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Abstract
Electric Vertical Take-off and Landing (eVTOL) vehicles have drawn the interest of companies and researchers
because of their potential application in Advanced Air Mobility. However, many challenges must be addressed,
one of the most important being safety. This paper presents a numerical and experimental multi-scale ap-
proach, from the Li-lon battery level up to the integration of the energy storage system within the airframe,
aimed at assisting the early design phase of crashworthy eVTOL aircraft. Various activities will be proposed
to demonstrate the general approach and its capabilities, supported by preliminary yet insightful results. Key
findings include the use of dummy cells for safe abuse testing, assessment of local decelerations in modules
during experiments, development of battery pack protection concepts including the possible use of Na-lon
structural battery, and evaluation of energy-absorbing systems' efficiency in alleviating loads on the vehicle

frame.

1. INTRODUCTION

The transition to sustainable transport will play a key
role in slowing down climate change, this sector being
responsible for about 24% of global carbon dioxide
emissions, as reported in Ref. 1. Although according
to Ref. 2 aviation contribution is relatively small, the
CO2 emissions due to air travel, freight, and military
operations are steadily increasing at a rate between
4 and 5% a year. Against this background, battery-
based electric vehicles represent one of the most in-
vestigated solutions for the next generation of air-
crafts. A promising application for battery-based elec-
tric vehicles is all-electric and hybrid-electric vertical
take-off and landing (eVTOL) aircrafts, which many
Urban Air Mobility projects identified as possible can-
didates for Air Metro or Air Taxi services.

Despite the technical challenges, the Federal Aviation
Administration's forecast FY 2024-2044 (Ref. 3)
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In Ref. 6 the risks linked to batteries are classified in
two categories: the functional ones, related to the loss
of safety critical power, and the thermal ones, related
to excessive heat, thermal runaway or fire events.
The latter have been documented during cruise,
charging, taxiing and crash. This last scenario has
been addressed in the last years by the automotive
field: as many electric cars are already on the market,
a significant database of accidents is available to de-
fine and establish adequate regulations (Ref. 7).

Hence, the environmental obstacles that eVTOL will
encounter operating in constrained airspace, com-
bined with the risks associated to batteries, make
safety a challenging task that both FAA and EASA are
addressing, trying to define harmonized certification
requirements (14 CFR 21.17(b), Ref. 8). As high-
lighted in Ref. 9, full-scale crash experiments are very
expensive, and it will be fundamental to develop nu-
merical and experimental methodologies that can
support the early design stage of crashworthy eVTOL
aircrafts. This paper therefore presents a multi-scale
framework to design crashworthy eVTOL energy stor-
age systems by applying a system level crashworthi-
ness approach. Such framework comprises three dis-
tinct levels of detail: (i) battery cell; (ii) battery mod-
ule/pack; (iii) structural integration of the energy stor-
age system within the airframe.

The primary goal of the paper is to develop a general
approach and the relevant tools to examine the crash-
worthiness performance of the involved components
and propose improvement solutions. Moreover, the
activities described have achieved some preliminary
but significant results regarding (a) the possibility of
using dummy cells for a fast and safe evaluation of
local decelerations inside the battery modules, (b) the
development of new concepts for the protection of the
battery pack, including the possible adoption of Na-
lon structural batteries to protect the main Li-lon mod-
ules, and (c) the evaluation of the efficiency of energy
absorbing systems to attenuate the loads on the ve-
hicle frame in case of installation of energy storage
systems on the cabin top. Such preliminary results
will be detailed in the paper.

2. MODELLING OF LI-ION BATTERY MODULES

2.1 Development of a case study with surrogate
of functional cells

Internal Short Circuits (ISC) occurring in Li-lon cells
represent one of the main risks related to the safety
of electric vehicles, since they lead to thermal

runaway phenomena and possible development of
fire and explosions. Mechanical abuses consequent
to vehicles collisions are known as one of the most
frequent causes of ISC, as reported in Ref. 10. Sev-
eral studies show that a well-defined correlation can
be established between the possible onset of thermal
runaway phenomena and the loads, as well as the
deformation experienced by the cells in case of im-
pact or shock events (Ref. 11). Therefore, the study
of the crash performance of a Li-lon energy storage
system should include the analysis of the loads, de-
celerations, and deformation experienced by the cells
in impact conditions.

