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Abstract: The development of advanced air mobility—an eco-friendly, next-generation
transportation system—is underway and garners significant attention. Due to the novel
propulsion concept of eVTOL (electric Vertical Take-Off and Landing) and its operation
in low altitude, urban environment, regulations for commercialization have not yet been
established. Consequently, related research on passenger safety in emergency landings is
ongoing, and this study focuses on enhancing the crashworthiness of advanced air mobility.
To ensure the crashworthiness of advanced air mobility, civil airworthiness standards
were referenced to determine the appropriate test conditions, and a design criterion for
developing an energy-absorbing structure was derived. In this study, lattice structures are
considered for designing an energy-absorbing structure that satisfies the design criterion,
and finite element analysis is conducted to predict the performance of lattice structures.
Based on the predicted data, surrogate models are constructed using the Kriging method
according to the type of lattice structure. To verify the data obtained from numerical models,
representative structures are manufactured using EBM (Electron Beam Melting) technology,
and compressive tests are conducted to obtain the force—displacement curves. The test data
are compared with the numerical data, and it is confirmed that the test data show good
agreement with the numerical data. After this confirmation, the constructed surrogate
models are utilized to select a lattice-based energy-absorbing structure that satisfies the
crashworthiness-related design criterion. Finally, a crash simulation of a vertical drop test
is carried out using the selected lattice structure, and results indicate that the resulting
acceleration due to the collision is below the human tolerance limit, thereby verifying the
crashworthiness of the energy-absorbing structure.

Keywords: lattice structure; energy-absorbing structure; mean crushing force; advanced
air mobility; surrogate model; metal additive manufacturing

1. Introduction

AAM (Advanced Air Mobility) has the potential to transform urban and regional trans-
portation by providing efficient and innovative mobility solutions [1]. While technological
advancements such as propulsion systems, aerodynamics, and noise reduction in eVTOL
vehicles have been the focus of extensive research [2], passenger safety in emergency sit-
uations, such as crashes or emergency landings, remains underexplored. This deficiency
directly affects passenger safety and reduces public acceptance of AAM [3]. Considering
AAM'’s unique operational conditions, such as low altitudes and urban environments, it is
required to re-investigate conventional crashworthiness assessment strategies [4].
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Crashworthiness is defined as “the ability of an aircraft, its systems, and components
to protect occupants during a crash” [5]. Current U.S. Federal Aviation Regulations for
crashworthiness are developed based on the USARTL-TR-79-22B document, which ana-
lyzed survivable crash conditions for rotary-wing aircraft between 1971 and 1976 [6]. These
standards aim to ensure high survival rates during emergency landings. This study builds
guidelines such as EASA (European Union Aviation Safety Agency) and FAA (Federal
Aviation Administration) regulations to analyze energy-absorbing structures, which are
designed to limit the acceleration transmitted to passengers during ground collisions [7-9].
Especially in this paper, FAA regulations were mainly referenced among other regulations,
such as ICAO (International Civil Aviation Organization) standards, due to their detailed
and stringent crashworthiness requirements. As the main regulatory body for U.S. civil
aviation, the FAA developed FARs, which provide comprehensive guidelines on structural
integrity and crashworthiness. These regulations are globally recognized for their technical
depth and are commonly referenced in crashworthiness research.

Energy-absorbing systems are crucial for AAM, as they mitigate the loads experienced
by the fuselage and passengers during emergency scenarios. Examples of energy-absorbing
systems include vehicle bumpers, crumple zone structures, energy-absorbing honeycomb
structures, and similar designs. Such systems have broad applications across industries,
and ongoing research aims to improve their performance for various cases [10,11]. If
the structure is overly rigid, it may not absorb energy effectively, which can result in an
excessive transfer of energy to the passengers. In line with this reasoning, this study first
derives a design criterion that suggests an acceptable range for the MCF (Mean Crushing
Force) of the energy-absorbing structure based on the collision speed of AAM in emergency
landing conditions and the total mass of AAM to meet the safety requirements.

In this work, a lattice-based structure is adopted as an energy-absorbing structure,
considering its potential [12]. Lattice structures consist of repetitive unit cells that strongly
influence the macroscopic behavior of the entire structure. Lattice structures provide an
excellent balance of strength and lightweight properties, making them ideal for applications
where weight reduction is critical. Their strength-to-weight efficiency makes them valuable
for aerospace engineering solutions. In this study, the BCCz+cross structure is considered
for the unit cell of the lattice structure due to its superior energy-absorbing performance [13].
The BCCz+cross unit cell comprises a BCC (Body-Centered Cubic) unit cell with vertical
and X-shaped cross-linked auxiliary struts. As mentioned before, the macroscopic behavior
of the lattice structure is strongly dependent on the unit cell. Based on this observation,
some studies have been conducted in the past to improve energy absorption performance.

Maskery et al. [14] sought to enhance the energy absorption performance of the lattice
structure by controlling a density gradient along one direction. The density gradient was
manipulated by altering the strut thickness. Their work showed that increasing the strut
thickness in the compression direction caused the compressive crushing force to increase
gradually with compression, which is unfavorable from the energy absorption standpoint.
From the energy absorption perspective, it is preferable to maintain a compressive crushing
force that remains constant regardless of compression displacement. Mostafa et al. also
aimed to enhance the mechanical performance of lattice structures by changing the unit
cell size and density in each location of the lattice structure [15]. Their approach has a
general aspect. However, unfortunately, it is difficult to maintain the total mass of the
lattice structure within their framework, even though the mass budget is one of the most
important factors in the actual design procedure for AAM.

