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Abstract
Within the global push towards environmental sustainability, lithium-ion batteries are the dominant power source
for various applications due to their high energy density. Therefore, aviation industry is increasingly investigating
electrification as a potential solution to reduce emissions and combat climate change. However, widespread
adoption is hindered by safety concerns arising from potential failure scenarios. A comprehensive understanding
of these failure mechanisms is paramount for advancing lithium-ion battery safety and paving the way for a more
sustainable aviation future.
This paper presents a critical review of the current state of the art on lithium-ion battery failure mechanisms
under diverse abuse conditions, encompassing thermal, electrical, and mechanical responses. It underscores
the significance of multiphysics simulations, integrating structural, electrical, and thermal responses, in the
design of inherently safer lithium-ion batteries.
Furthermore, the paper focuses on Structural Batteries, a novel technology with the potential to revolutionize
electric air transport. Structural Batteries offer a compelling solution by seamlessly integrating energy storage
and load-bearing capabilities. This integration has the potential to alleviate the weight penalty associated with
conventional battery packs in electric aircraft, thereby extending range and payload capacity.
The paper analyzes the challenges and future directions for structural battery research. It emphasizes the pivotal
role of advanced Finite Element Analysis simulations in modeling the behavior of structural batteries under
abuse conditions. These simulations can be instrumental in predicting internal short circuit occurrence, a critical
safety concern. By leveraging such predictive capabilities, the development of safer and more efficient structural
batteries can be expedited, paving the way for a more sustainable future for electric aviation.

Keywords: batteries, airworthiness requirements, certification by analysis, internal short circuit, thermal
runaway

1. Introduction

The modern society is facing the critical challenges of the environmental pollution and the need to
reduce the reliance on traditional combustion energy sources. Recent technological breakthroughs
have enabled the conversion of nuclear, wind, and solar energy into electrical power efficiently and
with reduced environmental impact [1]. The coming era of electric energy is changing the energy
source of vehicle from fossil fuels to electrochemical energy storage systems [2], thereby changing
the propulsion system from engine to motor. Electric vehicle (EV), including hybrid electric vehicle
(HEV) and pure battery electric vehicle (BEV), is the actual demonstration of this transformative
process.

Lithium-ion batteries (LIBs) have emerged as the dominant rechargeable power source due to their
exceptional energy density, high voltage output, and minimal self-discharge. This versatility positions
them favourably across diverse applications, from portable consumer electronics to large-scale
electric vehicles (EVs) and even airplanes.

However, LIBs possess inherent limitations that impede their optimal utilization. Their operational
temperature range and charge/discharge rates are comparatively narrow, as documented in various
studies [3-7]. Elevated temperatures exacerbate battery degradation, leading to diminished lifespan.
Furthermore, exceeding these design parameters can trigger uncontrolled self-heating, a
phenomenon known as thermal runaway. Thermal runaway carries the significant risk of igniting
surrounding materials, potentially escalating into catastrophic events.

While the failure rate of LIBs is considered exceptionally low under recommended operating and
storage conditions, unforeseen circumstances can drastically elevate this risk. Factors such as
overcharging, exposure to extreme temperatures, and mechanical damage can significantly increase
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the probability of failure. Despite the integration of safety features in commercially available LIBs,
several high-profile incidents involving battery failure have been documented [8]. These accidents
have resulted in severe consequences for both cell manufacturers and companies that incorporate
LIB technology into their products.

The concerning frequency of catastrophic accidents involving LIBs has spurred regulatory bodies to
implement stricter controls governing their transportation and storage. As a prominent example, the
International Civil Aviation Organization (ICAO) has enacted a ban on the transport of LIBs as cargo
on passenger airplanes. Even for cargo-only aircrafts, stringent regulations mandate a state of charge
(SOC) below 30% for transported LIBs [9].

While the demand for ever-smaller and lighter electronic devices continues unabated, it concurrently
drives the relentless pursuit of higher energy density in LIBs. This trend, however, hinders the
potential to exacerbate the severity of battery failures. A comprehensive understanding of the various
LIB failure mechanisms is crucial for the development of safer and higher-energy density battery
technology.

