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Crashworthiness evaluation of urban air mobility vehicle configurations using a 
simplified finite element modelling approach
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ABSTRACT 
This paper presents a crashworthiness evaluation of selected electric vertical take-off and landing 
(eVTOL) ‘liftþ cruise’ configurations based on finite element simulation in an early conceptual design 
phase. A simplified macro-FE modelling approach is used and the performed simulations consider 
crash load cases with aspects from real-world accident scenarios to ensure robust crash safety in the 
design process. The paper discusses the developed modelling approach and presents detailed results 
of the finite element simulations performed for different eVTOL configurations and various crash load 
cases.
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1. Introduction

In recent times, some key technologies have been developed 
that enable concepts for electric vertical take-off and landing 
(eVTOL) aircraft which may become an alternative mode of 
transportation for urban and regional mobility. Key technol
ogies such as distributed electric propulsion (DEP), autono
mous flight technology and 5 G communication networks 
have been developed which are likely to expand urban 
mobility to include urban air mobility (UAM) in the next 
decades. Various studies on the future UAM market situ
ation and the expected timelines for introducing eVTOLs 
for commercial passenger transportation have been pub
lished and highlight the probability of a factual change in 
the urban mobility [1–6].

In October 2020, the Vertical Flight Society listed 349 
different vehicle concepts in its eVTOL Aircraft Directory 
[7] with a large variety of different architectures and lift and 
thrust concepts. From October 2020 to May 2023, this num
ber increased from 349 to 817 different vehicle concepts 
listed in this directory. Besides the underlying range of dif
ferent UAM missions – from intra- to inter-city missions – 
especially DEP is the key technology that drives this concept 
diversity.

From a crashworthiness point of view, this new design 
freedom is an opportunity and a risk at the same time. 
Novel aircraft architectures, including all aspects of electric 
flight, need to consider crashworthiness aspects already in 
the conceptual design phase to reduce any risk of costly and 
complicated design changes at a later stage and to take the 
opportunity to utilise the aircraft architecture for improved 

crashworthiness. This is the motivation of the research work 
presented in this paper.

The paper first deals with crashworthiness requirements 
and derives crash load cases which are considered in this 
study, see Section 2. Hereafter, a simplified modelling 
approach for crashworthiness evaluation using finite element 
simulation in the conceptual design phase is presented in 
Section 3. This developed simulation method was applied to 
different eVTOL concepts for crashworthiness evaluation. 
Results of this simulation study are presented in Section 4. 
Final conclusions are given in Section 5.

The presented crashworthiness evaluation considers 
eVTOL concepts of the ‘liftþ cruise’ category which 
describes vehicle architectures with completely independent 
thrusters used for cruise versus for lift without any thrust 
vectoring [7]. Lift during vertical take-off and landing is 
provided by thrusters whereas for the cruise mode wing lift 
is used. Hence, this vehicle category’s characteristics are a 
fixed wing, several thrust units, and typically also engine 
beams for thrust unit installations.

The top-level aircraft requirements (TLARs) for the 
eVTOL concepts considered in this study are: Four occu
pants and a range between 60 and 80 km.

2. Crashworthiness requirements and crash load 
cases

Certification aspects for eVTOL crashworthiness in the con
text of commercial UAM missions are not yet fully clarified, 
in particular with regard to acceptable means of compliance, 
although significant progress is achieved by the authorities. 
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Civil aviation authorities (CAAs) have worked out rules and 
guidance material for certification of eVTOL aircraft, with 
slightly different approaches. The European Union Aviation 
Safety Agency (EASA) has published special conditions and 
proposed means of compliance [8–11] whereas the Federal 
Aviation Administration (FAA) follows a case-to-case deci
sion [12] and has published first special class airworthiness 
criteria [13,14]. Both approaches are taking into account 
aspects from the small aeroplane category (14 CFR Part 23/ 
CS 23) and small rotorcraft category (14 CFR Part 27/CS 
27), and it can be expected that future means of compliance 
will be defined close to the existing framework which is 
mainly based on the emergency landing conditions (Part/CS 
23/27.561), emergency landing dynamic conditions (Part/CS 
23/27.562), and fuel system/energy storage crash resistance 
(Part/CS 27.952) [12,15] – enabling also less prescriptive 
certification approaches based on the latest certification spe
cification amendments providing performance-based rules 
[8,16]. However, research organisations and further associa
tions demand for alternative approaches beyond the tradi
tional dynamic seat approach (Part/CS 23/27.562) to 
improve occupant safety [17–21]. Taking into account the 
expected enormous number of flight hours [1–6], the his
toric safety approach to prevent accidents is challenged as, 
on a probability basis, accidents are highly likely to occur 
and a crash safety approach along the lines of the automo
tive industry is being called for [18–24]. A system-level 
approach is proposed utilising the entire available structural 
space for occupant protection and considering a cascading 
system of, e.g. landing gear, airframe structure and seats for 
energy absorption. Using finite element analysis for two dif
ferent eVTOL configurations it could be demonstrated that 
the 1,500 lb lumbar load criterion according to Part/CS 23/ 
27.562 can be met for vertical impact conditions of 9.14 m/s 
(30 ft/s), by using a system-level approach [25,26].

In this sense, the research work presented in this paper 
partly focuses on crashworthiness beyond the regulatory 
specifications with the aim to demonstrate how crashworthi
ness evaluation can be performed in an early conceptual 
design phase leading to the potential of convincing cost ver
sus safety benefit solutions for crashworthy eVTOL 
concepts.

2.1. Crash load cases

The crash load cases defined in this study were derived 
from representative UAM missions [27–29], considering 
UAM specific mission characteristics such as critical lift 
transition phases at low altitude or flights over different ter
rain. Similar to rotorcraft, comparably high off-axis crash 
impact conditions are expected for typical accident scenarios 
in an urban environment.

For this reason, the focus of this study was laid on the 
crash energy absorption management providing robust crash 
performance under real-world impact conditions including 
off-axis loading and combined vertical/horizontal impact 
conditions.

The crash load cases considered in the simulation study 
are presented in Table 1. Load case ‘#0’ refers to the landing 
gear limit drop test (Part/CS 27.725) and was used for 
adjustments of the landing gear model to comply with the 
certification specifications.