To avoid these drawbacks in previous works [14,15], this study adopts a specific group-
wise density control scheme where the unit cells are grouped, and the thickness of the
struts in each unit cell group is changed while maintaining the total mass unchanged. This
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approach makes it possible to quantitatively compare various lattice structures under the
same constant mass condition. To evaluate the energy absorption performance, quasi-static
compression analysis is carried out using the FE (finite element) method [16]. For FE
analysis, the commercial software ABAQUS Explicit 2024 is utilized. Using the universal
Kriging method along with the finite element analysis data, a response surface model is
constructed to adopt the appropriate lattice structure design for AAM [17-19]. To verify
the energy-absorbing performance of the currently designed structure, a lattice structure
with adjusted internal density is designed using a CAD (Computer Aided Design) program
and manufactured via EBM (Electron Beam Melting), a metal additive manufacturing
technology. The lattice structure is manufactured using Ti-6Al-4V, a material extensively
used in aerospace applications due to its high specific strength and excellent corrosion
resistance [20]. A quasi-static compression test is performed using a UTM (Universal Test
Machine), and the experimental results are compared with the simulation data to validate
the energy absorption performance [21]. As a final example, a crash simulation of a vertical
drop test of the lattice structure, designed using the proposed approach, is performed to
evaluate the usefulness and applicability of the proposed design methodology. Through
the proposed design methodology for 3D-printed energy-absorbing lattice structures, this
work aims to ensure passenger safety during emergency landings of AAM vehicles, thereby
enhancing their social acceptance.

2. Methodology
2.1. Crashworthiness of Advanced Air Mobility

Various documents outline test conditions and regulations for evaluating crashwor-
thiness, including emergency landing conditions and human acceleration limits. Among
these, the technical document USARTL-TR-79-22B presents dynamic testing methodologies
based on accident case studies of light rotary-wing aircraft. The specifications presented
in the document are illustrated in Figure 1 and correspond to the conditions in Table 1. In
Table 1, t; refers to a rise time and G, refers to the deceleration measured near the seat
position. The dynamic test conditions for light rotary-wing and fixed-wing aircraft are also
outlined in MIL-STD-1290A and AS8049B [22].
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Figure 1. Dynamic test requirements for qualifications and for research/development testing—
USATRL-TR-79-22A [5].

For AAM vehicles, the regulations on dynamic test conditions have not yet been
provided, even by the FAA. However, dynamic test conditions for newly designed aircraft
are usually based on previous dynamic conditions. Therefore, in this study, the emergency
landing test conditions in U.S. Federal Aviation Regulations part 23/27 in Table 2 are



Aerospace 2025, 12, 332

40f24

referenced for AAM to verify the suitability of energy-absorbing structures. The test
conditions of this study are based on the fuselage emergency landing dynamic tests of light
fixed-wing and light rotary-wing aircraft in conservative situations. The test conditions
of the full-scale eVTOL crash test conducted by NASA (National Aeronautics and Space
Administration) are also referenced [23]. Considering the aforementioned test conditions,
this study takes a conservative approach and adopts the vertical drop velocity of 10 m/s,
which corresponds to 32.8 ft/s.

Table 1. Dynamic test requirements for helicopter seat—AS8049B [22].

Dynamic Test Conditions for Cockpit Seats

Minimum Velocity [m/s] 9.14
Maximum ¢, [s] 0.031
Gmin [G] 30

Table 2. Conditions for vertical drop test of Advanced Air Mobility [8,9,23].

Honz”l(")eI;tta(lfo‘:;EiC;rllep -Utili?:; fif;lzane -NorII)I?: iz;f:fcraft NASA eVTOL Crash Test
Test velocity [ft/s] 31 30 314
Seat Pitch Angle [°] 60 60
Seat Yaw Angle [°] 0 0
Minimum Acceleration [G] 19/15 30
Time to Peak [s] 0.05/0.06 0.031
Floor Deformation [°] None 10 Pitch/10 Roll
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Under emergency landing conditions, final safety is ensured by verifying that the
acceleration experienced by the human body remains within the human tolerance limits.
To determine human tolerance, the Eiband curve in Figure 2 can be used. The Eiband curve,
specified in USARTL-TR-79-22A, was established in 1959 as a result of numerous acceler-
ation tests and studies conducted to determine the human response to crashworthiness.
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Figure 2. Configuration of human tolerance. (a) Terminology for directions of forces on the body.
(b) Duration and magnitude of Headward acceleration Eiband Curve [5].

Human Tolerance in the vertical direction (Headward) was initially 18 G and is now
commonly recognized as 15 G, as shown in Figure 2a. However, this does not necessarily
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mean that the acceleration on the human body should not exceed 15 G, and the concept
of acceleration duration should be added. The impact of acceleration and duration on
human safety can be analyzed using the Eiband curve, as shown in Figure 2b. For example,
even if an acceleration of 25.9 G on headward direction lasts for 150 ms, it is classified
as a moderate injury level according to the Eiband curve. In this study, a conservative
vertical drop impact velocity of 10 m/s is assumed, and a target acceleration of 20 G in the
headward direction is selected to ensure that the acceleration under emergency landing
conditions does not exceed 25.9 G, which is considered a moderate injury level. Human
safety can be validated by ensuring that the acceleration at which the energy-absorbing
device operates does not exceed a specific threshold. By calculating vertical acceleration, it
can be demonstrated that if it does not exceed 25.9 G, the crashworthiness of the aircraft
can be satisfied [24].

2.2. Energy-Absorbing Structure

In this study;, lattice structures are adopted as the energy-absorbing structure. These
structures consist of repetitive unit cells, the type of which is crucial in determining the
mechanical behavior of the lattice structure. Each unit cell comprises interconnected struts
that, depending on their internal arrangement, provide structural robustness despite their
low mass. This makes lattice structures promising for use in various industries such as
aviation, marine, and construction [25]. In this study, the BCCz+cross unit cell structure, as
shown in Figure 3, incorporating vertical and X-shaped cross-linked horizontal auxiliary
struts into a BCC design, is selected for its improved energy-absorbing capability compared
to the BCC unit cell structure, as reported in reference [13].

Horizontal Auxiliary Struts

Vertical Auxiliary Struts

(a) Unit cell of BCC structure (b) Unit cell of BCCz+cross structure

Figure 3. Design of BCCz+cross structure based on the BCC structure.