LIB abuse can be broadly classified into three primary categories: thermal, electrical, and mechanical.
Thermal abuse encompasses situations like overheating [10] and direct fire exposure. Electrical
abuse includes overcharging [11-17], over-discharging [18], and internal/external short circuits [19].
Mechanical abuse scenarios can occur during crash, penetration, or bending load conditions [20-22].
Physical abuse, which can manifest as penetration, pinching, or bending, can lead to a potentially
catastrophic situation called Internal Short Circuit (ISC). This occurs when the separator, a critical
component that physically separates the anode and cathode, becomes compromised. Penetration
by a sharp object, separator fracture, or even significant electrode deformation can all lead to direct
contact between the anode and cathode. Electrical abuse, particularly overcharging, can induce the
formation of lithium dendrites within the battery. These needle-like structures can grow and eventually
pierce the separator, again causing an ISC. Even thermal abuse, independent of physical damage
to the separator, can trigger ISC. The intense heat can lead to exothermic reactions within the anode
and/or cathode materials, generating further heat and potentially causing a thermal runaway event.
A schematic representation of these LIB abuse conditions is provided in Figure 1.
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Figure 1 - Schematic of LIB abuse conditions [8].

Therefore, it is well-established that internal short circuit is the most prevalent and fundamental trigger
for catastrophic thermal runaway events in LIBs, regardless of the initial abuse type.
Understanding the complex interplay of physical phenomena within LIBs is fundamental for safety
purposes. These phenomena occur across different time and length scales, ranging from individual
particles to entire electrode structures, cells, and even battery packs.
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The intricate interplay encompasses:

e Electrochemical reactions occurring within the active materials of the anode and cathode.

e Electron transport through the current collectors within the cell.

e Heat generation, resulting from charge and discharge cycles.

¢ Chemical interactions on the electrolyte and electrode surfaces.

¢ Mechanical deformations, eventually due to applied external forces.