Load cases ‘#1’ - ‘#5’ served for the adjustment of the 
vehicle’s crash energy absorption management. Load case 
‘#2’ is the reference design load case which assumes a verti
cal impact velocity of vz ¼ 8 m/s. The underlaying assump
tion for this vertical impact speed is a critical event during 
the transition phase at 12–15 m altitude and sufficient 
residual thrust for a partially controlled descent resulting in 
crashworthy emergency landing conditions [12]. Using load 
cases ‘#1’ - ‘#5’, sufficient crashworthiness is demonstrated 
for impact conditions beyond the reference design load case, 
up to a vertical impact velocity of vz ¼ 10 m/s (load case 
‘#3’), and also for crash scenarios with reduced impact 
energy (load cases ‘#1’, ‘#4’, ‘#5’).

Sufficient crash performance under real-world impact 
conditions is demonstrated using load cases ‘#6’ - ‘#14’, with 
off-axis loading under purely vertical impact conditions rep
resented by load cases ‘#6’ - ‘#8’, and combined vertical/ 
horizontal impact conditions represented by load cases ‘#9’ - 
‘#14’. The horizontal impact velocity of vx ¼ 25 m/s 
represents an assumption for an emergency landing with 
horizontal impact speed equal to 1.2 times stall speed, and 
vx ¼ 40 m/s represents a challenging robustness load case 
for which a reasonable crash performance has to be shown. 
Additionally, load cases ‘#11’ and ‘#14’ were defined with an 

Table 1. Design load cases defined for crash simulation in the conceptual design phase.

Load case [-] vz [m/s] vx [m/s] Roll [�] Pitch [�] Yaw [�] Terrain [-] Payload [%] Lift [%]

#0 2.5 0 0 0 0 hard 100 66.6
#1 4 0 0 0 0 hard 100 0
#2 8 0 0 0 0 hard 100 0
#3 10 0 0 0 0 hard 100 0
#4 8 0 0 0 0 hard 50 0
#5 4 0 0 0 0 hard 50 0
#6 8 0 210 0 0 hard 100 0
#7 8 0 0 10 0 hard 100 0
#8 8 0 0 210 0 hard 100 0
#9 8 25 0 0 0 hard 100 0
#10 8 25 210 10 210 hard 100 0
#11 8 25 210 10 210 soft� 100 0
#12 8 40 0 0 0 hard 100 0
#13 8 40 210 10 210 hard 100 0
#14 8 40 210 10 210 soft� 100 0
�Soft terrain: Simplified simulation of soft soil ploughing using an increased friction coefficient, still with hard surface.
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increased friction coefficient m ¼ 0.8 to simulate soft soil 
ploughing and to induce higher longitudinal loads in the 
vehicle structure.

3. Model description

This section provides an overview of the selected modelling 
approach and simulation model details. All simulations were 
performed using the explicit finite element (FE) solver LS- 
Dyna, some modelling options are FE code specific.

3.1. Modelling approach for crashworthiness evaluation 
in the conceptual design phase

An effective modelling approach for crash simulation in the 
conceptual design phase concentrates on the investigation of 
vehicle architecture and general design features to support 
main decisions in the design process. Structural elements 
that contribute to the crash kinematics and energy absorp
tion are modelled in a simple and efficient way, partly using 
macro elements for describing structural failure by force-dis
placement or moment-rotation curve input data. Other 
structural details are neglected and it is presumed that these 
details will be developed in the later design stages according 
to acknowledged crash design principles [30–32]. Neglecting 
structural details supports a simplified modelling and results 
in efficient computation time, which is crucial for perform
ing various simulation runs of different design concepts and 
load cases.

This so-called macro-FE modelling approach has been 
developed and applied in the past for preliminary design 
studies [33,34] and was transferred in this present study to 
conceptual design applications for which most structural 
details are not yet defined.

Based on the needs and the available data in an early 
conceptual design phase, the selected macro-FE modelling 
approach discretizes the main airframe structure by a frame 
work of beam elements that represent the frames, stringers, 
crossbeams, ribs, spars, etc. Hence, the cross-sectional 

definition of these structural elements can easily be defined 
and adapted by the beam element input data without adapt
ing the FE mesh. In addition, the airframe skin is modelled 
using shell elements to incorporate the skin’s shear stiffen
ing function that may have a significant effect especially 
under combined vertical/horizontal impact conditions for 
which, e.g. airframe upper deck masses may introduce high 
shear loads.

Following this simplified and efficient modelling 
approach, different structural components such as wing, 
fuselage, landing gear etc. are connected to each other using 
the LS-Dyna constraint function �CONSTRAINED_ 
INTERPOLATION. Likewise, the same constraint function 
is used to connect single mass elements to the structure that 
represent battery packs, power units, luggage and other sin
gle mass items.

Main structural failure that contributes to the crash kine
matics and main energy absorption is described using con
nector elements (beam formulation 6 and material type 
�MAT_119/�MAT_GENERAL_NONLINEAR_6DOF_ 
DISCRETE_BEAM) with individual force-displacement 
characteristics that easily can be modified to improve the 
vehicle crash performance and finally to determine the 
structural failure characteristics required to obtain crash 
safety. Those connector elements are installed in the sub- 
floor structure (axial crushing), the engine beams (axial 
crushing) and the landing gear (oleo strut compression & 
crash absorber axial crushing).

The occupants on their seats are modelled using a simpli
fied system of connector elements (beam formulation 6 and 
material type �MAT_121/�MAT_GENERAL_NONLINEAR_ 
1DOF_DISCRETE_BEAM) representing the seat stroke 
functionality and the seat cushion characteristics as well as 
(beam formulation 6 and material type �MAT_146/�MAT_ 
1DOF_GENERALIZED_SPRING) representing the occu
pant’s lumbar spine according to the DRI model [35,36].

An overview on the selected macro-FE modelling approach 
is depicted in Figure 1. An alternative modelling approach for 
crash simulation in the conceptual design is the multibody 
simulation approach as applied in other research work 

Figure 1. Selected macro-FE modelling approach.
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[20,37,38]. Compared to a multibody approach, the advantage 
of the macro-FE modelling approach is the capability of vari
able Discretisation refinement towards full FE simulations 
within the progressing design phases.

3.2. Macro-FE modelling details

The macro elements for representation of main structural 
failure are shown in Figure 2 for eVTOL designs with differ
ent wing configuration as discussed later in Section 4: High- 
wing configuration (HWC), mid-wing configuration (MWC) 
and low-wing configuration (LWC). All considered macro 
elements represent energy absorption, respectively load limi
tation, under axial compression and are located in the sub- 
floor structure, in the inner and outer engine beams, in the 
landing gear and in the seats. The macro element input 
characteristics are given in Figure 3, exemplarily for the 
MW-configuration. Note that other structural parts, not 
intended as main energy absorbing structures, can also con
tribute to structural failure and minor energy absorption 
according to the modelling details described in Section 3.4. 

