for their fixation and thermal management.
Both housing components are modelled with a total of 27,286 2D quadratic elements
(average side length of 5 mm) with Belytschko-Tsay formulation with 5 integration
points and using an elastoplastic aluminium material model without strain-rate hard-
ening behaviour and with an effective plastic strain-based failure criterion in tension.
The material model’s effective plastic strain at failure was calibrated using data re-
trieved from tensile tests executed with specimens of the same material. The thickness
range of the EPs and LPs is defined through variable parameters to be used as the
input in the analysis.

• The modules consist of the following subcomponents:

# The cell holders are responsible for holding the cells together and are mod-
elled with a total of 86,910 2D elements, combining quadratic and triangular
elements (average side length 5 mm), with Belytschko-Tsay formulation with
5 integration points using an elastic material model without strain-rate harden-
ing and with an effective plastic strain-based failure criterion resembling the
material behaviour of an acrylonitrile butadiene styrene thermoplastic.

# The cells are modelled using a combination of 544 2D and 1881 1D elements,
according to Raffler et al. [32]. Two-dimensional elements are used to geomet-
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rically model the outer surface of the cell, and one-dimensional elements are
used to represent the cell’s mechanical behaviour under load.

# The connection between the modules and traction battery housing (i.e., con-
nection screws) is modelled with 60 1D elements (average length 10 mm) with
Hughes-Liu formulation with cross-section integration formulation and a steel
elastic material model to simulate the screw connection needed to fix the mod-
ules within the traction battery housing.
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Figure 3. Schematic sketch of the traction battery of Concept Y with its components. The external
plates are semi-transparent to show the inner components of the traction battery [33].

The smallest time step of the undeformed model is 6 × 10−4 ms. Due to the defor-
mation in the load case, the smallest time step can drop up to 1 × 10−4 ms. The smallest
time step is limited to 1 × 10−4 ms by adding artificial mass to the elements to ensure the
simulation’s stability and reasonable calculation time. Nevertheless, the maximal mass
added was equal to 1.45 kg (less than 1% of the vehicle model mass).

A contact between all of the components of the FE model of the traction battery, except
the 1D elements of the FE model of the cells, and the impactor using an automatic formu-
lation are defined using the penalty method. The penalty method is used due to its good
convergence in different contact conditions [34] and its easiness of implementation [35].

The FE simulations are performed with the single precision solver version R 9.20 of LS-
DYNA® on the High-Performance Computing cluster of the Graz University of Technology,
running on a Red Hat Enterprise Linux 5.4 platform.

The experimental tests, subjecting the cells with a 100% state of charge to quasistatic
mechanical loads under three load configurations, as performed by Raffler et al. [33]
(see Figure 4), provided the data on the cells’ mechanical behaviour. Five repetitions are
conducted for every load configuration and cell.
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The experiment data (Tables A1 and A2) are used to calibrate the mechanical behaviour
of the cell FE model and to determine the short circuit criterion using the method by
Raffler et al. [33]. Previous studies [33,36,37] identified different ISC behaviours due to a
deformation in the radial and axial cell direction; therefore, an internal short circuit risk at
the cell level is defined for radial deformation (ISCRr cell) and axial deformation (ISCRa cell)
(Equations (1) and (2)) with the description in Table 1.

ISCRr cell =
εr

εr SC
(1)

ISCRa cell =
εp

εp SC
(2)

Table 1. Description of the acronyms for the ISCR at the cell level.

Acronym Description

εr Radial cell deformation. Calculated as proposed by Raffler et al. [32]

εr SC
Radial cell deformation

at ISC onset.

εp Pole cell deformation. Calculated as proposed by Raffler et al. [32]

εp SC
Pole cell deformation

at ISC onset.

The maximum between ISCRr cell and ISCRa cell defines the ISCR of a single cell
(ISCRcell), while the maximum between the ISCRcell of all of the cells of the traction battery
defines the ISCR at the traction battery level.