¢ Coupling effects due to the interplay of these various multiphysics responses.
Therefore, investigation of these phenomena has become fundamental in the research field.
Computational models have emerged as a powerful tool for studying multiphysics algorithms, offering
valuable insights for the design of inherently safer LIBs. Furthermore, ongoing research
advancements, encompassing both experimental and numerical approaches, are fundamental to
achieving a comprehensive understanding of the multiphysics nature governing these critical
phenomena within LIBs [23]. To clarify the underlying mechanisms of LIB failure under crushing or
impact loading, and to improve the accuracy of numerical predictions, researchers have focused on
various structural levels within the battery.
Pioneering work by Wierzbicki et al. [24, 25] and Greve and Fehrenbach [26] involved conducting
guasi-static tests on both cylindrical and pouch cells under varying loading and boundary conditions.
These studies revealed the crucial relationship between the ISC onset and the characteristics of the
mechanical response. Based on these findings, Wierzbicki et al. [27-29] developed homogenized
finite element (FE) models that demonstrated good agreement with experimental observations.
Internal Short Circuit occurrence is striclty linked to the integrity of the separator layer within batteries,
which has the crucial function of avoiding direct contact between the electrode layers. Sheidaei et al.
[30] investigated the tensile behaviour of single-layer polypropylene separators, in both dry and
electrolyte-saturated conditions. Their work highlighted the significant reduction in the separator
mechanical properties when exposed to electrolyte solutions. Cannarella et al. [31] furthered this
research by presenting a straightforward method for measuring the compressive and tensile
mechanical properties of LIB separators. Leveraging these results, Gor et al. [32] established a
material model capable of predicting the elastic response of separators while incorporating the strain-
rate effect.
Lai et al. [33,34] and Ali et al. [35] undertook a series of combined experimental and computational
investigations on representative volume element (RVE) specimens extracted from prismatic
graphite/LiFePO4 pouch cells. This approach enabled them to analyse the development of localized
deformation patterns within the battery under in-plane compression loading conditions. Their findings
suggested that the LIB anode and cathode active material coatings exhibit minimal load-carrying
capacity, prompting their modeling as foam materials. Similarly, Avdeev and Mehdi [36] employed
high-speed cameras to experimentally characterize the non-linear mechanical deformation of
cylindrical LIBs under lateral impact. They subsequently developed a homogenized finite element
model to estimate the impact time during drop tests.
Wang et al. [37] proposed a simplified analytical model, employing a clay-like analogy, to characterize
the radial compression response of cylindrical battery cells. In contrast, Xu et al. [38-41] focused on
investigating the mechanical integrity of cylindrical battery cells under various loading scenarios (e.g.,
nail penetration, compression, and bending). Their work culminated in the establishment of a rate-
dependent and SOC-dependent homogenized model for cylindrical cells.
Researchers such as Maleki et al. [42,43] conducted mechanical abuse tests on battery cells under
specific loading conditions, including pinch, penetration, and bending. These studies aimed to acquire
mechanical response data and analyse the influence of various factors on the development of ISC.
Doughty and Pesaran [44] further compiled a comprehensive review of mechanical abuse tests
conducted on battery cells, modules, and packs. Hatchard et al. [45] introduced a novel "smart nail"
penetration test method for LIBs. This method incorporates thermocouples embedded within the nalil
tip to collect real-time temperature data at the point of penetration. Lamb and Orendorff [46]
highlighted the significant variability observed in test results obtained from mechanical abuse testing,
emphasizing the sensitivity to specific test conditions.
While significant research has focused on the mechanical response of individual battery cells under
abuse conditions, investigations at the battery module level and above have primarily focused on
thermal behaviour and electrical management.
Lamb et al. [47] investigated the propagation of thermal runaway within small battery modules
containing different cell types and electrical configurations. Their study employed a "hard" internal
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short circuit induced by mechanical nail penetration in a single cell. Similar work by Feng et al. [48]
utilized nail penetration to trigger a short circuit and subsequently analyse thermal runaway in a large-
format lithium-ion battery module comprised of six prismatic cells. Their findings highlighted the
dominant role of heat transfer through the battery shell in governing thermal runaway propagation.
Based on these results, Zhao et al. [49] proposed an electrochemical-thermal model informed by nalil
penetration tests. Their study demonstrated the effectiveness of a hydrogel cooling system in
mitigating battery thermal runaway.

Shifting focus to electric vehicles (EVs), Xia et al. [50] conducted a pilot study on the safety and
protection of battery packs against ground debris impact. This study employed simulations to assess
localized indentation within the battery pack, consisting of cylindrical cells. The research analysed
the deformation and damage progression of individual battery cells within the pack, alongside the
influence of fractures in shield plates constructed from various metal materials.

As evidenced by the previous references, the ever-expanding utilization of lithium-ion batteries across
diverse applications underscores the critical need for advanced simulation tools. These tools should
possess the capability to predict the combined structural, electrical, electrochemical, and thermal
response of batteries subjected to abuse conditions. Therefore, the integration of such simulation
tools within the product development process becomes crucial. The resultant data holds immense
potential for creating highly optimized battery designs and achieving virtual verification of these
designs before physical prototyping is undertaken.

These considerations become even more important when dealing with Structural Batteries (SBs),
novel technologies deeply investigated in the research scenario. They hold the immense potential of
electrifying the air transport sector, since they combine electrical-energy-storage and load-bearing
capabilities.

It is evident that aircraft relying exclusively on conventional battery packs are subjected to design
limitations. The weight penalty associated with storing the required electrical power triggers a
detrimental effect on the overall aircraft weight, due to the limited energy-to-mass and energy-to-
volume ratios of conventional batteries, thus hindering flight range and payload capacity [51].

This justifies the ongoing research efforts aimed at improving these performance metrics for electric
aircraft, both prototypes and production models, belonging to very-light and ultralight aviation
categories [52], in which the contribution of battery packs on the aircraft overall weight is reduced. For
instance, Pipistrel Velis Electro is the only commercially certified full-electric aircraft [53] and it belongs
to the very-light-aircraft category, whereas in General Aviation no full-electric aircraft is commercially
available to date.