This contribution to energy absorption can be considered 
small while the major energy absorption is provided by the 
main crash structures modelled with macro elements.

The landing gear is modelled as a serial system of an 
oleo strut with shock absorption characteristics (Figure 3a) 
and an axial crush absorber (Figure 3b).

The landing gear oleo strut is designed to comply with 
CS 27.725 ‘Limit drop test’ and CS 27.473 ‘Ground loading 
conditions and assumptions’. The assumption for the land
ing gear oleo strut is based on literature data [39] which 
describes a landing gear design for a CS-23 small aeroplane. 
The characteristics of the main and nose landing gear oleo 
struts were individually adapted for the different eVTOL 
configurations and depend on the position of the centre of 
mass relative to the landing gear position.

Figure 3b shows the landing gear crush absorber character
istics. The crush absorber triggers at 90% of the maximum 
oleo shock strut load and absorbs energy at 50% of the shock 
absorber load. The crush displacement is approximately 
200 mm. As for the oleo strut characteristics, the landing gear 
crush absorber characteristics had to be adapted individually, 

Figure 2. Positions of crushing absorbers (macro elements).
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depending on the centre of mass relative to the landing gear 
position.

In the HW-/MW-configuration, the main landing gear is 
attached to reinforced frames and additionally to the floor struc
ture. In the LW-configuration, the main landing gear is attached 
to the inner engine beams and therefore defined without crush 
energy absorption capability. Here, the required energy 

absorption capacity related to the landing gear is provided by 
crush absorber installations in the inner engine beams.

The sub-floor structure is modelled as a system of con
nector elements located underneath the cabin cross-beams that 
represent axial crushing according to typical force-displacement 
characteristics taken from literature [40], as shown in Figure 
3c. Figure 3c shows force-displacement output from 18 

Figure 3. Connector input characteristics for energy absorbing devices (exemplary input for MWC).

INTERNATIONAL JOURNAL OF CRASHWORTHINESS 5



individual sub-floor crush absorbers which have different 
length due to curved shape of the eVTOL belly. The same gen
eral crush characteristics were applied for the engine beam 
crush absorbers (Figure 3d). Figure 3d shows force-displace
ment output from 24 inner engine beam crush absorbers and 
8 outer engine beam crush absorbers. Dependent on the wing 
configuration, the engine beam crush absorbers simply serve as 
load limiters for battery pack installations (HWC, MWC) or 
contribute to the vehicle crash energy management as the 
engine beam directly impacts the ground (LWC). The force 
plateau and displacement values depend on the position of the 
absorbers in the engine beam.

The occupant-seat-model consists of three connector ele
ments which are connected in series (Figure 4). The lowest 
connector element represents the stroking seat absorber. 
The middle connector element represents the seat cushion 
and the upper connector element represents the occupant 
lumbar. The connector element representing the seat 
absorber is connected to the vehicle floor using the 
�CONSTRAINED_INTERPOLATION function. The input 
characteristics for seat cushion and stroking seat absorber 
are shown in Figure 3e-f. The occupant is represented by 
the DRI model. The historical values for upper body mass 
m (34.51 kg), spring stiffness k (0.0966 kN/mm) and damp
ing constant c (0.8181 kN�ms/mm) were estimated for U.S. 
Air Force pilots with a mean age of 27.9 years [35,36]. For 
older or younger population these constants are different 
[36]. In this context, using the DRI model to estimate the 
lumbar injury risk for UAM applications is a limitation as 
the above given input data for occupant modelling do not 
represent the wide range of our society. Also, the DRI 
model considers only purely vertical loading and is not cap
able to evaluate multi-axial occupant loading. Despite these 
limitations, the DRI model was chosen as it is a sufficient 
modelling approach for identification of trends in the con
ceptual design phase.

3.3. Crash energy absorption management

For the three considered wing configurations discussed in 
detail in Section 4 (HWC, MWC, LWC), different solutions 

for the crash energy absorption management were devel
oped and applied in the simulation study.

All considered energy absorption management solutions 
describe a systems approach of airframe crushing plus seat 
stroking. While airframe crushing is mainly designed to 
ensure structural integrity and hence for maintenance of 
survivable volume and emergency egress as well as for 
retention of mass items, seat stroking is designed to limit 
the occupant injury risk.

For the HW-configuration (Figure 2a) and the MW-con
figuration (Figure 2b), the wing structure is not directly 
involved in the ground impact in a crash event and hence 
does not contribute to the vehicle crash energy absorption. 
For this reason, the considered energy absorption manage
ment describes a crash cascade, with subsequent triggering 
of absorber stages, as follows:

� Airframe stage 1: Compression of landing gear oleo 
struts

� Airframe stage 2: Crushing of landing gear absorbers
� Airframe stage 3: Crushing of landing gear absor

bersþ sub-floor structure

For the LW-configuration (Figure 2c), the wing structure 
is directly involved in the ground impact in a crash event 
and hence contributes to the vehicle crash energy absorp
tion. The considered energy absorption management 
describes a crash cascade, with subsequent triggering of 
absorber stages, as follows:

� Airframe stage 1: Compression of landing gear oleo 
struts

� Airframe stage 2: Crushing of (forward) landing gear 
absorbersþ inner engine beams

� Airframe stage 3: Crushing of (forward) landing gear 
absorbersþ inner engine beamsþ sub-floor structure

The LW-configuration is designed in a way that most of 
the vehicle’s crash kinetic energy is absorbed by the inner 
engine beam absorbers. Due to the stiff wing-box structure, 
the available crush distance in the sub-floor area is limited 
wherefore the inner engine beams were designed to com
pensate that sub-floor limitation. Due to wing elastic bend
ing, crushing of the inner engine beam significantly 
contributes to the global vehicle energy absorption, whereas 
the outer engine beam absorbers are designed as load limit
ers only, for protection of battery packs and power units.

For the LW-configuration, only the forward landing gear 
is equipped with a crash absorber, the rear landing gear is 
integrated in the engine beams and is defined without sig
nificant crush absorption capability as this function is pro
vided by the engine beam structure.

Tables 2 and 3 summarise the available crush distances 
in each energy absorption area as well as the related mass 
involved in the individual crash cascade stage.

In Tables 2 and 3, the related mass of 1800 kg is the 
maximum take-off mass (MTOM) defined for this study. 