Focusing on cylindrical cells, which are still one of the
most adopted energy storage units in electric vehi-
cles, this section illustrates the activity performed at
the cell level with the following goals:

e developing non-functional but mechanically
equivalent surrogate cylindrical cells, including
accelerometers, to allow safe testing and reliable
evaluation of local decelerations;

¢ performing impact tests on representative mod-
ule elements, acquiring data regarding overall im-
pact response and local response (decelerations
and indentations) of the cells;

e developing numerical models of the representa-
tive elements to investigate the key issues in the
simulation of local and global responses.

To accomplish such goals, a representative portion of
a battery module, in a typical configuration used in
automotive field, was fabricated using Fused Deposi-
tion Modeling (FDM) with Thermoplastic Polyure-
thane (TPU). This included the external structure, in-
ternal supports, and a replica of the cooling system.

The TPU element was designed to host 23 21700 Li-
ion cells with a steel case, as shown in Figure 1-a.
The surrogate cells used in the tests were manufac-
tured in two versions: (i) a set of inertially equivalent
cells, which were produced by filling the external
shells of commercially available 21700 Li-ion cells
with lead sinkers and cotton wool; (ii) a set of struc-
turally equivalent cells, which were produced by intro-
ducing in the steel case an aluminum alloy spiral
wrapped around a pin, according to the scheme
shown in Figure 2, and then filling the interior of the
cell with silicone rubber. The structurally equivalent
dummy cells were designed to achieve a mechanical
response to static indentation similar to that of the real
21700 Li-cell reported in Ref. 11.



Three dummy cells were also endowed with an inter-
nal accelerometer, in the positions shown in Figure 1-
b.

Figure 1. (a) Interior of the representative module el-
ement with Li-lon cells (b) position of the dummy cells
endowed with accelerometers

Internal Pin  diameter = 5 mm

Aluminum Alloy Spiral
thickness = 0.6 mm
length = 315mm

«—— External Case

Figure 2. Scheme and accomplishment of structurally
equivalent dummy cell

2.2 Experimental results

The representative module elements were subjected
to impact tests using a drop tower equipped with a
100 mm diameter semispherical impactor, with a total
mass of 9.3 kg. A series of tests at increasing drop
height was conducted by using modules endowed
both with the inertially equivalent cell (result set 1)
and with the structurally equivalent cell (result sets 2
and 3) with damaged cells being replaced after each
test. As shown in Figure 3, the hemispherical head
impacted the top of the representative module pro-
ducing a significant deformation of the TPU structure,
which did not undergo permanent deformation thanks
to its peculiar mechanical response.

During these impacts, the deceleration of the im-
pactor and the three accelerometer-equipped cells
was recorded. This data provided insights into both
the overall structural response and the deceleration
experienced by individual cells, allowing for a global-
to-local correlation.

Figure 3. Drop-Tower impact test

In Figure 4, the results related to the impactor decel-
eration are reported for the different test sets in im-
pact conditions characterized by a drop height of 150
mm, 350 mm, and 500 mm. The different mechanical
response of cells influenced the deceleration and, as
a consequence, the level of forces transmitted to the
representative elements.
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Figure 4. impactor deceleration response in the test
set 1 (with inertially equivalent cells) and in test sets
2 and 3 (with structurally equivalent cells)

The local decelerations experienced by the cells are
exemplified in Figure 5, referred to the test set 1. It
can be observed that the local deceleration increases
with the drop height, with a trend that is not com-
pletely aligned with that of the impactor deceleration.
Moreover, the deceleration experienced by the cells
decreases systematically with the distance from the
impact point. In the results obtained with the structural
equivalent cells, the measured local decelerations
were generally higher than those with inertially equiv-
alent cells (from 10% to 45%), but the same trends
were observed.