Structural Batteries enable the possibility to mitigate the weight penalty associated with traditional
battery packs by combining energy-storage and load-bearing capabilities. Therefore, research activity
on SBs is rapidly expanding. Studies by Adam et al. [54] suggest that SB integration as energy storage
devices within aircraft structures could achieve a range extension of 11-66% under ideal conditions.
Recent research focuses on balancing mechanical and energy storage performance. For instance,
Schutzeichel et al. [55] investigated carbon fibers as structural anodes, while Leijonmarck et al. [56]
explored their use as negative electrodes, and Shirshova et al. [57] analyzed bi-continuous liquid-
epoxy systems for stiff structural solid electrolytes. These advancements pave the way for optimizing
SBs' multifunctional capabilities. Scholz et al. [58] demonstrated that SBs with a minimum energy
density (one-third to one-half of conventional batteries) could replace entire propulsion batteries in
small electric aircraft. Additionally, Karadotcheva et al. [59] investigated SBs' potential to improve fuel
efficiency and reduce greenhouse gas (GHG) emissions in A320-like aircraft configurations. Nguyen
et al. [60] explored the feasibility of embedding SBs in the cabin floor panel of an A220-like aircraft,
demonstrating their potential to power in-flight entertainment systems. Riboldi et al. proposed a
detailed preliminary design for a CS-23-compliant hybrid electric general aviation aircraft incorporating
SBs [61].

Despite promising forecasts, several challenges remain. These include material configuration and
functionalization [62], optimization strategies for balancing structural and electrochemical properties
[63, 64], environmentally friendly manufacturing processes, large-scale production methods, and life
cycle analysis [65]. Safety, in particular, is a critical concern. Since SBs are likely lithium-based, they
share the inherent safety risks of conventional batteries. Moreover, their structural load-bearing role
makes addressing potential failure conditions even more sensitive.

The aim of this article is to support the use of advanced Finite Element Analysis (FEA) to model the
mechanical, thermal and electrochemical behaviour of Structural Battery composites when subjected
to abuse load for ISC occurrence predictions. Firstly, taking as a reference the experimental activities
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performed in [66], a numerical model validation (from a structural point of view) is performed on a SB
coupon subjected to tensile test. The same stands for a carbon fiber (CF) laminate coupon, with and
without embedded Structural Batteries, to evaluate the expected decrease in structural performance.
Following the validation process and a comprehensive review of the strategies available in LS-Dyna
software for modeling the multiphysics (structural, thermal and electrochemical) response of batteries
under abuse load conditions, a case study is presented. This case study involves the application of
an mechanical abuse loading on a SB, highlighting the difference in its response when integrated in
a CF laminate.

2. Tensile Test Model Validation

Structural batteries represent a promising solution for enhancing the electrical energy storage
capabilities of aircraft. These multifunctional components, fabricated similarly to composite materials
already employed in many aircraft, hold the potential to replace stress-bearing parts typically made
from metal alloys or carbon fibers [67-71].

Meaningful is the study performed by F. Laurin et al. [66] within the CleanSky2 THT project SOLIFLY.
In particular, the envisaged SB concept is the Reinforced Multilayer Stack (RMS), which configuration
is extensively explained in [72]. Figure 3 illustrates the conceptual cell geometry for the investigated
RMS approach. Each cell is designed with a total thickness of approximately 210 uym, aligning with
the typical ply thickness used in composite laminates. To mitigate the risk of electrical shorting at the
electrode corners, the electrolyte layer has been designed to be slightly larger than the electrodes
themselves. RMS battery cell specimens with an in-plane size of 150 mm x 20 mm were subjected to
tensile tests. The experimental test set-up, along with the adopted output measurement
instrumentation, is showed for clarity in Figure 4. The tensile tests were performed at a constant
displacement rate of 0.5 mm/min until failure, reached at a failure stress of 36.5 MPa.