Figure 4. Simplified occupant-seat-model used in the simulation study.
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Table 4 provides further details on masses which contribute 
to the MTOM. These mass assumptions are based on [41] 
as well as on discussions with industry partners.

3.4. Further model and simulation details

A friction coefficient of m ¼ 0.3 was used for self-contact 
and a friction coefficient of m ¼ 0.4 was used for fuselage to 
impact surface interaction.

The selected nominal element size for the beam and shell 
elements is 45 mm, so that the Discretisation is capable of 
capturing global instability failure.

A full carbon composite eVTOL structure is assumed 
with different fibre orientation ratios for the fuselage struc
ture and the wing structure. Material input data for the 
fuselage structure is based on assumed quasi-isotropic car
bon fibre reinforced polymers (CFRP) composite laminates 
with fibre orientations [25/50/25], meaning that there are 
25% 0� plies, 50% ± 45� plies and 25% 90� plies. Material 
input data for the wing structure is based on assumed aniso
tropic CFRP composite laminates with fibre orientations 
[40/40/20]. Isotropic material stiffnesses were derived from 
these composite laminate assumptions and taken as input 
data for an isotropic elastic-plastic material model in LS- 
Dyna (�MAT_98/�MAT_SIMPLIFIED_JOHNSON_COOK) 
describing laminate failure by plastic yielding combined 
with 1% failure strain. The wing geometry was adjusted to 
match the geometrical moment of inertia of a wing profile 
provided by the industry partner.

A fully parameterised modelling and simulation approach 
was selected in this study. The FE meshes of all simulation 
models are generated using the Ansys parametric design 
language APDL (Ansys 19.2) and Python which enables 
fully parameterisation of eVTOL model generation including 
the FE mesh and LS-Dyna input files. The conversion of the 
FE mesh from the Ansys file format to the LS-Dyna file for
mat was performed using a DLR in-house converter based 
on Python.

All explicit simulations were performed with LS-Dyna 
R10.2.0 on a computer cluster:

Operating System: Linux

CPU: Intel(R) Xeon(R) CPU E5540 @ 2.53 GHz

The simulations were performed on 1 node, with 8 CPU 
cores and using single precision. The calculation time for 
300 ms simulation time was approximately 45 min.

The history data were recorded with an output frequency 
of 10 kHz and the field output data with an output fre
quency of 200 Hz. Nodal accelerations and forces were sub
sequently filtered with a Butterworth filter and a cut-off 
frequency of 180 Hz.

4. Finite element simulation study of different 
eVTOL configurations

This section presents the results of the performed simulation 
study on different eVTOL configurations using simulation 
models as described in Section 3.

Table 2. Available crush distances in each energy absorption area for HWC and MWC.

Energy absorption area Crush distance (approximate values) Related mass (kinetic energy to absorb)

Airframe stage 1): Compression of landing gear oleo struts 280 mm 1800 kg1

Airframe stage 2): Crushing of landing gear absorbers 120 mm 1800 kg
Airframe stage 3): Crushing of: landing gear absorbersþ sub-floor structure 80 mm þ 280 mm 1800 kg
Seat: Crushing of seat absorbers 210 mm 87.7 kg2

1Mass of the entire vehicle.
2Mass of the occupant (77.7 kg) and the upper part of the seat (10 kg).

Table 3. Available crush distances in each energy absorption area for LWC.

Energy absorption area Crush distance (approximate values) Related mass (kinetic energy to absorb)

Airframe stage 1): Compression of landing gear 
oleo struts

220 mm 1800 kg

Airframe stage 2): Crushing of: (forward) landing 
gear absorbersþ inner engine beams

120 mm þ 230 mm 1800 kg

Airframe stage 3): Crushing of: (forward) landing 
gear absorbersþ inner engine beamsþ sub- 
floor structure

60 mm1 1800 kg

Seat: Crushing of seat absorbers 210 mm 87.7 kg
1Crushing distance is limited due to the stiff wing box located in the sub-floor structure.

Table 4. Mass overview (exemplary for LWC).

Mass item Mass

Power units 8�50 kg ¼ 400 kg
Four occupants & four items of baggage 4�77.7 kg þ 4�22.3 kg ¼ 400 kg
Battery packs 400 kg
Tail, rudder, elevator 150 kg (including distributed mass1)
Wing, engine beams, engine mount 250 kg (including distributed mass)
Fuselage 200 kg (including distributed mass)
MTOW 1800 kg
1Due to the simplified modelling approach, portions of the structural mass are smeared over the model 
parts as distributed parts.

INTERNATIONAL JOURNAL OF CRASHWORTHINESS 7



Section 4.1 discusses a first simulation run in which a 
wide range of different eVTOL configurations was simulated 
and assessed with the aim to identify most relevant key 
design parameters that may affect crashworthiness. Based on 
this assessment, three eVTOL configurations were selected 
for detailed analysis which is discussed in Sections 4.2-4.5.

4.1. First simulation run and selection of eVTOL 
configurations for detailed analysis

Based on a performed literature review on various eVTOL 
designs being proposed by the industry, several eVTOL 
‘liftþ cruise’ designs were selected with different characteristic 
vehicle architectures (Figure 5). Fundamental vehicle dimen
sions were derived from literature data [41] and transferred 
to the different vehicle architectures based on assumptions. 
Note that vehicle masses, specific design assumptions and 
material parameters used in the simulation study are dis
cussed in Section 3. The range of eVTOL designs presented 
in Figure 5 is defined by several parameters: wing configur
ation, empennage configuration, position of battery packs 
and power units, the vehicle’s centre of gravity, integration of 
the landing gear and position of the crash absorbers.

A first crash simulation run was performed for all 
eVTOL designs presented in Figure 5. The wing configur
ation was identified as the most crucial parameter that had 
a significantly higher influence on crashworthiness than all 
other parameters investigated in the first simulation run.

The main effects identified for the different wing config
urations are:

� In a low-wing configuration, the stiff and hence non- 
crushable wing-box structure may limit the available 
crush distance in the sub-floor structure which can 
increase the crash loads and occupant injury risks.

� In a high-wing configuration, the wing is located above 
the cabin which requires reinforced frames to prevent 
cabin collapse and hence to maintain a survivable 
volume.

� In a mid-wing configuration, the wing can be placed 
behind the cabin so that the wing does neither affect the 
available sub-floor crush distance nor requires reinforced 
cabin frames to maintain survivable volume. Instead, 

cabin crushing under horizontal crash loading needs to 
be considered due to the heavy mass item behind the 
cabin.