2.3. Requirements for Enerqy Absorber

To quantitatively understand and compare the energy-absorbing performance of the
structures designed in this study, energy absorption indicators are introduced in this study.
These indicators can be summarized as follows [26,27]:

2.3.1. Energy Absorption, EA

EA is the total amount of energy absorbed by the structure as it undergoes plastic
deformation during compression. It is calculated by integrating the crushing force F over
the displacement from the initial displacement d;, where compression starts, to the final
displacement d ¢, where the point compressive force instantly goes up since the structure
is overly compressed and densified. EA is the energy that the structure can absorb in the
event of an impact, providing an indication of sufficient energy absorption. In general, the
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force-displacement curve for a structure subjected to compressive deformation looks like
Figure 4, where the area of the graph represents the EA, which is equal to Equation (1).

dy
EA— / Fdx (1)
d;

Peak Crushing Force

MCFhagaansn afesnh Uapghssssnnssnnannnnnnscyndblocssnnnnns <] Mean Crushing Force

Crushing Force [N]

Area = Energy Absorbed

d; dg
Compressive Displacement [mm)] Densified Displacement

Figure 4. Typical force-displacement curve of energy-absorbing structure.
2.3.2. Mean Crushing Force, MCF

MCEF is the Mean Crushing Force, which refers to the average compressive force
applied during the deformation of the structure. Generally, it is the total absorbed energy
divided by the compressive displacement up to the point of densification, as given by
Equation (2).

MCF =

LY ki 2)
d f — d,‘ di

In this study, MCF is considered the most important performance indicator for the
energy-absorbing structure. Generally, during an impact, an associated impact force exists.
If the MCF of the energy-absorbing structure is too high compared to the impact force,
the structure does not collapse sufficiently, resulting in insufficient absorption of kinetic
energy and high acceleration transmission. Conversely, if the MCF of the energy-absorbing
structure is too low compared to the impact force, the structure will entirely collapse before
absorbing the total kinetic energy, causing the residual kinetic energy to result in potentially
fatal acceleration.

Therefore, the MCF of energy-absorbing structures should be within a specific range
to adequately absorb the collision energy. In Figure 5, this specific range of MCF is
presented conceptually. MCF can be used as an indicator to assess the applicability of
energy-absorbing structures during emergency landings.

Area of High Crushing Force

Area of Required Crushing Force

Crushing Force [N]

Area of Low Crushing Force

Compressive Displacement [mm]

Figure 5. Required MCF range of energy-absorbing structure.
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In the following, the specific range for MCF is derived to satisfy the crashworthiness
design requirements. First, the crushing force is assumed to be MCF, although it changes
during the vertical drop collision event. Additionally, it is assumed that the mass of
the energy-absorbing structure is negligible compared to the total mass of the AAM for
simplicity. Then, during the vertical drop situation, the equation of motion of AAM is
written as follows.

Ma=Mg—F 3)

where M and a denote the total mass of AAM and its acceleration, respectively. The
gravitational acceleration and MCF are denoted by g and F, respectively. The initial
conditions are the velocity and displacement just before the collision. Therefore, the
collision velocity of AAM is used as the initial velocity vg. Similarly, the initial displacement
ug can be selected as ‘0" if we select the reference frame just before the collision. In this
definition, the displacement becomes equal to the deformed length of the energy-absorbing
structure.
Meanwhile, acceleration a and velocity v satisfy the following relationship.

'U(ff) u(tf)
/ vdv = adu 4)
v(0) u(0)

where u denote the displacement. The final time ¢/ refers to the time when the collision
ends and AAM comes to a stop. Thus, it means that the final velocity of AAM v(t) is
0 m/s. Since the applied forces are assumed to be constant during the collision event,
acceleration is constant. Therefore, the integration of Equation (4) becomes Equation (5),
noting that #(0) and v(ts) are ‘0".

002

“ T T 2u(ty) ©)

On the other hand, we have to design the crushable length of the energy-absorbing lat-

tice structure sufficiently longer than the maximum deformed length. Therefore, the crush-
able length of the energy-absorbing lattice structure satisfies the following relationship (6).

2a

‘u(tf>‘ = ’ < Lerush (6)

where L., denotes the crushable length of the energy-absorbing lattice structure. Not-
ing that the acceleration should be less than the survivable acceleration limit amayx, the
relationship (6) can be written as follows.

002
ZLcrush

< ‘a| < Amax (7)

Since a is negative in deceleration, inequality condition (7) can be rewritten as follows
using Equation (3).

2
0o F
+ < —< +
<2Lcmsh g) - M~ (amax +8) ®

This design criterion (8) indicates an acceptable range for the Mean Crushing Force F
(MCF) of the energy-absorbing structure based on the emergency landing speed vy and
mass M of AAM to meet the safety requirements.

Additionally, one can obtain the constraint equation for the crushable length of the
energy-absorbing lattice structure L., from Equation (7) as follows.

‘002

20max

< Lcrush (9)
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For a given mass M of AAM and the emergency landing speed vy, the adjustable
parameter in the design criterion (8) is the crushable length L., of the energy absorption
structure. By increasing L., it allows us to use energy-absorbing structures with lower
crushing force. However, since the human tolerance limit is a fixed parameter, the upper
limit for the crushing force of the energy-absorbing structure cannot be changed.

2.4. Design of Energy-Absorbing Structure

Generally, for lattice structure-based energy absorption structures, as the thickness
of the unit struts increases, the mass increases, and the compressive force also increases.
The BCCz+cross structure used in this study is an enhanced model derived from the BCC
structure by incorporating the vertical and X-shaped cross-linked horizontal auxiliary
struts. Among the strut components, the vertical strut influences structural buckling during
compression failure, as shown in Figure 6. As the strut radius increases, the critical buckling
load of the vertical strut increases, leading to an overall increase in the compressive load.
On the other hand, as the length of the strut increases, the critical buckling load decreases,
resulting in a decrease in the compressive load [28]. In this study, using the commercial
CAD program CATIA, unit structures with an edge length of 12 mm are designed by
increasing the radius from 0.3 mm to 1.5 mm, and their mass is calculated by CATIA.

*Compression

Buckling Occurs }

Figure 6. Buckling mode of Z strut in BCCz+cross unit cell structure in compressive analysis.

The mass of the unit structures increased according to strut radius, as shown in
Figure 7a, and this is approximated using 3rd polynomial regression, as represented by
Equation (10) [29]. Although the volume of a strut is proportional to the square of its radius,
the regression is performed using a third-degree polynomial due to the corner geometry
where the struts intersect with each other.

Mass = —0.35 x r> +1.78 x 1> +0.02 x r (10)

For the designed unit cell structures, quasi-static compression analyses are carried out
repetitively according to the radius thickness using the commercial finite element analysis
program Abaqus 2024 [30,31], and MCF is obtained for various radius thicknesses. As the
thickness increases, MCF also increases as shown in Figure 7b. Similarly to the mass, it is
approximated using 2nd-order polynomial regression, as represented by Equation (11).