Concerning the laminate in which the Structural Batteries have been integrated, it was decided to
consider AS4/8552 unidirectional plies, widely used in the aeronautical industry. The mechanical
properties of the material, taken from the literature [66, 73-75], are schematically reported in Table 1.

cathode anode

Al-foil (22 um)
Cathode coating (30 um)

Electrolyte (50 pm)

Anode coating (95 um)

Cu-foil (95 um)

Figure 2 - RMS battery cell with the detail of its through-the-thickness configuration [65].
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Figure 3 - Electromechanical testing machine, measured displacement field and associated virtual
extensometers (left), stress/strain curves for the tested RMS cell specimens (right) [65].
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Table 1 - Mechanical properties of AS4/8552 unidirectional ply [65, 72-74].

Properties AS4/8552 Properties AS4/8552
E1 134.0 GPa Xt 1950 MPa
E2 10.0 GPa Yi 88 MPa
G2 4.9 GPa Ye -250 MPa
V12 0.3 Sc 110 MPa

In order to check the relevance of these material data, a quasi-isotropic [(45/90/-45/0),]s laminate has
been manufactured, from which specimens measuring 200mm x 25mm x 2.92mm have been
obtained. Then, it was decided to consider a laminate with the same stacking sequence, in which six
RMS battery cells have been integrated only in the central 90 plies and £45 plies, thus resulting in two
modules (each one containing three cells), as schematically reported in Figure 5. Finally, a tensile
test campaign has been performed on the mentioned specimens to evaluate the decrease in the
mechanical performances when SBs are embedded into the laminate structure. The results, along
with the test set-up are shown in Figure 6.

Composite Laminate Stacking Sequence Composite Laminate Stacking Sequence with embedded SBs
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Figure 4 — Stacking sequence for reference laminate (left) and laminate with embedded SBs [65].
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Figure 5 - Hydraulic testing machine adopted for testing (left), comparison on the CF Iamihates of
experimental stress/strain curves (center) and failure patterns [65].

Based on those experimental results, a numerical simulation campaign was undertaken utilizing the
commercial solver LS-Dyna. Such numerical campaign aimed to well establish the material model for
both the RMS battery cell and the composite laminate. Initial focus was dedicated on replicating the
tensile test conducted on a single RMS cell. Two distinct discretization strategies were employed, the
first one adopting two-dimensional (2D) elements on the specimen's midplane, while the second
strategy employing three-dimensional (3D) elements covering all the specimen thickness. Both
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approaches maintained a consistent mesh size of Imm. Notably, the simulations solely considered
the free gauge length of the specimen, excluding the gripping regions. Consequently, the nodes on
the top edge were clamped, whereas the nodes on the bottom edge were subjected to a prescribed
displacement along the longitudinal axis. A schematic representation of the implemented boundary
conditions is presented in Figure 7, along with a focus on the two adopted discretization strategies.
The same assumptions have been considered both for the reference CF laminate specimen and the
one with embedded SBs, as shown in Figure 8. Significantly, both for the CF laminate and the one
with integrated SBs, the component pertaining to the laminate itself was switched to part composite.
This was done to eventually accommodate the inclusion of a distinct material model within the stacking
sequence of the laminate.

2D Elements 3D Elements

I I
5, 1

Figure 6- Adopted boundary conditions for tensile test simulations (left) with a focus on the
discretization strategies for the RMS cell (right).

Translational D.O.F.s

2D Elements 3D Elements

Figure 7 — Adopted discretization strategies for the CF laminate with embedded SBs.

The numerical models have been compared with experimental results in terms of stress-strain curves,
which is the most relevant information gathered from reference [66]. As shown in Figure 9 a good
agreement has been reached for the adopted material models to be validated, especially when dealing
with the model including 3D elements, which is the one adopted in the following application.
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Figure 8 - Experimental-numerical comparison of stress-strain curves: Single Structural Battery (left),
Composite laminate (center), Composite laminate with embedded SBs (right) specimens.