As an outcome of this first simulation run, the range of 
eVTOL configurations was narrowed down to three eVTOL 
concepts with different wing configuration as shown in Figure 6:

a. High-wing configuration (HWC)
b. Mid-wing configuration (MWC)
c. Low-wing configuration (LWC).

These three configurations are further discussed in the 
following sub-sections. Thereby, the approach is to size the 
eVTOL structure and absorber devices mainly for the refer
ence design load case (on-axis, vz ¼ 8 m/s) by taking into 
account sufficient reserve capacity and robustness (Section 
4.2), and hereafter to evaluate key crashworthiness criteria 
for the on-axis, off-axis and real-world robustness load cases 
(Sections 4.3-4.5).

Figure 5. Range of investigated eVTOL designs. Figure 6. eVTOL designs selected for detailed analysis.
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4.2. Reference design load case with vz 5 8 m/s 
(on-axis, vx 5 0 m/s)

This sub-section discusses the general energy absorption 
concept defined for the selected eVTOL configurations as 
presented in Figure 6. The characteristics of the individual 
crash absorbers were adjusted for each eVTOL configuration 
to obtain the desired crash kinematics and a favourable 
crash performance with smooth energy absorption through
out the crash sequence resulting in airframe structural integ
rity and acceptable occupant loads. Starting point for the 
adjustment of the crash energy absorbers in the sub-floor 
structure, engine beams, landing gears and seats is the refer
ence design load case with a purely vertical impact velocity 
of vz ¼ 8 m/s (load case ‘#2’ in Table 1).

Figure 7 shows the crash sequence for the selected 
eVTOL configurations with HW-, MW- and LW-configur
ation. As described in Section 3.3, the crash sequence is 

defined by a crash cascade. In the first phase, kinetic energy 
is absorbed by compression of the landing gear oleo struts. 
During the second phase, full compression of the landing 
gear oleo strut triggers the landing gear crush absorber, 
which is located in line with the oleo strut, and further kin
etic energy is absorbed. For the LW-configuration, kinetic 
energy is additionally absorbed by crush absorbers in the 
inner engine beams. During the third phase, the sub-floor 
structure gets involved. For all three wing configurations, 
kinetic energy is absorbed in parallel by the landing gear 
crush absorbers and the sub-floor crush absorbers. For the 
LW-configuration, large portions of the kinetic energy are 
absorbed by additional crush absorbers in the inner engine 
beams which compensate the limited sub-floor crush dis
tance under the stiff low-wing structure.

Figure 8 shows plots of overall energy curves for all three 
eVTOL configurations, where Etotal is the total energy, Et0

kin 
is the initial kinetic energy, Wext is the external work of the 

Figure 7. Crash sequence for the three selected eVTOL configurations. 
(reference design load case ‘#2’).
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gravity field, Et1
int is the current internal energy, Et1

fric is the 
current frictional dissipated energy and Et1

kin is the current 
kinetic energy. The main crash impact shows durations of 
125–150 ms, with subsequent rebound of the vehicle for 
t> 125–150 ms. The triggering of the individual crash cas
cade phases can clearly be seen by unsteadiness in the plots 
of internal energy respectively kinetic energy. This is a typ
ical characteristic for a crash cascade concept as with each 
cascade level the crash load and hence the slope of the 
internal energy curve increases. Comparing the internal 
energy curves of all three charts in Figure 8 reveals similar 
crash characteristics for the HW- and MW-configuration 
with stepwise increasing energy absorption (increasing slope 
of curve) while for the LW-configuration the second cascade 
level provides already a high-energy absorption rate (steep 
slope of curve). This comparably stiff response of the LW- 

configuration is required due to the limited crush distance 
below the stiff wing and hence caused by the engine beam 
crushing which is designed to correspondingly higher load 
levels. This circumstance is shown in more detail in Figure 
9 which shows the energy absorption in the individual 
structural regions for the HW-, MW- and LW-configur
ation. For the HW- and MW-configuration, most of the 
kinetic energy is absorbed in the sub-floor structure, while 
for the LW-configuration the engine beams absorb most of 
the kinetic energy and hence compensate the limited sub- 
floor crush distance.

Figure 10 considers the occupant injury risk and compares 
plots of DRI-time curves for each occupant, showing charts 
for the HW-, MW- and LW-configuration. The presented 
DRI values are based on the nodal accelerations taken from 
the occupant-seat model. For all three wing configurations, 

Figure 8. Overall energy plot (reference design load case ‘#2’).

Figure 9. Energy absorption in the individual structural regions (reference design load case ‘#2’).

Figure 10. Occupant loads: dynamic response index (reference design load case ‘#2’).
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similar maximum DRI values are obtained, although for the 
LW-configuration the DRI maximum is reached at t� 105 ms 
and thus 25 ms earlier compared to the HW- and MW-config
urations. Hence, the stiffer airframe response for the LW-con
figuration, as indicated in the energy plots in Figure 8, is 
compensated by the seat stroke, leading to similar maximum 
occupant loading, although the time of maximum occupant 
loading is accordingly different. The dashed line in the charts 
of Figure 10 represents a DRI value of 17.7 which is the injury 
risk limit selected for this study. According to [35], a DRI 
value of 17.7 leads to a 10% spinal injury probability. In add
ition to the assessment of DRI values, the occupant-seat 
model was also used to analyse the compression forces in the 
human lumbar, between upper body and pelvis node. Figure 
11 compares the compression-force output of the beams rep
resenting the human lumbar in the DRI model. The dashed 
line in the charts of Figure 11 represents a compressive lum
bar load of 6674 N according to the certification requirements 
stated in EASA CS27.562(c)(7).

The seat data are presented in Figures 12 and 13. 
Figure 12 compares the force-displacement output of the 
beams representing the seat cushion in the occupant-seat- 
model. The output follows the defined input characteristics 
shown in Figure 3c. Figure 13 compares the force-displacement 
output of the beams representing the stroking seat absorbers 
in the occupant-seat-model. As desired, for this reference 
design load case, the seat stroke absorbers provide suffi
ciently residual energy absorption capacity and hence 
robustness against more severe crash load cases: For the 
HW-configuration and the MW-configuration about 54% 
respectively 59% of the seat absorbers’ capacity is utilised. 
For the LW-configuration, the compensation of the compar
ably stiff airframe response led to a significantly higher 
stroke of about 74% of the seat absorbers’ capacity. As a 
result, there is less reserve stroke capacity available for the 
LW-configuration, which leads to a higher risk of bottom
ing-out effects and hence occupant injuries in more severe 
crash load cases.