2.3. Assessment of FE Models

The correlation and analysis (CORA) method is used to assess the validity of the
mechanical behaviour of the FE models. Gehre et al. [38] first proposed the CORA method
as an objective comparison method to assess the quality of compliance of the two curves.
The method is used to compare different curves, including time-displacement [38], time-
force [38,39], and displacement-force curves [40]. The CORA method consists of four
independent procedures to separately evaluate the agreement for the size, phase, shape,
and corridor of the two curves [38]. Every procedure provides a score (R) between zero and
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one, where zero defines no agreement between the signals and one is a perfect agreement.
The four procedures are grouped into the “Corridor method”, including the corridor
agreement comparison; and the “Correlation method”, consisting of the size, phase, and
shape agreement comparison. The ISO/TR-9790 procedures [38,41], followed in this work,
suggest calculating an overall rating divided into five grades (see Table 2) related to the
agreement of the two curves by calculating the weighted average of the score of the
four procedures.

Table 2. Grades of the CORA method.

Grade Score Range

Excellent 0.86 ≤ R < 1.00

Good 0.65 ≤ R < 0.86

Fair 0.44 ≤ R < 0.65

Marginal 0.26 ≤ R < 0.44

Unacceptable 0.00 ≤ R < 0.26

The CORA method differs from other methods that also assess magnitude, shape, and
phase, such as the “Enhanced Error Assessment of Response Time Histories”
(EEARTHs) [42] or “The Normalized Integral Square Error” (NISE) [43] by the feature
of corridor assessment. Additionally, there are no disadvantages that CORA has to the
mentioned methods. The “Correlation of signals” method (CoSi) [44] assesses the same
metrics as the CORA but has the disadvantages of individual factors for each metric and
not supplying an overall rating. The minimum area discrepancy method (MADM) [45] is
developed especially to compare force-displacement curves and has the advantage of also
working for non-monotonic functions. However, the MADM does not directly evaluate the
size and shape. In the literature, there are also numerous other evaluation methods, such
as the “Sprague and Geers method” or “Cumulative standard deviation (CSD)”, but these
methods cannot identify the key features such as phase, magnitude, and slope [39,44,46].
Therefore, the CORA is extensively used and implemented in norms and standards and
is well-suited for use in this article because of the displacement-based data acquisition in
the experiments.

The used parameters are chosen according to recommended values from the liter-
ature [47]. The FE model is considered valid when the overall score of the three load
configurations achieved at least the grade of “Excellent”.

The CORA method is used to validate the FE models of the components for which
hardware specimens are available to generate experimental data, i.e., the cells integrated
into the traction battery and material models. Therefore, all components directly involved
in the area of contact between the vehicle and pole in the crash scenario are valid. The
remaining parts of the vehicle (wheels, swingarm, handlebar, . . . ) are only responsible
for reproducing the vehicle’s kinematics (kinetic energy, centre of gravity) and the load
introduction between the traction battery and connected components. For this reason, only
the centre of gravity and the vehicle mass are validated based on the CAD model of the
baseline vehicle.

The curves that are compared through the CORA method for the validation of the
FE cell model are the average force-displacement curve of the conducted experimental
tests and the force-displacement curve of the FE simulation subjected to the same load
configuration. All force-displacement curves of a load configuration are considered and
resampled with a displacement resolution of 0.05 mm. The force values of every curve for
the same displacement are averaged to obtain an average curve. The CORAplus tool [48] is
used to develop the CORA analysis.
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2.4. Metamodel Building and Assessment

Within this study, a metamodel-based approach [49,50] is used to investigate the
influence of cell selection and orientation on the crash safety of the traction battery.

The metamodels are built using the response surface method (RSM) [51]. The method
is called the “response surface” as the response (i.e., output) values of the phenomena
investigated are interpolated using regression analysis to create a continuous surface [52]
with a reduced number of experiments needed and a high computational efficiency [53].
The response surface is calculated using a multiquadric (MQ) radial basis function network
(RBFN). These functions are commonly used to easily and accurately interpolate scattered
data [54].