3. ISC Simulations on Structural Batteries

Upon confirming the mechanical properties of both the structural battery and the CF laminate material
models, the numerical model was deemed fit for application in a separate case study. The focus was
thus shifted to simulating a mechanical abuse loading condition on the Structural Battery, with an
emphasis on the disparity in its response when incorporated within a CF laminate. To accurately
forecast and measure internal short circuit and thermal runaway, Mechanical-Electrical-Thermal
coupled analyses were essential. Specifically, the mechanical solver was utilized to anticipate internal
short circuit based on load reduction or stress/strain threshold, contingent on the chosen failure
criteria. Meanwhile, the electric and thermal solvers were employed to calculate voltage decrease and
thermal runaway respectively, due to internal short circuit [75]. Based on available literature [76],
battery discretization can be executed through three distinct methods in the commercial solver LS-
Dyna, as schematically reviewed in Figure 10.
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Figure 9 — Battery modeling available approaches within LS-Dyna solver.

For the sake of clarity, the electrochemical behaviour of batteries is described by the Randles
(equivalent) circuits that contains an open-circuit voltage, an internal resistance, and a resistance-
capacitance pair for polarization and damping effects. This representation is used to capture
impedance increase/decrease due to equivalent physical processes. A comprehensive review of the
parameters required to correctly define the battery model in LS-Dyna is provided in [76, 77], along
with the experimental tests to define the parameters themselves. When a cell is shorted, the Randles
circuits in the shorted area are replaced by short circuit resistances. Although these three models
share the same physical governing equations, they have different element types, material information
and numerical implementation.

In the solid layer model, each individual component of the battery (e.g., negative current collector,
electrolyte layer, separator, electrolyte layer, positive current collector) is resolved and represented
by one layer of solid elements. Each component may have different thickness and material properties.
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A network of Randles circuits connect pairs of nodes in consecutive opposite current collectors. In the
tshell model, composite tshell elements with larger thickness are used instead of solid elements. Along
the thickness direction, a composite tshell element contains multiple integration points, and each of
them corresponds to one individual component. The time saving in the tshell model comes from the
mechanical solver that applies the equivalent single layer theory to solve for nodal displacements.
The electrical and thermal solvers, on the other hand, rebuild an internal mesh that resolves each
individual component and then solve equations on it. The batmac model treats a cell as a
homogeneous solid, where large solid elements can be used. With this approach, each node is
assumed to contain two electrical potentials connected by one Randles circuit. These two potentials
act like electrical potentials in positive and negative current collectors. They are solved separately
with electrical conductivities adjusted to account for the difference between the thickness of the cell
and current collectors.

In the case study under discussion, since available information involved the mechanical properties of
the entire RMS battery cell, without the detail on its layers, it was decided to adopt the batmac model.
Furthermore, the inherent approximation within this discretization strategy, which assumes the
presence of both electrical potentials at each node, rendered it impossible to account for an ISC
triggered by the proximity of the anode and cathode. However, it was feasible to consider an ISC
initiated by overcoming a specific strain threshold, which was set to be 90% of the failure strain for
the RMS battery material.

Regarding the thermal and electrical properties of the RMS cell, references were drawn from literature,
specifically [78, 79]. The relevant properties can be found in Table 2 and 3. For the sake of
completeness, Table 2 has been supplemented with the thermal properties both of AS4/8552 carbon
fiber and steel, the material used respectively for the laminate and the intruder [80, 81]. Noteworthy
is that the information presented in the Tables is based on the assumption that the materials within
the RMS battery, for both the current collectors, are isotropic both from thermal and electrical point of
view.

Table 2 — Thermal properties for the components involved into the numerical model.

Component Specific Heat [J/Kg C°] Thermal Conductivity [W/m K]
Anode Current Collector 385 398

Cathode Current Collector 902 237

Battery Cell 790.9 363.4

Intruder 502.1 16.26

laminate 0.8 1580

Table 3 — Electrical properties for the components involved into the numerical model.