Figure 11. Occupant loads: lumbar loads (reference design load case ‘#2’).

Figure 12. Seat cushion: Force-displacement beam element output.

Figure 13. Stroking seat absorber: Force-displacement beam element output.
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4.3. Crashworthiness evaluation for varying vertical 
impact energies

A well-defined energy absorption management must ensure 
crash safety for varying crash impact conditions up to, and 
beyond, the reference design load case. Impact conditions 
with reduced impact energy must be considered due to the 
risk of stiff airframe response as lower crash loads may not 
lead to triggering of the crash absorbers. Furthermore, a cer
tain extrapolation beyond the reference design load case 
shall ensure robust crash safety concerning more severe 
impact conditions without obtaining bottoming-out or other 
failure effects that lead to an abrupt change of the crash 
performance. Both is considered in this sub-section with the 
vertical impact conditions of vz ¼ 4 m/s (load case ‘#1’) and 
vz ¼ 10 m/s (load case ‘#3’) as shown in Table 1.

This sub-section compares the reference design load case 
with the robustness load cases vz ¼ 4 m/s and vz ¼ 10 m/s 
based on three key crashworthiness parameters:

� Maintenance of acceptable acceleration loads experienced 
by the occupants

� Retention of heavy items of mass: battery pack and 
power units

� Maintenance of survivable volume

Other key crashworthiness parameters, such as emer
gency egress path and post-crash hazards, are not consid
ered here.

4.3.1. Maintenance of acceptable acceleration loads expe
rienced by the occupants
Figure 14 shows the top view of the eVTOL cabin with the 
positions of the four occupants highlighted in different col
ours which corresponds to the bar diagram of DRI values 
shown in Figure 15.

Figure 15 shows plots of bars with maximum DRI values 
reached for each occupant in the three different eVTOL 
configurations, for the reference design load case and both 
robustness load cases. For the reference design load case (vz 
¼ 8 m/s), the DRI values of each eVTOL configuration are 
similar and below the critical DRI value of 17.7, an outcome 
previously discussed in Section 4.2.

For the low-energy robustness load case with vz ¼ 4 m/s, 
the HW- and MW-configurations show significantly lower 
DRI values compared to the LW-configuration. Again, the 
comparably stiff airframe response of the LW-configuration, 
required due to limited crush distance below the wing struc
ture, shows an influence leading to DRI values close to the 
limit of 17.7 even for low-energy crash impacts. However, 
the DRI values are still below the critical DRI value of 17.7.

For the high-energy robustness load case with vz ¼ 10 m/ 
s, the impact kinetic energy is approx. 56% higher compared 
to the reference design load case (vz ¼ 8 m/s). For the HW- 
and MW-configurations, the stroking seat absorber provides 
sufficient energy absorption capacity leading to DRI values 
that only slightly exceed the limit of 17.7. In contrast, for 
the LW-configuration the stiff airframe response led already 
for the reference design load case to a higher seat stroke 
consumption so that here for the high-energy robustness 
load cases the seat stroke is used up leading to bottoming- 
out effects and clear exceeding of the DRI limit of 17.7. 
Figure 16 shows the seat stroke for the high-energy robust
ness load case (vz ¼ 10 m/s), the bottoming-out effect for 
the LW-configuration (Figure 16c) can clearly be seen. For 
the HW-configuration (Figure 16a), the plot of curves indi
cate that the available stroke was fully used up showing ini
tial bottoming-out.

4.3.2. Retention of items of mass (battery packs and 
power units)
The key crashworthiness parameter ‘retention of items of 
mass’ is assessed with regard to the propulsion system 
masses: battery packs and power units. The vertical Figure 14. Occupant positions in the cabin (top view).

Figure 15. Occupant loads: Dynamic response index (colours refer to Figure 14).
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accelerations measured at the single mass elements are used for the assessment. Figure 17 shows the positions of battery 

Figure 16. Stroking seat absorber: Force-displacement beam element output (for robustness load case #3 with vz ¼ 10 m/s) (colours refer to Figure 14).

Figure 17. Positions of battery packs (squares).

Figure 18. Positions of power units (circles).

Figure 19. Retention of items of mass (battery pack max. vertical acceleration). 
(colours refer to Figure 17).
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packs which are distributed in the inner engine beam for all 
three considered eVTOL configurations. Figure 18 shows 
the positions of power units at the inner and outer engine 
beams as well as at the horizontal stabiliser.

Figure 19 compares the vertical accelerations of the bat
tery pack mass elements for the three eVTOL configurations 
(HWC, MWC and LWC), with vz ¼ 4 m/s, vz ¼ 8 m/s and 
vz ¼ 10 m/s. The dashed line in the charts represents an 
assumed limit of 50 g for the battery packs which should 
not be exceeded for the considered load cases of this study. 
According to [42], the maximum acceleration load of a bat
tery pack should not exceed a threshold value of 50 g to 
reduce risk of fire during or after a crash landing. The 
energy storage crashworthiness approach considered in this 
study intends to prevent a battery thermal runaway under 
emergency landing conditions, but allows exceeding of 
acceleration allowables and hence allows contained thermal 
runaway under survivable emergency landing conditions.

Figure 20 compares the vertical accelerations of the 
power units, for the three eVTOL configurations (HWC, 
MWC and LWC), with vz ¼ 4 m/s, vz ¼ 8 m/s and vz ¼

10 m/s.
For both mass retention categories, battery packs and 

power units, the same trend can be identified. The HW- 
and MW-configurations were expected to experience no dir
ect ground contact in case of a crash event, which is why 
their engine beams were not designed with corresponding 
load limiters for the battery pack and power unit installa
tions. In contrast, the LW-configuration was expected to 
experience direct ground contact and the engine beams 
were designed for both, to absorb significant portions of the 
vehicle’s kinetic energy and to limit the accelerations for the 
battery packs and power units. The simulation results in 
Figure 19 and Figure 20 show acceptable accelerations for 

all three eVTOL configurations despite direct ground con
tact for the LW-configuration, hence the engine beam load 
limiters for the LW-configuration were properly designed. 
As an exception, the high-energy load case (vz ¼ 10 m/s) for 
the MW-configuration shows high battery pack accelerations 
close to the limit of 50 g and significantly higher accelera
tions for the power units at the outer engine beam. For the 
MW-configuration, the impact condition with vz ¼ 10 m/s 
led to wing deformation and a direct ground impact of the 
outer engine beams. As for this MW-configuration, load 
limiters in the outer engine beams were not designed for 
direct ground impact, the corresponding power units experi
enced high accelerations. This effect exemplarily clarifies, 
how local load limiters can significantly improve the crash 
design and prevent mass items from coming loose.