MCF =956 x 1 — 6.82 x r + 1.38 (11)

In the finite element simulation, the unit cell structure, composed of Ti-6Al-4V, is
assumed to exhibit elastoplastic behavior with isotropic hardening, and its mechanical
properties are presented in Figure 8 along with the stress—strain curve.
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Mass of BCCz+cross Unit Cell

O  Unit Cell Mass Data
3rd Polynomial Regression|

Mass of Unit Cell [g]
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——— 2nd Polynomial Regression
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Figure 7. Polynomial regression data of mass and MCF changes over strut radius from 0.3 mm

to 1.5 mm.
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Figure 8. Stress—strain curve and mechanical properties of Ti-6Al-4V.

Fixed boundary conditions are enforced on the bottom surface, while moving bound-
ary conditions are applied to the top surface. The top surface moves downward at a
uniform speed of 12 mm/s, as illustrated in Figure 9. In the finite element simulation,
the C3D4 element is utilized. The model consists of 20,438 elements and 6950 nodes for
the structure with a strut radius of 0.3 mm and 40,702 elements and 25,578 nodes for the
structure with a strut radius of 1.5 mm. During the simulation, friction conditions are
applied to the contact surfaces between the structures and the plates, with a “Hard” contact
condition in the vertical direction and a friction coefficient of 0.3 in the horizontal direction.

Uni-axial Compression

Uy =U; = URy = URy = UR, = 0
¥, =-12mm/s

yL
X
General Contact

Friction coefficient = 0.3
“Hard” contact

Fixed Plate
Uy=Uy=U,=UR,=UR,=UR, =0

Mesh condition of BCCz+cross Unit Cell
Strut Radius = 0.3 mm

Mesh condition of BCCz+cross Unit Cell
Strut Radius = 1.5 mm

Figure 9. Finite element analysis conditions for BCCz+cross unit cell in compression test.
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Through Equations (10) and (11), the mass and MCF of a unit cell according to the
strut radius can be obtained. Let us assume there are two unit cell structures with a strut
radius of 1 mm, and they are combined in parallel. Then MCF of a parallel combination
of two unit cell structures becomes approximately twice that of a single unit cell structure.
Now, let us assume that, in Figure 7a, the radius of one unit cell is reduced from @ to @
and the radius of the other unit cell is increased from @ to ®, while maintaining the total
mass constant. Let us also assume that the radius of the strut for structure @ is 1 mm, while
the radius of the reduced structure @ is 0.8 mm. In this phase, Mass; refers to the mass of
structure @), and MCEF,; refers to the MCF of structure @. According to Equation (10), the
mass of the unit structures is calculated as Mass; = 1.45 g and Mass, = 0.98 g, respectively.
The mean compressive forces are determined using Equation (11) as MCF; =4.12 N and
MCF, =2.04 N. Given that the total mass of the structures remains constant, the combined
mass of two @ structures must equal the total mass of structures @ and ®. Thus, to satisfy
Massz =1.92 g, the radius of ® is determined to be 1.18 mm, with the corresponding MCF;
= 6.64 N. When the strut radius of the unit structures is identical, the total MCF becomes
2 X MCF; = 8.24 N, whereas when the strut radius of each cell is controlled, the total MCF
becomes MCF, + MCF; =8.68 N. From this investigation, it is noticed that the total the MCF
of a lattice structure, composed of many unit cell structures, can be increased by controlling
each unit cell mass (i.e., unit cell strut radius) while keeping the total mass constant.

In this work, lattice structures with 12 mm cube cells are considered, and the mass
ratio is defined as the ratio of the volume or mass to a cube with each side measuring
12 mm. Figure 10 presents the method for calculating this ratio.

Volume of Cubic =12 mmx12mmx12 mm =1728mm’

Volume of BCC= + cross Unit Structure = 446 mm’

Volume of BCC= + cross Unit Structure _ 446 0258
Volume of Cubic 1728

Volume Ratio = Mass Ratio =

12mm

Figure 10. Calculation of mass ratio of BCCz+cross unit structure.

Through prior work, it has been known that a lattice structure with an impact surface
of 5 x 5 cube cells gives an acceptable range of MCF to absorb the considered kinetic energy.
Therefore, a 5 x 5 x 5 lattice structure is considered to investigate the influence of density
control on the crushing force. Additionally, the range of strut radius from 0.3 mm to 1.5 mm
is considered, considering manufacturability and energy absorption capability.

The thickening shape type of the innermost struts is classified into three types: Center
(only the central row is thickened), I (five rows are thickened in a straight shape), and
Plus (nine rows are thickened in a cross shape). The shape types of thickening innermost
struts are shown in Figure 11. Additionally, the thickening degree type is classified into
Concentrated (thickest at the innermost struts), Gradient (gradually thinner outward), and
Spread (thinnest at the outermost struts). These are shown in Table 3, and all structures are
classified into a total of 9 methods. For example, if the thickening shape type is ‘Plus-type’
and the thickening degree type is ‘Concentrated’, it is called ‘Plus-concentrated’. In the
case of the Gradient-Type structure, the mass of the cells in Area 1 and Area 3 is designed
to have the same difference from the mass of the cells in Area 2, maintaining the total mass.
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(a) Center-type

(b) I-type (c) Plus-type

Figure 11. Shape types of adjusting internal method.

Table 3. Distributing strut radius types of adjusting internal method.