The variables of the study are the selected cell and the cell orientation. Additionally,
the design parameters of the thickness of the LPs and thickness of the EPs are intro-
duced. The thickness of the traction battery housing plates defines the crashworthiness
and mass of the traction battery. The output responses are the ISCR of the traction battery
in the crash scenario and the mass of the traction battery housing, both retrieved from the
FE simulations.

To compare the ISCR of traction batteries with different cells integrated and different
cell orientations within the traction battery, a metamodel is built for each combination
of the selected cell and cell orientation. For each of these metamodels, only two design
parameters, the thickness of the EPs and LPs, are used to reduce the complexity of the
metamodel. The design space of the design parameters is limited between a minimal
thickness of 3 mm and a maximal thickness of 20 mm. The limits of the two parameters are
defined based on thickness manufacturing constraints for an aluminium moulding process.

The design points, i.e., combinations of the two design parameters of each metamodel
in the design space, are generated using a space-filling approach based on a “maximin”
method, i.e., maximising the pairwise minimum distance across the design points [49].
Sixty design points are used to build each response surface.

The results of each metamodel are validated by controlling that the ISCR of further ten
design points is in the tolerance range (TR) of the ISCR response surface with a confidence
interval of 95%. The design points are selected through simple random sampling and
are not used to build the response surface. After proving that the ISCR error distribution
between the observed ISCR in the FE simulations of the design points and the metamodel’s
one is normal through the chi-squared goodness-of-fit test, the TR of the ISCR response
surface is calculated, as in Equation (3), where:

• µ is the mean ISCR error between the FE simulations and the metamodel;
• σ is the standard deviation of the ISCR error.

TR = µ ± 1.96σ (3)

The metamodels are built with LS-OPT® 6.0.

2.5. Evaluation of the Crash Safety

The ISCR at the traction battery level of the metamodels is used in this study as the
evaluation criteria for crash safety. Multiple ISCRs of the same mass point are possible
because of the combination of EPs and LPs with different thicknesses. To ensure an objective
comparison and evaluate the maximal influence of the cell selection and orientation, the
lowest ISCR of every mass value point is considered. The ISCR, as a function of the traction
battery housing mass, is further calculated for every combination of the investigated cell
and cell orientation within the traction battery design parameters.

Comparing these functions permits the calculation of the maximal difference in the
ISCR by substituting the integrated cell and changing the cell orientation for traction battery
housing with the same mass.
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3. Results
3.1. Influence of Cell Selection on ISCR—Concept Y

Due to the simple geometric construction, the response surface of the traction battery
housing mass of Concept Y for cell A and B can be approximated to the function presented
in Equation (4). The used variables are described in Table 3.

TBHm = ρ(THLP ∗ SLP + THEP ∗ SEP) (4)

Table 3. Description of the acronyms for the approximation of the traction battery housing mass.

Acronym Description and Units Value

TBHm Mass of the traction battery housing [kg] Output

ρ Density of the housing material [kg/mm3] 2.7 × 10−6

THLP Thickness of the longitudinal plates [mm] Variable

SLP Middle surface of the longitudinal plates [mm2] 171,7831

THEP Thickness of the external plates [mm] Variable

SEP Middle surface of the external plates [mm2] 515,192

The response surface of the ISCR of Concept Y with cell A achieves an ISCR of 100%
in the entire design space, i.e., due to the cell mechanical properties and their orientation,
every combination in the design space of EPs’ and LPs’ thicknesses cannot avoid the onset
of an ISC in the analysed crash scenario. The response surface of the ISCR of Concept Y
with cell A is, therefore, not presented graphically. The response surface of the ISCR as a
function of the EPs and LPs thickness of Concept Y with cell B is presented in Figure 5.
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Figure 5. Response surfaces of the maximal ISCR in relation to the two traction battery housing
variables for Concept Y with cell B.