4.3.3. Maintenance of survivable volume
The key crashworthiness parameter ‘maintenance of surviv
able volume’ is assessed with regard to the cabin volume 
and the risk of main frame failure. The axial forces meas
ured in the main frame beam elements were used for the 
assessment. Figure 21 shows for the HW-, MW- and LW- 
configurations the positions of the frames which were eval
uated. For the HW-configuration, these are the reinforced 
main frames which support the wing. For the MW- and 
LW-configurations, these frames are of filigree design due 
to the absence of overhead masses, but they are located in 
the simulation models at the same positions as in the HW- 
configuration and hence enable a direct comparison.

Figure 22 shows plots of bars representing the maximum 
axial frame forces for the three eVTOL configurations 
(HWC, MWC and LWC), with vz ¼ 4 m/s, vz ¼ 8 m/s and 
vz ¼ 10 m/s. In general, the max. axial frame forces for the 
HW-configuration are considerably higher compared to the 

Figure 20. Retention of items of mass (power unit max. vertical acceleration). 
(colours refer to Figure 18).

Figure 21. Positions of frames used for evaluation of survivable volume (highlighted in colour).
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MW- and LW-configuration, due to the high-wing mass 
inertia. The comparison of frame loads in Figure 22 clearly 
highlights the risk of cabin collapse for high-wing configura
tions and the need for a massive frame design.

4.4. Crashworthiness evaluation for varying off-axis 
impact attitudes

This sub-section discusses the simulation results of the off- 
axis robustness load cases with purely vertical impact vel
ocity of vz ¼ 8 m/s, as shown in Table 1. The reference 
design load case ‘#2’ is compared with load case ‘#6’, with a 
roll angle u¼ 10�, and load case ‘#7’, with a pitch angle 
h¼ 10�. Figure 23 shows the initial impact conditions of the 

three load cases considered in this sub-section, for the three 
eVTOL configurations.

In this sub-section, only the key crashworthiness parame
ters ‘retention of items of mass’ and ‘survivable volume’ are 
discussed to highlight main effects caused by off-axis impact 
attitudes.

4.4.1. Retention of items of mass (battery packs and 
power units)
Two main effects were identified with regard to the mass 
retention criterion. First, off-axis impact attitudes may lead 
to direct ground contact of structural regions that were not 
expected therefor and hence not designed for direct ground 
impact. Second, off-axis attitudes may lead to an asymmetric 
first impact resulting in rotation of the aircraft and a second 

Figure 23. Initial impact conditions for varying off-axis attitudes (vz ¼ 8 m/s).

Figure 24. Retention of items of mass (power unit max. vertical acceleration). 
(colours refer to Figure 18).

Figure 22. Maintenance of survivable volume (maximum axial force in the frames). 
(colours refer to Figure 21).
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impact at the opposite aircraft location, which can some
times result in significantly higher local impact velocities 
compared to the first impact. Both effects are shown in the 
following based on the power unit accelerations.

Figure 24 compares the vertical accelerations of the 
power units for the three eVTOL configurations (HWC, 
MWC and LWC). The HW- and the MW-configurations 
show significantly higher power unit accelerations for an 
impact attitude with roll angle 10� compared to on-axis 
impact. The off-axis impact condition with roll angle led to 
direct ground contact of the left wing-tip with an outer engine 
beam not designed for direct impact and hence not equipped 
with load limiters. For this reason, the power unit in the outer 
left engine beam experienced accelerations of more than 75 g 
resulting in the risk of breaking loose and becoming a hazard
ous projectile. The LW-configuration is designed for engine 
beam ground impact and hence the power units in the engine 
beams are equipped with load limiters. Despite that, the chart 
in Figure 24 shows high power unit accelerations for the LW- 
configuration impact condition with a roll angle of 10�. While 
the first impact occurred on the left wing-tip with an engine 
beam load limiter designed for this loading condition, the air
craft subsequently rotated by the first impact impulse leading 
to a second impact at the right wing-tip with significantly 
higher local impact speed that exceeded the power unit load 
limiter capacity. The power units in the right engine beam 
experienced accelerations of more than 100 g, again resulting 
in the risk of breaking loose and becoming a hazardous 
projectile.

This discussion of simulation results reveals the impor
tance to consider off-axis impact conditions in the design 
process to ensure proper design of local energy absorbers.

4.4.2. Maintenance of survivable volume
One main effect was identified with regard to the survivable 
volume criterion. Off-axis impact conditions generally result 
in asymmetric structural loading, which may end up in 
increased frame loads and hence higher risk of cabin 
collapse.

Figure 25 shows plots of bars representing the main 
frame axial loads for the three considered load cases and the 
HW-configuration. Asymmetric frame loading can be seen 
for both off-axis load cases with increased frame loads com
pared to the on-axis reference design load case.

4.5. Crashworthiness evaluation for varying combined 
vertical/horizontal impact velocities

This sub-section discusses the simulation results of load 
cases with combined vertical/horizontal impact velocities 
and the influence of the friction coefficient as shown in 
Table 1 for the load cases ‘#9’ - ‘#14’. Only selected load 
cases are discussed to highlight the main outcomes. These 
are the reference design load case ‘#2’ compared with load 
cases ‘#10’ and ‘#11’, both representing non-zero roll (u ¼

−10�), pitch (h¼ 10�) and yaw (w ¼ −10�) angles, as 
expected for real-world crash events. In addition, load case 
‘#11’ considers an increased friction coefficient between air
craft and ground of m ¼ 0.8 to consider in a simplified and 
efficient way increased longitudinal crash loads introduced 
in case of soft soil impact terrain.

In this sub-section, only the key crashworthiness parame
ters ‘retention of items of mass’ and ‘survivable volume’ are 
discussed to highlight main effects caused by real-world 
crash impact conditions.

Figure 25. Maintenance of survivable volume in the HW-configuration. 
(evaluation of max. axial force in the frames).

Figure 26. Retention of items of mass (battery pack max. vertical acceleration). 
(colours refer to Figure 17).