The deformed cells were extracted from the module
element in each test, and the maximum indentation
was measured. The results of these measures for the
tests performed with 150 mm, 350 mm, and 500 mm
drop heights are reported in Figure 6.
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In terms of maximum indentation, a noticeable differ-
ence exists between the two types of cells. In general,
it can be noticed that indentation occurs even in the
tests with a low impact energy. Although these results
are significantly influenced by the particularly compli-
ant material used for the structure of the representa-
tive module element, it can be stated that, when the
structure of the module case is deformed, cells expe-
rience local decelerations and indentations that de-
pend on the distance from the impact points and on
their mechanical responses. The test method based
on the equivalent cell can be adopted to identify the
most critical positions and to design improved internal
structures to mitigate the loads experienced, thus re-
ducing the risk of ISCs phenomena.

2.3 Numerical model and correlation at the local
and global level

A numerical model of the drop tower tests performed
with the inertially equivalent cells was developed us-
ing the Simulia/Abaqus explicit code, replicating the
physical tests (Figure 7). In the models the structure
of the TPU module, of the cooling system, and of the
steel cells were represented by shell elements, while
the internal filler of the cells was modelled by hexahe-
dral elements.

Figure 7. Undeformed and deformed module during
the impact simulation with inertially equivalent cells

During the model tuning phase, careful attention was
given to the material constitutive laws and the con-
tacts within the module. The cells' external shells
were modeled using an elastoplastic law, the Ther-
moplastic Polyurethane (TPU) was represented with
a Prony series-based viscoelastic law, the cooling
system was modeled with an Ogden hyperelastic law,
and for the cells' internal jelly roll the *Crushable
Foam model available in the software (Ref. 12) was
used. Various methods were explored to simulate the
axial pressure exerted by the module walls on the
cells, including a general contact algorithm and a fic-
titious thermal expansion applied to beam elements
representing the screws.

A good numerical-experimental correlation was
achieved for the indenter deceleration, as shown in
Figure 8.
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Figure 8. Numerical-experimental correlation for the
deceleration experienced by the indenter

The local deceleration experienced by the cells was
found sensitive to the fine tuning of the TPU material
model and to the properties of contact interactions be-
tween the different parts of the models, including con-
tact friction. The level of correlation achieved is sum-
marized in Figure 9, where the peak deceleration



obtained in the time histories filtered at 180 kHz
compared with the experimental results.
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Figure 9. Numerical-experimental correlation for the
local decelerations experienced by the cells endowed
with accelerometers

Considering the difficulties of model characterization
and the complexity of the interactions between the dif-
ferent part of the representative module element, the
result presented in Figure 9 can be deemed satisfac-
tory, since the increment of deceleration peak with the
drop height and the decrease with the distance for the
impact point are qualitatively captured. Quantitatively,
major errors can be observed for cell 1, which was
closer to the impact point. Despite such quantitative
discrepancies, the correlation referred to the maxi-
mum indentation is appreciable both from the quanti-
tative and qualitative point of view, as shown in Figure
10.
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Figure 10. (a) Quantitative and (b) qualitative numer-
ical-experimental correlation for the indentation expe-
rienced by the cells

Overall, the results pointed out the difficulties for a
correct prediction of the local deceleration and loads
experienced by the energy storage units and the need
of carefully performed calibration tests to obtain relia-
ble models.

3. PROTECTION CONCEPTS FOR ELECTRIC
AIRCRAFT BATTERIES

3.1. Aluminum foam absorbers concept

This section considers a battery pack with Li-lon cells
embedded in five modules with an aluminum case.
Modules are structurally connected by an aluminum

flange and a carbon fiber composite case encloses all
the pack. The investigated scenario is a drop test
from 15.2 m (EASA Moc SC-VTOL 2, Ref. 13). The
pack may have a generic installation in the eVTOL
aircraft, considering that Ref. 13 indicates that the test
can be performed on the energy storage system in-
cluding part of the surrounding structure. Hence, the
objective of this study is to design and assess a pas-
sive energy absorber by means of FE analysis that
can minimize the deceleration experienced by the
modules in the considered impact conditions. During
the activity, the measured index was the average ac-
celeration of the material representing the cells inte-
grated inside the module, which is not modeled in de-
taill. The selected material for the energy absorbing
structure is aluminum foam, due to its excellent Spe-
cific Energy Absorption (SEA) and because it can be
easily shaped into the desired geometry. Moreover,
aluminum foams with densities varying from 400 to
1200 kg/m? are available on the market, and this pro-
vides the possibility of tuning some of the mechanical
properties according to the specific requirements, as
described in Ref. 14. Additionally, aluminum foam
does not have a preferred direction for energy ab-
sorption performances and may work in impacts with
different attitudes.