The global ISCR minimum in the response surface of Concept Y with cell B is 63% at
a thickness of 20 mm and 3 mm for the EPs and LPs, respectively, while the maximum is
100% in the design area near a thickness of the LPs equal to 20 mm. Every point of the
design space with a thickness of the EPs less than circa 10 mm achieves an ISCR higher
than 90%.
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As the thickness of the LPs increases, the ISCR increases. Analysing the load path
during impact can explain this phenomenon. The LPs of Concept Y are not directly
deformed during impact but limit the displacement of the cell in the yM direction. Therefore,
increasing the thickness of the LPs and, thus, their stiffness reduces their bending under
the load transmitted by the cells and increases the maximal deformation of the cells in the
impact zone (see Figure 6a,b). An increase in the thickness of the EPs produces a decrease
in the ISCR. The EPs deform directly upon contact. Therefore, increasing their thickness
increases the stiffness, and reduces the deformation of the cells in the impact zone with a
consequent reduction of the ISCR (see Figure 6a,c).
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The error distributions in ISCR between the FE model of Concept Y with cells A and B
are proven to be normal.

The evaluation of error distributions in ISCR between the FE model of Concept Y with
cells A and B and their respective metamodel is presented in Table 4, where the used units
are the percentage points of the relative ISCR.

Table 4. Statistical analysis of the error distribution for Concept Y.

Cell
Integrated Mean Standard

Deviation
Upper

Tolerance Range
Lower

Tolerance Range

A 0 0 0 0

B −0.2 1.2 2.2 −2.6

3.2. Influence of Cell Selection on ISCR—Concept Z

The response surface of the traction battery housing mass for Concept Z, due to the
same geometry of Concept Y but a different orientation of the modules, follows the same
approximation presented in Equation (4).

Figure 7 shows the response surface of the ISCR as a function of the EPs’ and LPs’
thickness for Concept Z with cell A and B.
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Based on the metamodel, the minimum and maximum ISCRs for Concept Z with cell
A are 39% for an EP thickness of circa 6.5 mm and an LP thickness of 3.0 mm, and are 100%
in the area for an EP thickness of 20 mm and an LP thickness of circa 10 mm, respectively.

In the case of Concept Z with cell B, the maximum and minimum ISCRs based on the
metamodel are 19% for an EP thickness of circa 8.7 mm and an LP thickness of 3.0 mm, and
are 46% for an EP thickness of 20.0 mm and LP thickness of 10.0 mm, respectively.

Increasing and decreasing the EP thickness of concept Z with cell A, starting from
the point of minimum ISCR, increases the ISCR. In particular, decreasing the EPs’ thick-
ness produces more intrusion in the traction battery, consequently increasing the ISCR.
Increasing the Eps’ thickness reduces the intrusion in the traction battery. Nevertheless, the
acceleration loads to which the cells are subjected to increase and lead to their deformation
due to the impact on the LPs, thus increasing the ISCR. Increasing the LPs’ thickness and
maintaining the EPs’ thickness constant produces the same effect. The effect is even more
pronounced because the LPs have an important stiffening function for the entire traction
battery housing due to the geometry of Concept Z.

The ISCR response surface for concept Z with cell B shows a striking resemblance
to that of Concept Z with cell A, despite the former exhibiting a lower ISCR throughout
the entire design space. This finding indicates that similar deformation modes of the
traction battery and the integrated cells upon impact occur. However, a higher impactor
displacement needed to trigger an ISC for cell B compared to cell A in all three tested
configurations (see also Table 5) leads to a reduction of the ISCR of the metamodel of
Concept Z with cell B.

Table 5. Comparison of the impactor displacement at ISCR onset for cell A and cell B in the three
tested configurations at cell level.

Cell
Impactor Displacement at ISC Onset [mm]

Global Radial Crush Global Axial Crush Indentation

A 5.5 3.5 4.5

B 6.7 5.6 5.6

The error distributions in ISCR between the FE model of Concept Z with cells A and B
were proven to be normal.
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The evaluation of error distributions in ISCR between the FE model of Concept Z with
cell A and B and their respective metamodel is presented in Table 6, where the used units
are the percentage points of the relative ISCR.

Table 6. Statistical analysis of the error distribution for Concept Z.