Type Strut Radius
Concentrated Areal> Area2 = Area 3
Gradient Areal > Area2 > Area 3
Spread Areal = Area 2> Area 3

Since the mass of the 5 x 5 x 5 structure is designed the same, as the inner struts
become thicker, the thickness of the outer struts becomes thinner. To quantify this, the stan-
dard deviation of the mass ratio of a total of 125-unit structure (12 mm x 12 mm x 12 mm)
is calculated. The formula for calculating the standard deviation of the mass ratio is given
by Equation (12) [32]. refers to the standard deviation of the mass ratio, X refers to the av-
erage value of a 125-unit structure mass ratio, x refers to a mass ratio of each unit structure.
n refers to the number of unit cell structures.

s= =L (12)

A structure with a high mass ratio standard deviation means that the inner struts are
relatively thicker, resulting in a structure with concentrated mass. Conversely, a structure
with a low mass ratio standard deviation means that the inner struts are relatively thinner.
When all the struts in the structure have the same thickness, the mass ratio standard
deviation becomes ‘0’

2.5. Finite Element Analysis

Before manufacturing the structure, a compression analysis ona 5 x 5 x 5 structure
using FEA was conducted. To observe the energy-absorbing behavior of the structure
composed of multiple elements, a quasi-static compression analysis is performed on the
5 x 5 x 5 structure with a 2-node linear beam in space (B31). Based on the mesh convergence
study, the number of elements is determined. For the BCCz+cross 5 x 5 x 5 structure, it is
composed of 10,210 nodes and 11,040 elements and analyzed using explicit finite element
methods. Unlike the unit structures composed of 3D solid elements, 3D beam elements
are used for computational efficiency in analysis time [33]. As shown in Figure 12, the
boundary conditions and contact conditions of the analysis are the same as those for the
unit structures, except for a compression speed of 60 mm/s. Also, the mesh conditions of
the BCCz+cross 5 x 5 x 5 structure are illustrated in Figure 12.
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Uni-axial Compression
Ug=U,=UR,=UR,=UR,=0
V, =-60 mm/s

Fixed Plate
,=U;=UR,=UR, =UR; =0

General Contact
Friction coefficient = 0.3
“Hard" contact

Mesh condition of BCCz+cross 5 X 5 X 5 Structure

Figure 12. Finite element analysis conditions for BCCz+cross 5 x 5 x 5 structure in compression test.

2.6. Design of Experiments
2.6.1. Creation of Surrogate Model

A surrogate model, also known as a metamodel, is an engineering method for creating
a mathematical model that represents the relationship between design variables and re-
sponse functions. Methods such as FEA can be utilized in the design process to determine
the system response. However, as systems become more complex, their application in the
design process becomes increasingly time-consuming and expensive. To address these
challenges, an approximation-based data model is constructed. This model is referred
to as a surrogate model. The process of creating these surrogate models is also called
metamodeling. This involves extracting samples through the DoE (Design of Experiment)
and constructing the surrogate model through the estimation of the sample data.

In this study, the surrogate model is developed to obtain the MCF in terms of the
total mass and the mass ratio standard deviation of lattice structures. Once the mass
ratio distribution of each cell is established, the standard deviation of the mass ratio
can be derived. Conversely, once the standard deviation of the mass ratio is known,
the corresponding mass ratio distribution for each cell can be determined, owing to the
advantages of the previously described group-wise density control scheme. Therefore,
through the constructed surrogate model, one can obtain the group-wise density-adjusted
energy-absorbing structure with the desired performance.

2.6.2. Compensated Latin Hypercube Sampling Method

Unlike physical experiments, computational analysis does not require repeated analy-
sis, as there are no errors arising from input values. However, a large number of analysis
data points are required to construct a more accurate surrogate model. In the classical
FFD (Full-Factorial Design) method, the number of sample points required depends on
the levels of input data and the number of factors, requiring (levels)" sample points. If
the analysis plan is constructed using classical sampling methods like FFD, accurate data
can be obtained, but the time cost increases exponentially with the number of sample
points, making it inefficient for constructing a surrogate model plan. Therefore, in this
study, an efficient analysis plan is constructed using the LHS (Latin Hypercube Sampling)
method [34]. LHS is an experiment planning method that selects one sample point at each
level for two input variables, as shown in Figure 13. This method prevents sample points
from overlapping and allows for uniformly distributed sample points, enabling efficient
analysis of the variable space at minimal cost. However, for complex systems with many
design variables, errors tend to increase near the boundaries if the levels are set too low. To
reduce this error, 20 sample points using LHS and an additional 15 boundary points are
selected, resulting in a total of 35 sample points. The plan is based on the structure’s mass
and the mass ratio’s standard deviation as input variables.
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Figure 13. Illustration of compensated Latin hypercube sampling.

In this study, the mass of the structures is determined uniformly, with strut radius
ranging from 0.5 mm to 0.75 mm. The reason for setting the range of the strut radius is
that the energy-absorbing structure is designed to be applied to AAM, and it has sufficient
MCEF performance within the radius range of 0.5 mm to 0.75 mm. Therefore, one input
variable, mass, ranges from approximately 50.29 g for a 5 x 5 x 5 structure with a 0.5 mm
strut radius to approximately 107.48 g fora 5 x 5 x 5 structure with a 0.75 mm strut radius.
Another input variable, the standard deviation of the mass ratio, is determined based on the
minimum radius of 0.3 mm, manufacturable by EBM, and the maximum radius of 1.5 mm,
where initial densification due to contact does not occur during compression, allowing
energy absorption through deformation.

Table 4 illustrates an example of determining manufacturability using a Center-
Gradient type structure with a mass of 76.59 g. As it moved from No. 1 to No. 4, the
standard deviation of the mass ratio increased. In the case of No. 4, the strut radius is less
than the minimum radius of 0.3 mm and exceeds the maximum design radius of 1.5 mm to
minimize contact effects. Therefore, No. 4 is considered an unmanufacturable model. This
method identifies manufacturable models for a total of 9 internal density-adjusted types.
These data show that compensated LHS is conducted to determine only sample points for
manufacturable models.

Table 4. Example of determining the manufacturability of an energy-absorbing structure.

No. Radius [mm] Mass [g] Mass Ratio STD [%] Manufacturability
1 0.625/0.625/0.625 76.59 0 Acceptable
2 0.4/0.8604/1.3208 76.59 6.78 Acceptable
3 0.34/0.8996/1.4592 76.59 8.23 Acceptable
4 0.25/0.9440/1.6380 76.59 10.06 Unacceptable

2.6.3. Universal Kriging Interpolation

It is necessary to determine an appropriate method to construct a surrogate model
using the sample points set through the analysis plan. This study uses interpolation to build
a response surface and predict unknown values using the sample points. Interpolation is
a method of estimating unknown values based on known data points. In this study, 3D
spatial interpolation (GIS, Geographic Information System interpolation) is used to obtain
one response variable from two input variables.