It is worth noting that the volume available for the in-
stallation of a passive absorbing system was kept lim-
ited to consider a realistic design configuration. In
particular, the available stroke between the bottom of
the module cases and the composite case of the pack
was fixed to just about 30 mm. Such a condition is
particularly challenging to limit the deceleration of the
modules.

The FE analyses were run by using the Abaqus/Ex-
plicit code. Within the simplified model of the battery
pack, the cells are represented by a mesh of uniform
hexahedrons made of a compliant isotropic material,
whose main role it to grant the required inertia. The
model can be considered representative of a module
based on pouch cells, which do not comprise an ex-
ternal structural case at the cell level. Therefore, the
stiffness of the module is supplied exclusively by their
external aluminum case. The aluminum parts were
modelled by shell elements and an elastic-plastic law
with perfect plasticity was implemented. The compo-
site case was modelled by shell elements with an or-
thotropic elastic law including an Hashin failure crite-
rion calibrated through available test data. Finally, the
aluminum foam was modelled by solid 8-noded ele-
ments embedding the *Crushable Foam behavior



with isotropic hardening that is available in the soft-
ware code. After the elastic regime, the stress-strain
response of the material is characterized by a plastic
plateau followed by the hardening stage, which effec-
tively captures the densification phenomenon that is
typical of metallic foams. Moreover, the Cowper-Sy-
monds law was included to grasp the strain-rate sen-
sitivity of the material. The required parameters for
the material card, including the ones for the Cowper-
Symonds law, were obtained from Ref. 15.

An estimate of the required crushing force was pro-
vided by assuming the available maximum stroke of
about 30 mm and by considering an ideal response
with unit load uniformity ratio. Different configurations
were examined before selecting the final one. The
first design involved just lateral absorbers, as shown
in Figure 11-a. However, according to the FE simula-
tions, this configuration involves local buckling of the
corners of the absorber, which prevents the correct
crushing mechanism of the overall structure. To bet-
ter support the modules and decrease the free bend-
ing span, discontinuous central absorbers were
added to the battery pack (Figure 11-b). The attempt
was nevertheless unsuccessful, since the peak accel-
erations increased.

Figure 11. Discarded solutions with discontinuous
foam absorber

Eventually, the solution illustrated in Figure 12 was
found to be the best. The aluminum flange connects
the modules and transfers the load to the foam ab-
sorber, which provides a distributed crushing stroke
before contact with the composite case occurs. The

absorber is a continuous structure that runs through
all the modules, guaranteeing an adequately con-
trolled crushing response. Moreover, the fact that the
foam is not placed directly under the modules, but ra-
ther connected to their lateral surface, make possible
the exploitation of all the available stroke without the
limitation imposed by the foam densification, which
typically occurs at 60% of engineering compressive
deformation. The key geometric parameters of the
battery pack are listed in Table 1.

ALUMINUM
FLANGE

COMPOSITE
CASE

ALUMINUM
CASE

POUCH CELLS

FOAM ABSORBER

Figure 12. View cut of the selected geometry for the
battery pack

Table 1. Key geometric parameters of the battery
pack

Component Dimension Value
Modules Length 950 mm
Width 160 mm
Height 190 mm

Thickness 1.5mm

Number 5

Absorber Stroke 33 mm
Width 25 mm

The configuration shown in Figure 12 acted as a
baseline for a sensitivity analysis focused on the peak
of acceleration measured on the pouch cells during
the drop test. The simulations were carried out by
modeling just a quarter of the pack, since multiple
analyses were anticipated. The typical time history of
the equivalent rigid-body vertical acceleration of the
cells is shown in Figure 13. This output was directly
provided by the solver (Ref. 12) and the response
was then filtered with a SAE600 filter. In Figure 13,
the first peak indicates the moment of the impact,
which is followed by the dumped oscillations of the
cells. The most solicited module is the one in position
2, whereas the one in position 1 experiences a re-
bound before reaching the maximum acceleration.
Figure 13 also illustrates the contour of the equivalent
plastic strain in the aluminum foam, which highlights