Component Electrical Conductivity [Q m]
Anode Current Collector 2.9*108

Cathode Current Collector 3.3*108

Battery Cell *

Intruder -

laminate -

The first simulation taken into account involved the application of mechanical abuse loading on a
single RMS battery cell via a hemispherical intruder. The intruder was assigned a predetermined
displacement profile, while the RMS battery cell was clamped on the nodes of the face opposite to
the one where the impact with the hemispherical intruder took place. The boundary conditions are
schematically depicted in Figure 11.
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Figure 10 — Boundary conditions adopted for the mechanical abuse loading condition applied on the
single RMS battery cell (left) with a focus on the displacement profile assigned to the intruder (right).

The very low displacement was chosen to reduce computational time, compatibly with the time steps
of the three solvers, and by positioning the intruder as close to the battery cell as possible. To
accurately compare and assess the impact of the RMS cells integration into the CF laminate, an initial
numerical campaign was conducted to determine the minimum intruder displacement that would result
in a short circuit condition. Subsequently, the velocity was fixed, in accordance with previous research,
and the displacement was kept constant from 0.002 seconds onward. For the sake of clarity, the
intruder's displacement profile was selected such that it would cease upon reaching the short circuit
condition. The preliminary numerical campaign revealed that if the intruder halted just before that
threshold, the voltage drop would not occur, as it would not have reached the failure strain level
required for a short circuit.

The same boundary conditions were then applied to the laminate with embedded structural batteries,
as illustrated in Figure 12. In detail, the same displacement profile for the intruder was maintained,
ensuring that the distance between the intruder and the structural battery in the first case was
equivalent to the distance between the intruder and the first ply of the laminate in this case. The
results of those simulations are schematically presented in Figure 13. The higher contact force
obtained in the second case (between the intruder and the first ply of the composite laminate) than in
the first case (where the contact force was between the intruder and the structural battery) can be
attributed to the fixed displacement of the intruder (treated as a rigid entity) and the disparity in the
stiffnesses assigned to the two reference materials for the battery and the laminate. At the same time,
while in the first case the voltage drop happens in the same time the contact force reaches its
maximum value, in the second case the structural reinforcement of the composite laminate shows its
functional contribution in delaying (as in the case of the first structural battery module, the one nearer
to the intruder impact region) or even preventing (as in the case of the second structural battery
module) short circuit phenomena. The temperature exhibits a slight linear increase, which is attributed
to the assumption that the materials are thermally isotropic.

a Sect. A-A

5
B ]
v v =

R
Sect. B-B

Translational D.O.F.s

Figure 11 — CF laminate breakdown (left) with a focus on the boundary conditions adopted for the
mechanical abuse loading condition simulation (right).
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Figure 12 — Mechanical abuse loading condition simulation results: comparison between the single
battery cell (top) and the laminate with embedded SBs (bottom). In detail, contact force (left), voltage
drop (middle), and temperature arise (right) are compared.

4. Conclusions

The paper highlights the critical role of understanding lithium-ion battery failure mechanisms for
ensuring their safe implementation in electric aviation, a key driver for a more sustainable future in
the aerospace industry.

The paper emphasizes the importance of multiphysics simulations that couple structural, electrical,
and thermal responses during battery design. This holistic approach is crucial for developing
inherently safer lithium-ion batteries for demanding aviation applications.

Furthermore, the concept of Structural Batteries emerges as a promising technology for electric air
transport. By integrating energy storage and load-bearing functionalities, Structural Batteries offer the
potential to reduce weight, a significant constraint in electric aircraft design, ultimately extending range
and payload capacity.

The presented analysis underscores the challenges and future directions for structural battery
research. Advanced Finite Element Analysis simulations are identified as a pivotal tool for modeling
structural battery behavior under various abuse conditions, particularly those leading to internal short
circuits, a major safety concern. A numerical simulation of an abuse loading condition on a Structural
Battery is shown, emphasizing the variation in its response when integration within a CF laminate is
considered. In detall, the findings of these simulations highlight the significant role of the structure in
mitigating or even eliminating the risk of short circuit phenomena when the structural battery modules
are incorporated into the laminated structure.

By leveraging the predictive capabilities of these simulations, researchers can accelerate the
development of safer and more efficient structural batteries, paving the way for the widespread
adoption of electric aviation and a more sustainable future for air travel.
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