Spatial interpolation methods can be broadly divided into IDW (Inverse Distance
Weighted), which determines new cell values using linearly combined weights from nearby
points; Kriging Interpolation, a geostatistical method that predicts attribute values at points
of interest using a linear combination of known data; and Spline Interpolation, which
generates curves that connect each point. Among these, Kriging Interpolation is adopted
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in this study, as it can accurately predict values by considering the correlation strength
between neighboring values as well as the distance from measured values [35].

Using values extracted through Kriging Interpolation, a response surface is con-
structed, and the energy-absorbing structure is designed to meet the desired performance
based on the response surface. Kriging Interpolation follows Equation (13). x is a tar-
get point and Z.," (xo) refers to the universal kriging predictor of the value of random
function Z(x) and w; refers to weight, a; refers to unknown coefficients, f; refers to deter-
ministic functions of the geographical coordinates. Y (x;) refers to a real-valued residual
random function.
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The constructed response surfaces using Kriging Interpolation are shown in Figure 14.
Response surfaces are constructed for nine different methods of adjusting internal density,
with the mass of the structure and the standard deviation of the mass ratio as the two
input variables. The response variable obtained is the MCF of the structures. Depending
on the method of adjusting internal density, there are cases where the structure cannot be
manufactured, resulting in different maximum values of the mass ratio standard deviation.
Therefore, it is necessary to refer to the design data for manufacturability.
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Figure 14. Comparison of response surfaces constructed using universal kriging interpolation.

The constructed response surface can be used to obtain design data for extracting struc-
tures with the desired performance through one-to-one correspondence. It is confirmed
that the structures with the same mass can have improved energy-absorbing performance
depending on the type of adjusting internal density. Regardless of the type used to adjust
internal density, it is observed that the energy absorption performance improves as the
mass and standard deviation of the mass ratio increases.
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According to Figure 14a—c, Center-Type, I-Type, and Plus-Type structures show the
higher MCF performance in that order. This indicates that the MCF performance improves
when the thickness of the structure is concentrated in a smaller number of struts. However,
if reinforcement is concentrated on a small number of struts, the global buckling may occur
when subjected to vertical loads, preventing proper energy absorption.

Also, in Figure 14d,e, it can be observed that the Gradient-Type structures seem to have
similar MCF performance to the Center-Type and I-Type structures, while the Spread-Type
structure appears to have lower MCF performance compared to other types. Additionally,
it can be observed that Concentrated-Type, Gradient-Type, and Spread-Type structures
show higher MCF performance in that order in Figure 14f.

As aresult, it is confirmed that the Center-Type structures have the highest MCF perfor-
mance, and the Concentrated-Type and Gradient-Type structures have similar performance.
Therefore, the Center-Concentrated and Center-Gradient structures are manufactured using
metal 3D additive manufacturing technology, and their energy-absorbing performance
is verified.

3. Experiments
3.1. Metal Additive Manufacturing Method

Data points within the response surface are extracted to verify the constructed response
surface, and energy-absorbing structures are manufactured and subjected to compression
tests. This study uses a metal additive manufacturing technique, specifically the EBM
method. This method involves sintering metal powder by irradiating it with an electron
beam and then stacking the sintered layers. Compared to the SLS (Selective Laser Sintering)
method used in many studies for lattice structures, EBM has the advantage of being
produced in a vacuum, resulting in lower residual stress in the structures and reduced
concerns about hydrogen embrittlement that can degrade the physical properties of the
product. Additionally, manufacturing at a high temperature of approximately 700 °C
reduces warping in the product. In metal additive manufacturing, supports are needed
depending on the gap between the outputs and the stacking angle of the output [36]. In
the case of EBM, fine powder acts as a support between the outputs, making removal
support easier. Although the surface finish is not great, this does not significantly affect the
crashworthiness of the structure, making it an optimized metal additive manufacturing
technique for this study. Based on the results of the constructed response surface, one
Center-Concentrated structure and two Center-Gradient structures are adopted to be
manufactured. Additionally, a uniform structure is also manufactured for comparison. The
designed models and manufactured models are shown in Figure 15. The Uni. refers to
uniform, and it is the meaning of the structure that has the same strut radius. C-Con. refers
to Center-Concentrated and C-Gra. refers to Center-Gradient. The differences in the strut
radius for each area of the structures have been depicted using colored bar graphs for easier
to compare the area of the structure and the strut radius of the structure.

The structures are manufactured using GE Additive’s Arcam EBM Spectra H Machine,
and the metal powder used is Ti-6Al-4V Grade 5, with an average particle size of 45-106 pum.
The electron beam power used for the build ranged from 900 W to 1800 W, with a scan
speed of 4530 mm/s. The sintered powder is stacked with a layer thickness of 50 pum.
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Model T Designed Standard Deviation Configuration Configuration Strut Radius
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P Mass [g] of Mass Ratio [%] (FEM Designed) (EBM Manufactured) Comparison
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Model -1 Uni. 50.29 0 T
Model 1-2  C-Con. 50.29 1.92 %
Model 1-3  C-Gra. 50.29 3.62 %
Model 1-4  C-Gra. 50.29 2.67 &
Model 21 Uni. 76.59 0 @ <
Model 2-2  C-Con. 76.59 2.88 %
Model 2-3  C-Gra. 76.59 6.79 @
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Model 3-2  C-Con. 107.48 2.65 %
Model 3-3  C-Gra. 107.48 5.51 %
Model 3-4  C-Gra. 107.48 3.75 %

Figure 15. Configuration of EBM-manufactured models and design variables (top view).

3.2. Quasi-Static Compression Test

To verify the energy-absorbing performance of the manufactured structures, a quasi-
static compression test is conducted. During this test, the force applied to the load cell
of the UTM is measured according to the compressive displacement to determine the
compressive force of the structure. A comparison between the experimental data and the
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Side 45° view

Compression

FEA data is conducted. The UTM used for the quasi-static compression tests in this study
is SHIMADZU’s AG-X Plus 300 kN, and the compression speed is set to 10 mm/min with
displacement control. A total of 12 fabricated structures are tested under identical ambient
temperature conditions without any additional post-processing. The entire testing process,
including specimen deformation, is documented through photographs and videos. In
Figure 16, the compressive behavior of the Model 1-1 structure is presented, corresponding
to the compressive displacement during the compression test. The lattice structure is
captured at a 45-degree angle to display its x and y-axis configurations. Diagonal failure
is observed during compression, and the compressive failure mechanisms obtained from
FEA are found to closely match the experimental results. For a physical interpretation of
the failure mechanism, a previous study can be referred to [13].