how the compression of the lower part of the absorber
dissipates the impact energy.
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Figure 13. Filtered time history of cells’ vertical accel-
eration

In the sensitivity analysis, the investigated parameter
was the density of the aluminum foam. Results shown
in Figure 14 indicate that the best solution is resorting
to a low-density foam for the absorber, in the range
between 400/500 kg/m3. This is because with low
density foams the stroke is almost completely ex-
ploited. As shown in Figure 14, the best solutions
achieved an improvement of the peak acceleration of
about 50% with respect to the worst design, proving
that the proposed energy absorbing system can ef-
fectively absorb the impact energy. It is worth noting
that, in the investigated range, the peak acceleration
of module 2 is linearly linked to the foam density.
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Figure 14: Filtered time history of cells’ vertical accel-
eration

3.2. Concept based on structural battery
3.2.1. Volta SE structural battery

A recent technological solution provided by Volta SE
company makes available a structural battery based
on Na-lon electrochemistry. The structural battery is

realized by exploiting the architecture of sandwich
panels. As shown in Figure 15, panels are made of a
thicker central layer (the core) and two thinner, more
rigid, outer layers (the skins). The energy storage ca-
pability is provided by the core that hosts the active
materials. The core is realized through a series of cor-
rugated Na-lon electrochemical cells, attached to-
gether to form a honeycomb-shaped structure.

=g

Structural battery

Pouch-less cell Honeycomb core

Figure 15. Main components of the structural battery
by Volta SE

The developed electrochemical cells differ from the
standard commercial pouch cells not only by the 3D
corrugated shape, but also by the absence of the
pouch lining that contains the electrodes’ arrange-
ment (called pouch-less configuration). The pouch-
less cells can be manufactured in various geometries,
including different corrugation shapes, lengths, and
widths. These cells are bonded together using a low
temperature curing epoxy to create a honeycomb
core (see Figure 16-a). The tabs are then welded ac-
cording to the desired connection scheme to achieve
the required voltage and amperage at the pack level.

The term Structural Battery Panel (SBP) refers to the
entire sandwich panel, as illustrated in Figure 16-b.
The pouch-less cells can be organized into groups (or
modules) within the sandwich panel. The choice of
connection type for both the pouch-less cells within a
module and the modules themselves depends heav-
ily on the application's geometrical, structural, and
electrical requirements. The skins of the SBP require
at least an electrical insulation layer on the internal
side of the skin to prevent the pouch-less cells from
short-circuiting. The choice of the lamination se-
quence of the skins depends on structural, thermal
and cost requirements. The SBP can be enhanced
with structural reinforcement ribs to improve its struc-
tural performance and ensure a proper mechanical
connection with the system to which it will be at-
tached.

The SBP can be produced in planar, single or double
curvature panels. There is no virtual limitation on the
dimensions of the SBP, considering that the manu-
facturing process is based on the standard manufac-
turing process of sandwich composite panels.



Concerning the thickness of the SBP, a minimum of
10 mm is advised to have a decent mass ratio be-
tween active materials over inert SBP mass. Indeed,
a low concentration of active materials results in a re-
duced energy density for the SBP. Actually, the SBP
design is agnostic from chemistry: any active material
can be coated onto the electrodes. Currently, the
SBPs architecture incorporates state of the art Na-ion
chemistry, a strategic emerging electrochemical tech-
nology leveraging on low costs, abundant materials
and a simpler supply chain.

Figure 16. (a) Example of produced active core; (b)
Structural Battery Panel with carbon fiber skins.