Cell
Integrated Mean Standard

Deviation
Upper

Tolerance Range
Lower

Tolerance Range

A 0.3 2.3 4.9 −4.2

B 0.0 0.9 1.8 −1.9

3.3. Influence of Cell Orientation on ISCR

The trends of the ISCR, inclusive tolerance range, as a function of the traction battery
housing mas for Concept Y and Z with cell A and B are presented in Figure 8.
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Figure 8. Comparison of ISCR and mass trends for Concepts Y and Z with cells A and B. The dotted
lines represent the upper and lower limit of the TR for each metamodel.

The ISCR trend of Concept Y with cell A is constant at 100%, as every design point in
the design area achieved an ISCR of 100%.

The same concept but with cell B shows an ISCR equal to or higher than 95%, up to a
traction battery housing mass of circa 13.5 kg. The ISCR monotonically decreases from a
traction battery housing mass of 9.4 kg up to circa 31 kg when the EPs achieve the upper
thickness limit of 20 mm. The ISCR then increases non-monotonically until reaching the
maximal traction battery housing mass of 39 kg due to the thickness increase in the LPs in
this traction battery housing mass range, due to the behaviour described in Section 3.2.

The ISCR for Concept Z with cell A ranges from a minimum of 39% to a maximum
of 96%. The ISCR decreases monotonically in the traction battery housing mass range of
5 to 11.3 kg. In this range, the thickness of the LPs is constant at the lower limit and the
thickness of the EPs increases. A further mass increase produces a non-monotonical rise in
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the ISCR. In particular, up to a traction battery housing mass of circa 31 kg, the thickness of
the EPs increases up to the upper limit, while the LPs’ thickness is constant at the lower
limit. For a traction battery housing mass of more than 31 kg, the combination of the
variables that minimise the ISCR for a fixed mass, due to the form of the response surface,
lays on a different area of the ISCR response surface, producing a leap in the curve trend.

The ISCR as a function of the mass for Concept Z with cell B shows a minimal ISCR
of circa 21% and a maximal ISCR of circa 48%. Starting from the minimal mass, the ISCR
increases to a traction battery housing mass of 7.9 kg and then decreases to the global
minimum at a traction battery housing mass of circa 15 kg. If the mass further increases,
a non-monotonical ISCR increase is produced. The same effect for Concept Z with cell A
produces the sudden rise of the ISCR at a traction battery housing mass of circa 31 kg.

4. Discussion

The results of this study show a relevant influence of both the cell selection and
orientation in the crash safety of an E-PTW traction battery.

In particular, the switch from cell A to cell B reduces the ISCR on average, in absolute
values, by 17% in the case of Concept Y and by 24% in the case of Concept Z, with a
maximal reduction of 38% for Concept Y and 48% for Concept Z. The differences in the
cell deformation of the ISC onset for the two analysed cells explain these results. Cell
B achieves an ISC at circa 60% higher deformation in global axial loading and circa 25%
higher deformation in global radial loading than cell A. Therefore, more deformation of the
traction battery housing is possible before achieving an ISCR of 100%. Consequently, the
crashworthiness of the traction battery housing structure can be better exploited with cell B
compared to cell A.

The cell orientation has an even stronger influence on the ISCR. Concept Z achieves
a reduction in the ISCR on average, in absolute value, by 44% with cell A and 51% with
cell B compared to Concept Y. Maximal ISCR reductions, in absolute values, up to 61% and
73%, respectively, for cell A and B are observed in Concept Z compared to Concept Y. The
first reason for this effect is based on the cell’s properties; the deformation that triggers
the ISC onset is up to 37% smaller in the case of global axial cell loading than in global
radial cell loading. Secondly, it can be explained by the influence of the LPs in the load path
of the traction battery housing; the main load path of Concept Z is oriented in the cells´
radial direction, while for Concept Y, it is in the cell´s axial direction. Therefore, Concept Z
leverages the cells’ anisotropic ISC behaviour, decreasing the ISCR compared to Concept Y.