Layer-by-layer Fracture

Experiment
[45° view]

Simulation
[45° view]

Layer-by-layer Fracture
Figure 16. Compression test on energy-absorbing structure (Model 1-1) by UTM (Side 45° view).

3.3. Results and Discussion

The compressive force data obtained by the compression test are then compared with
the FEA data, as shown in Figure 17. By comparing Figure 17a-1, it is confirmed that the
compressive force curve between the FEA and the experiment of the energy-absorbing
structure is within a similar force range. However, it is observed that after reaching the
initial peak crushing force during the compression of the energy-absorbing structure manu-
factured using the EBM method, the compressive force decreased rapidly. This is due to
the brittleness of the Ti-6Al-4V material [37], which is printed with a thin thickness. Addi-
tionally, it is noted that the compressive displacement of the energy-absorbing structures
manufactured using the EBM method is generally shorter. This is attributed to the inability
to accurately implement the contact conditions of the actual thickness in the simplified
design using B31 elements in FEA. Nevertheless, since compressive displacement does not
significantly affect MCF, the data error is considered to be minimal.

The compressive analysis and experimental data of the energy-absorbing structure are
quantitatively compared, as shown in Tables 5-7. M.STD refers to the standard deviation of
the mass ratio, S.MCF refers to simulated MCF and it is the MCF calculated by FEA. And
E.MCEF refers to an experiment MCF and it is the MCF calculated from the data from the
quasi-compression test. The experimental data verified that adjusting the internal density
of the lattice structure can improve the energy absorption performance, as indicated by
the response surface results. Additionally, when comparing Model 1-3 and Model 1-4,
as well as Model 2-3 and Model 2—4, Model 3-3 and Model 3-4, it is confirmed that the
energy- absorbing performance improved as the standard deviation of the mass ratio
of the structure increased. However, there is an error between the experimental and
analytical results shown in the MCF. The reason for the discrepancy is not considered
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to account for the contact effect between the thickness of struts and the brittleness of the
Ti-6Al-4V material.
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Figure 17. Comparison of displacement—force curve for energy absorbers between experiment

and analysis.

Table 5. Quantitative comparison of MCF data for energy-absorbing structures with a designed mass

of 50.24 g.
Model Model 1-1 Model 1-2 Model 1-3 Model 1-4
Type Uni. C-Con C-Gra. C-Gra.
M.STD [%] 0 1.92 3.62 2.67
S.MCF [N] 8.17 x 10° 9.51 x 10° 1.20 x 10* 1.04 x 10*
E.MCF [N] 8.27 x 103 8.44 x 10° 1.30 x 10* 1.01 x 10*
Error [%] 1.2 —11.2 8.3 -29

Table 6. Quantitative comparison of MCF data for energy-absorbing structures with a designed mass

of 76.59 g.
Model Model 2-1 Model 2-2 Model 2-3 Model 2-4
Type Uni. C-Con. C-Gra. C-Gra.
M.STD [%] 0 2.88 6.79 4.00
S.MCF [N] 1.85 x 10* 2.52 x 10* 2.87 x 10* 2.20 x 10
E.MCF [N] 1.75 x 10* 2.31 x 10* 3.03 x 10* 2.15 x 10*
Error [%] —54 -7.9 5.5 -2.3
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Table 7. Quantitative comparison of MCF data for energy-absorbing structures with a designed mass
of 10748 g.

Model Model 3-1 Model 3-2 Model 3-3 Model 3-4

Type Uni. C-Con C-Gra. C-Gra.
M.STD [%] 0 2.65 5.51 3.75
S.MCF [N] 3.10 x 10* 438 x 10* 4.78 x 10* 4.40 x 10*
E.MCF [N] 3.33 x 104 426 x 10* 5.01 x 10* 432 x 104
Error [%] 74 —2.7 4.8 —-1.8

4. Vertical Drop Collision Simulation

It is confirmed that adjusting the internal density allows for the design of energy-
absorbing structures with various energy-absorbing performance characteristics in the same
mass condition. The lattice-based energy-absorbing structure is adopted for application in
AAM using the constructed response surface, and a crash simulation of the vertical drop
test was conducted to verify it. The crash simulation is performed using the same finite
element commercial software, ABAQUS, used for quasi-static compression analysis, and
an explicit analysis was conducted. As shown in Figure 18, the structure is placed at a
height of 420 mm between two rigid plates, and a point mass is assigned to the upper plate.
A vertical crash velocity of 10 m/s is assigned as the initial condition. The lower plate is
fixed, and gravitational acceleration of 9.8 m/s? is applied in the direction of the vertical
drop. This analysis aimed to verify the design of the energy-absorbing structure through
equations by confirming that the acceleration transmitted to the upper plate is below the
human tolerance (25.9 G).

Uni-axial Drop, Boundary Condition

o U= = Uk~ URy=UB,—0

Point mass = 2.2 ton

Uni-axial Drop, Initial Condition
V, =-10,000 mm/s
Gravitational Acceleration
g =-9800 mm/s?

General Contact
Friction coefficient = 0.3
“Hard” contact

L

Fixed Plate, Boundary Condition
Uis=U,=U,=UR,=UR,=UR;=0

Figure 18. Finite element analysis setting conditions for the crash simulation of the vertical drop test.

The gross weight is assumed to be 2200 kg for the AAM model, with a compressive
displacement of 300 mm. The survivable acceleration limit amax is adopted as 20 G. Using
the values of variables and Equation (8), the MCF range of the energy-absorbing structure
for the AAM model can be calculated as 388,227 N < F < 452,760 N. Assuming the
energy-absorbing structure, with an area of 300 mm x 300 mm, is installed on the subfloor
of the 2200 kg AAM model, the required MCF value for the 5 x 5 x 5 lattice structure with
12 mm cube cells, having an area of 60 mm x 60 mm, corresponds to 1/25 of the required
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range (388,227 N < F < 452,760 N) for the entire energy-absorbing structure of the AAM
model, as given by Equation (14).