In the proposed application, the SBP configuration
and the Na-lon electrochemistry are exploited to de-
sign an additional protective layer for the modules in-
troduced in the previous sub-section. Indeed, the Na-
lon battery are not subjected to the risk of fire and ex-
plosion in case of ISC, and this makes possible con-
ceiving a configuration where the SBP panel is
crushed providing energy absorption performance
analogous to the one of a conventional sandwich
panel. From the functional point of view, the energy
density of the whole pack will be increased thanks to
the energy stored in SBP.

3.2.2. Integration of structural battery within the
protection system

To investigate the potential performance of the addi-
tional SBP in the pack configuration considered in
Section 3.1, an external layer of structural battery with
a thickness of 30 mm was included at the bottom of
the composite case. For simplicity, the honeycomb
was modelled as a homogenized material by using
the *Crushable Foam card with the adequate consti-
tutive properties taken from Ref. 16. Considering a
1/8” cell size and a nominal density of about 100
kg/m3, the modulus was fixed to 3 GPa and the crush-
ing strength to 3.1 MPa. Given the previously pre-
sented results, the aluminum foam absorber was
characterized by a density of 500 kg/ms3.
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Figure 17. (a) Filtered time history of cells’ vertical ac-
celeration; (b) Plastic equivalent strain in foam and
structural battery absorbers.

As expected, the additional absorber significantly re-
duced the acceleration experienced by the cells (see
Figure 17-a). The acceleration profile is smoother and
spread over a longer time span, and the maximum
value was roughly halved. Figure 17-b illustrates that
the honeycomb and foam absorber work together ef-
fectively: the upper structure transfers the load to the
structural battery, which then experiences plastic de-
formation under compressive loading granting addi-
tional stroke.

Considering the whole battery pack, the aluminum
foam absorber represents 6.4% of the mass, and the
structural battery 1.0%. This preliminary study shows
that the structural battery can both store extra energy
and provide significantly improved crash protection
for the main battery pack.

4. HYBRID FEM-MULTI BODY PLATFORM FOR
CRASHWORTHINESS SYSTEM LEVEL AP-
PROACH

At the level of the whole eVTOL structure, the goal of
the proposed multi-scale approach is to investigate
the integration of the crashworthy battery pack into
the airframe in the early design stage. This implies a



large number of simulations, and therefore the need
for computationally efficient tools. For this reason, FE
and multibody techniques were joined to develop a
hybrid numerical platform for an eVTOL cabin. This
solution allows to significantly reduce the computa-
tional time required by the analyses while retaining an
adequate level of reliability.

The key components of the platform are: (i) the hybrid
model of the cabin airframe; (ii) the hybrid model of
the seats and the Anthropomorphic Test Devices
(ATDs); (iii) the model of the battery pack. The as-
sembly is shown in Figure 18, where an installation of
the energy storage system on the top of the cabin was
considered.

In this case, the cabin model comprises the subfloor,
the floor, the cabin roof and three fuselage frames,
which are connected to the lateral bulkheads of the
subfloor. Being the focus on the crash response of the
eVTOL structure, the subfloor plays a key role. An en-
ergy absorbing subfloor configuration was adopted on
the basis of the solutions presented by Ref. 17 for hel-
icopters. The aluminum skin of the subfloor is mod-
elled with shell elements, as well as lateral bulkheads
and the keel beams. The intersection elements, which
act as energy absorbing elements in vertical crashes,
are represented by 2-noded connector elements with
an elastic-plastic response coupled with a plasticity
driven damage (Ref. 12). The geometry of the sub-
floor and the position of the connector elements is il-
lustrated in Figure 19. The floor was meshed by solid
and shell elements to simulate a sandwich plate. The
frames of the cabin shown in Figure 18 are modelled
with beam elements and have an I-beam section that
was sized considering a 30 g load. For simplicity, the
roof was modelled with a rigid plate.