Considering the influence of the LPs, they are directly loaded upon impact in Concept
Z, which is not the case in Concept Y, where only the EPs are mechanically directly loaded
in the crash phase. Therefore, an LP’s thickness increase does not reduce the ISCR in
Concept Y. In the case of Concept Z, a counterintuitive effect is present: an LP’s thickness
increase raises the ISCR. In Concept Z, an LP’s thickness increase decreases the intrusion in
the traction battery housing, but the stiffness increase produces higher acceleration pulses
upon impact. These dynamic loads oscillate the inner modules and their collision with the
traction battery housing. This provokes a local deformation of the cells, which increases
the ISCR.

5. Limitations

The results provided in this study are assessed for one vehicle type only. Due to differ-
ent boundary conditions and load scenarios, they can differ if applied to different EPTW
categories such as off-road motorcycles or different vehicle types such as four-wheelers.

Furthermore, this work analysed two cells of the same shape and format, namely
18650 cells. Comparing cells of the same shape but different formats (e.g., 18650 and
21700 cells) and different shapes (e.g., cylindrical and pouch cells) could identify new
insights to guide the selection of the optimal cell for the integration into EVs.

Finally, it should be considered that the cells’ FE models are validated under quasistatic
mechanical loads. Current studies observed differences in the mechanical behaviour of
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Li-ion cells between quasistatic and dynamic loads, as the ones that cells are subjected to in
the case of a crash [55,56]. These differences in mechanical behaviour can lead to different
ISCRs of the metamodels.

6. Conclusions

In this work, the influence of the cell selection and orientation within the traction
battery on the crash safety of the traction battery of an electric-powered two-wheeler
under a potentially dangerous crash scenario for the traction battery is analysed through
metamodels fitted to the numerical results provided by finite element simulations of the
crash scenario. The integrated traction battery cells evaluate crash safety by the internal
short circuit risk (ISCR). The following conclusions are obtained:

1. The cell orientation within the traction battery has the biggest influence on the crash
safety of the traction battery. In particular, changing only the cell orientation can
reduce the ISCR by 73%. This knowledge can be leveraged in the design phase of
the traction battery of an electric vehicle if a potentially dangerous crash scenario
is known by orienting the cell to obtain a loading in the cell radial direction during
the collision. Therefore, the gravimetric energy density of traction batteries can be
increased because fewer additional reinforcements are needed.

2. The cell selection can influence the crash safety of the traction battery of an electric-
powered two-wheeler but with a smaller contribution than the cell orientation. In
particular, switching from cell A to cell B can reduce the ISCR by 48%. Therefore, the
crash safety of a traction battery can be improved without structural reinforcements
or design changes in the traction battery housing or vehicle frame. Knowing this
aspect, the crash safety of already existing traction batteries can be improved with
small effort.

3. In a crash load condition, the longitudinal plates of the traction battery housing can
improve the crashworthiness of the entire traction battery housing, acting as energy-
absorbing structures while fulfilling their functional role for the traction battery
assembly. Therefore, their design should be subjected to a crashworthiness assessment
to avoid landing in an area of the design space with a high internal short circuit risk.

4. The investigation approach, using metamodels, has been proven as both computa-
tionally inexpensive and adequately precise (maximal absolute internal short circuit
risk error range of 9.1%) for investigating the internal short circuit risk of traction
battery concepts. The same approach can be used in a vehicle development phase
to identify optimal combinations of the thickness of traction battery housing compo-
nents, cell orientations, and selections to accelerate the development of crashworthy
traction batteries.

Finally, it should be considered that the analysed variables, cell selection and orien-
tation, can be combined with state-of-the -art passive protection strategies of the traction
battery, further improving the crash safety of electric-powered two-wheelers and electric
vehicles in general.
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Appendix A

The results of the FE cell model for cells A and B are presented in the following tables,
including the CORA analysis outputs. The curves are trimmed at the displacement at
which the first ISC onset in the experimental tests was observed.

Table A1. Comparison of the force-displacement curves of the FE model and experimental tests for
cell A and results of the CORA evaluation.
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The FE model of cell A achieves a total rating of 0.986 and a grade of “Excellent” and
is, therefore, assessed positively to be integrated into the FE model of the E-PTW concept
for the analysis of its crash safety.

Table A2. Comparison of the force-displacement curves of the FE model and experimental tests for
cell B and results of the CORA evaluation.
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