15,529 N < F < 18,110 N (14)

A structure with MCF of 16,819 N, which is the average value of high-limitation and
low-limitation crushing force within the range, is selected as shown in Figure 19. The
structure within is required MCF rangeisa5 x 5 x 5 structure with a mass of 0.054 kg and
a mass ratio standard deviation of 6.01% using the Center-Gradient method. In contrast,
a Uniform structure with the same MCF performance has a mass of 0.078 kg, showing
an increase in mass of approximately 44%. The reinforced structure using the Center-
Gradient method is subjected to vertical drop collision analysis to calculate the acceleration
transmitted to the upper plate and verify its energy-absorbing performance.

it
2.4 50

22

of 5x5x5 Str

Crushing Force [N]

0 10 20 30 40 50 60
Compressive Displacement [mm]

Figure 19. Area of required MCF of 5 x 5 x 5 structure for 2200 kg AAM.

Fasanella et al. described procedures, data processing techniques, and practical ideas
for modeling aircraft crash analysis and recommended the following for aircraft structural
crash test and analysis data processing techniques. In a typical survivable crash, seated
passengers are not affected by high-frequency acceleration signals. To extract the main crash
acceleration that affects them, a low-pass filter should be applied. Applying near 50 Hz
low-pass filter has produced good results [38]. In the literature [39], a cutoff frequency
range of 20 Hz to 80 Hz is suggested. Therefore, in this study, the average of the minimum
and maximum suggested values of 50 Hz is adopted. The acceleration graph obtained
through the crash simulation of the vertical drop test is shown in Figure 20a. In this study,
a low-pass Butterworth filter is used to extract the main acceleration [40].

Through the low-pass Butterworth filter, it is confirmed that the main acceleration
transmitted to the upper plate during the impact absorption process is around 20 G, which
did not exceed the vertical human tolerance load of 25.9 G. On the other hand, very short
peaks of acceleration over 25.9 G are also observed in the raw data, although their durations
are too short to cause fatal harm to the human body. The corresponding duration is
approximately 0.001 s, which falls within the moderate injury region of the Eiband curve
as shown in Figure 20b. Additionally, from a numerical point of view, high-frequency
numerical noise may be included because damping is not applied in numerical simulation,
unlike in real-world situations. To enhance passenger safety to a higher standard, alleviation
of such brief peak accelerations could be considered as a next step for future work.
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Figure 20. Low-pass Butterworth filtered acceleration of crash simulation of vertical drop test.
(a) Low-pass Butterworth filtered acceleration. (b) Point plot of accelerations exceeding 25.9 G and its
duration based on Figure 20a raw acceleration data.

5. Conclusions

In this study, the requirement for MCF, that energy-absorbing structures should satisfy
during emergency landings is derived in terms of the mass of the AAM, the landing velocity,
and the crushable length of the energy-absorbing structures. From the requirement, it is
known that the mean crushing force should be in a certain range to prevent transferring
excessive acceleration to the human body. After derivation, a group-wise density control
scheme is newly proposed to enhance the energy absorption capability while maintaining
the total mass of the lattice structure, and a surrogate model for MCF is constructed in
terms of total mass and the standard deviation of mass ratio, along with the proposed
density control scheme. Through the constructed surrogate model, the group-wise density-
adjusted energy-absorbing structure can be obtained, which satisfies the design requirement
for MCF.

The internal density-adjusted types are classified as Center-Type, I-Type, and Plus-
Type, and these are further divided into Concentrated-Type, Gradient-Type, and Spread-
Type, resulting in nine response surfaces. Compensated LHS is used to construct the nine
response surfaces, with a total of 35 sample points. The findings from the response surfaces
are as follows:

1. Structures with adjusted internal density show improved performance of energy
absorption compared to structures with uniform strut thickness.

2. Regardless of the internal density-adjusted type, increasing the standard devia-
tion of the mass ratio by concentrating the strut thickness in specific areas led to
improved MCF.

3. The Concentrated- and Gradient-Types, which excessively concentrate on specific
areas, exhibited similar performance, while the Spread method showed slightly lower
improvements in energy absorption performance. Compared to the Concentrated-
Type, the Gradient-Type is expected to allow more stable energy absorption as it
distributes the strut radius more widely, reducing the likelihood of global buckling
during compression.

To verify these findings, a quasi-static compression test is conducted on structures
manufactured using the EBM additive manufacturing. Although it is observed that there
are some differences compared to the tests due to difficulties in implementing brittleness
and contact conditions in the FEA, it is also known that the overall trends still follow
the expected pattern. Finally, to design the energy-absorbing structure for AAM, a crash
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analysis of the vertical drop test is conducted to calculate the acceleration transmitted to the
upper structure. The result of the main acceleration extracted from a 50 Hz low-pass filter is
under 25.9 G, which is within the human tolerance acceleration range. It verifies the energy
absorption capability of the proposed lattice structure and the usefulness of the proposed
design procedure. On the other hand, a very short peak of acceleration exceeding 25.9 G
lasting around 0.001 s is observed in the raw data, although it does not cause fatal injury to
the human body. Therefore, it is deemed necessary to alleviate such brief peak acceleration
through further research efforts to enhance passenger safety to a higher standard.
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Abbreviations

The following abbreviations are used in this manuscript:

AAM Advanced Air Mobility

BCC Body-Centered Cubic

BCCz+cross BCC with vertical and X-shaped cross-linked horizontal auxiliary struts
C-Con. Center-Concentrated Type

C-Gra. Center-Gradient Type

CAD Computer-Aided Design

DoE Design of Experiment

EA Energy Absorption

EBM Electron Beam Melting

E.MCF MCEF calculated by the data extracted from the quasi-compression test
eVTOL electric Vertical Take-Off Landing

FEA Finite Element Analysis

FEM Finite Element Method

FAA Federal Aviation Administration

FFD Full-Factorial Design

IDW Inverse Distance Weighted

ICAO International Civil Aviation Organization

LHS Latin-Hypercube Sampling

MCF Mean Crushing Force

M.STD Standard Deviation of Mass Ratio

NASA National Aeronautics and Space Administration
SLS Selective Laser Sintering

STD Standard Deviation

S.MCF MCEF calculated by FEA

Uni. Uniform Type

UTM Universal Test Machine
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