Figure 18. Numerical hybrid platform of the eVTOL
cabin

Figure 19. Geometry of the subfloor with highlighted
connectors

The models of the seats and ATDs combine FE de-
formable elements together with rigid parts, springs,
connectors and lumped mass elements. The numeri-
cal ATDs and seats were developed in previous
works presented in Ref. 18 and Ref. 19. In the present
work, the architecture of the model was modified to
ease the implementation of multiple ATDs within the
cabin model, and the absorber of the seat was cali-
brated to achieve compliance with the regulations
prescribed in Ref. 20 in terms of maximum lumbar
load.

Finally, a simplified model of the battery pack was in-
cluded in the platform. The mass of the modules is
distributed in the hexahedrons placed on the cabin
roof. The connection was made by means of con-
nector elements.

The whole model exemplifies a numerical approach
that can be used in early design phases to study op-
timal crashworthy configurations. The preliminary re-
sults that are reported in the following represent anal-
yses that were conducted with a specific aim. In par-
ticular, the effect of installing an energy absorbing
system in the battery pack was investigated, consid-
ering the alleviation of the loads exerted on the
frames by the battery pack inertia.
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Figure 20. Stress envelope of the frames during the
crash analyses with different connector behavior



At first, all the relative degrees of freedom of the con-
nectors were blocked to model a rigid connection be-
tween the cabin roof and the mass of the modules.
Then, in the second and third case, the connectors
behavior was defined as an elastic plastic law with
two different yielding force: 2500 and 2000 N, respec-
tively. The equivalent Von Mises stress in the beam
elements of the frame was monitored, so to compute
the maximum stress envelope during the analyses for
the three investigated scenarios. The stress enve-
lope, i.e. the maximum Von Mises stress in the frames
for each sampling, is illustrated in Figure 20.

The load alleviation predicted by this rather simple
model is remarkable. The maximum Von Mises stress
in the case of rigid connection is 290 MPa, which is
reduced by 5% and 10% with FY equal to 2500 and
2000 N. The available stroke is 34 mm. With FY =
2500 N, the exploited stroke is 8 mm, whereas with
FY = 2000 N it increases to 16 mm. This relatively
small stroke is enough to provide this load mitigation.
The stress peak, which occurs soon after the impact
with the ground, is shifted in a later stage and reduced
by the energy absorbing system. Further analyses
with even lower yielding forces for the connectors
proved that, if bottoming occurs, most of the benefi-
cial effect get lost. This means the energy absorbing
system must be carefully calibrated to both protect
the energy storage system and possibly alleviate the
loads on the airframe.

5. CONCLUSIONS

The paper presented a multi-scale approach dedi-
cated to the crashworthiness of innovative eVTOL air-
craft. Some preliminary results were provided and the
main findings can be summarized in the following
points:

1. The impact test with mechanically and inertially
equivalent cells showed that cells are subjected
to local decelerations and indentations that, other
than their mechanical properties, also depend on
their position within the module. The availability of
finely calibrated numerical model could be used,
for instance, to design specific internal solutions
to protect the most critical areas. The adoption of
dummy cells with structural equivalent properties
may be particularly interesting to reduce the cost
and the risk of the calibration and validation tests
to be performed. Indeed, the development of a FE
model highlighted the difficulties in catching the
local phenomena, which highly depend on the in-
teraction between all the involved parts and on

the detailed description of material responses.
However, the global behavior, the indentation of
the cells and the main trends were adequately
captured in the example provided.

2. A proper installation of metallic foam absorbers
can be effectively used to protect the battery pack
and reduce the decelerations experienced by the
cells inside the modules, despite, in general, the
available stroke is quite limited.

3. The preliminary analyses that were presented
also suggest that the innovative SBP technology
with Na-lon chemistry is extremely promising:
SBPs can increase the specific energy of the
whole system by storing energy in a structure that
can serve as a passive absorber for the main en-
ergy storage system.

4. According to the hybrid model of the cabin, if the
battery pack is mounted on the cabin top the dy-
namic response of the battery pack equipped with
energy absorbers can be designed so to alleviate
the loads on the airframe. The energy absorbers
installed in the energy storage system can there-
fore be relevant not only to protect the battery
pack, but also for the primary crash requirements
of the eVTOL aircraft such as survivable space
and mass retention.
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