16 P. SCHATROW ET AL.



4.5.1. Retention of items of mass (battery packs and 
power units)
Vertical accelerations of the battery packs (Figure 26) and 
power units (Figure 27) are compared for the three eVTOL 
configurations. Dependent on the wing configuration, the 
mass item accelerations show less (HWC) or more distinct 
(LWC) influence of the load case complexity on the result
ing mass item accelerations. Based on these simulation 
results, it can be assumed that mass item installations in a 
high wing are better protected from severe impact loads, 
while mass item installations in a low wing may experience 
such high crash loads under real-world crash impact condi
tions that any attempt of mass retention may fail. In this 
context, the simulation results presume structural integrity 
of the wing and hence potential wing rupture under the ver
tical impact loads is not considered.

Figure 28 presents the crash kinematics for load case 
‘#11’, simulated with increased friction of m ¼ 0.8, compar
ing the HW-, MW- and the LW-configuration. The crash 
sequence of the LW-configuration clearly shows the distinct 

ground interaction of the engine beams as well as the first 
impact on the left wing-tip with subsequent aircraft rotation 
and second impact at the right wing-tip. The crash sequence 
of the HW-configuration shows distinct ground interaction 
with the airframe fuselage while the upper wing is less dis
tinctly involved in ground interactions. In contrast to the 
LW-configuration, a more distinct rollover tendency can be 
seen which is driven by the high-wing mass inertia and 
which resulted in disintegration of the tail boom.

4.5.2. Maintenance of survivable volume
Figure 29 shows the evaluation of axial forces in the main 
frames as described in Section 4.3.

A clear trend for the HW-configuration can be derived 
from Figure 29, showing significantly increased loads in the 
main frames for real-world crash impact conditions com
pared to the purely vertical design load cases. Especially for 
the HW-configuration, introducing the horizontal velocity 
component combined with increased friction leads to shear 

Figure 27. Retention of items of mass (power unit max. vertical acceleration). 
colours refer to Figure 18).

Figure 28. Crash kinematics of the HWC, MWC and LWC with complex crash impact conditions (load case #11).
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loading of the airframe structure and to significantly higher 
axial forces in the main frames. This is a reasonable trend 
considering the mass inertia of the high-wing that introdu
ces large moments in the fuselage leading to compression 
loading of the forward main frames. For the HW-configur
ation, the forward main frame did fail which resulted in 
partial collapse of the cabin. There is a clear risk of cabin 
collapse which becomes more relevant under real-world 
impact conditions. Hence, concerning the maintenance of 
survivable volume, significantly better robustness under 
real-world impact conditions can be expected for the LW- 
and MW-configurations.

5. Conclusions

This paper presents a crashworthiness evaluation of three 
selected eVTOL configurations in an early conceptual design 
phase. A simplified macro-FE modelling approach is used 
and the performed simulations consider crash load cases 
with aspects from real-world accident scenarios to ensure 
robust crash safety in the design process. In this context, 
only load cases of ‘emergency landing’ category are consid
ered, which aim at providing the occupants every reasonable 
chance of escaping serious injuries [43].

5.1. General conclusions that can be drawn from the 
presented research results are

� The selected macro-FE modelling approach in combin
ation with an automated and parameterised finite elem
ent modelling could be confirmed as an advantageous 
simulation approach for conceptual design studies.

� The consideration of a wider range of crash impact con
ditions that align with real-world accident scenarios can 
reveal shortcomings in the design, as effects may occur 
which are not covered by typical crash design load cases 
of purely vertical impact with on-axis aircraft attitude. 
As examples: Off-axis impact attitudes may lead to asym
metric loading conditions with second impacts showing 
a significantly higher local impact velocity compared to 
the initial impact speed. Combined vertical/horizontal 
crash impact conditions may lead to significantly differ
ent structural loading compared to purely vertical condi
tions which may require specific crash sizing or even the 

rejection of an aircraft design due to unfavourable funda
mental crash performance under real-world crash 
conditions.

� Main trends identified in the crashworthiness evaluation 
of the considered eVTOL configurations correspond to 
the crash behaviour known from traditional small aero
planes, e.g. the crucial effect of the wing configuration 
on crash safety. But in contrast to traditional small aero
planes, it is expected that eVTOLs with a ‘liftþ cruise’ 
configuration, typically equipped with engine beam 
installations, are expected to be more prone to detach 
mass parts, as heavy mass installations are distributed 
throughout the aircraft.

� On the basis of the performed simulations, most favour
able crash performance could be identified for the MW- 
configuration. The wing can be placed behind the cabin 
without affecting the available sub-floor crush distance 
(as for the LW-configuration) and without affecting the 
frame sizing to maintain survivable volume (as for the 
HW-configuration). Solely, cabin crushing under hori
zontal crash loading needs to be considered due to the 
heavy mass item behind the cabin.

� The results obtained in the discussed simulation study 
were used to identify trends rather than absolute values. 
Considering the simplified modelling approach and the 
lack of experimental data, the presented purely numerical 
approach has been identified as well suited for concep
tual design studies, with the focus on identification of 
trends. Further progress in the design towards prelimin
ary and detail design levels would require model valid
ation based on experimental data.

5.2. Specific conclusions that can be drawn from the 
presented research results are
� Critical items should be installed close to the aircraft 

centre as outer regions may experience high local impact 
loads under real-world crash conditions. In this context, 
battery packs and power units installed in engine beams 
need to be properly integrated to prevent them from 
breaking loose or becoming a post-crash hazard, e.g. due 
to battery thermal runaway in the evacuation path.

� Local load limiters installed at mass items can signifi
cantly improve the crash design and prevent mass items 
from breaking loose and becoming a hazardous project
ile. Those load limiters should be

Figure 29. Maintenance of survivable volume (evaluation of max. axial force in the frames). 
(colours refer to Figure 21).
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� designed for local impact speeds that may be signifi
cantly higher than the considered vehicle crash 
impact velocities.

� installed also in structural regions where direct 
ground impact is not expected but may occur under 
real-world crash conditions.

� The seat stroke design should consider the true airframe 
crush performance. An extended available seat stroke 
may significantly improve crash survivability as bottom
ing-out effects and hence a high injury risk can be pre
vented even under real-world crash conditions, enabling 
the occupants to evacuate themselves. The simulation 
results showed seat stroke exceedance for stiff airframe 
response and real-world crash conditions.

� Main frame design for HW-configurations should con
sider high shear loads introduced by the high wing in 
case of combined vertical/horizontal impact conditions 
and leading to high risk of cabin collapse.
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