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Abstract: The energy absorption capacity of materials with negative Poisson’s ratio (NPR) is attracting
interest from both industry and academia due to the excellent impact resistance of the local shrinkage
of materials. However, understanding the compressive behavior of 3D auxetic structures at different
strain rates and developing design methods are challenging tasks due to the limited literature and
insufficient data. This paper presents a study on the behavior of Poisson’s ratio of an advanced 3D
chiral structure, which is formed of two orthogonally positioned 2D hexagonal nodes-based chiral
structures. Firstly, both theoretical analysis and numerical simulations are conducted to identify the
Poisson’s ratio of 2D chiral structures. The same theoretical value of −1 is obtained for 2D chiral
structures with a bending-dominated ligaments assumption. Thereafter, the Poisson’s ratio of 3D
chiral structures is determined numerically using a low-speed loaded model composed of 5 × 5 × 8
3D unit cells for eliminating the boundary effects. The results show that impact velocity can strongly
affect the energy absorption and deformation behavior of the proposed 3D chiral structure. Increasing
the beam radius results in reduced energy absorption capability. However, the energy absorption
capability of the 3D chiral structure is not sensitive to the yield strength of nodes. Impact direction
affects the energy absorption performance of the 3D chiral structure, depending on the crushing strain.
The research results could be used to optimize the design of the proposed novel 3D chiral honeycombs
for various applications, such as impact energy absorbers and vibration-resistant dampers.

Keywords: 3D chiral auxetics; finite element modelling; negative Poisson’s ratio; auxetic struc-
tures; metamaterials

1. Introduction

Cellular structures provide engineers and researchers with the possibilities of applying
lightweight and high-energy absorption structures in sophisticated industries, such as the
automotive, aerospace and shipbuilding industry. When the metal foams or honeycomb
structures undergo compressive loading, the stress–strain curve usually experiences a long
stress plateau before the densification. This is highly advantageous for applications as an
energy absorber. The impact kinetic energy is effectively dissipated by transforming it
into plastic strain energy with structural deformation. The successful utilization of cellular
structures as protective shields in impact mitigation has drawn a lot of attention [1–3].
Apart from direct applications of cellular structures, they have been widely used as core
structures of sandwich panels, which present a combination of high strength to weight
ratio and excellent energy absorption capacity [4,5]. Meanwhile, the concept of cellular
structures filled with thin-wall composite structures has been proved to be effective in
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improving the energy absorption capacity [6–8]. Motivated by the potential enhancement
in impact resistance, cellular structures possessing negative Poisson’s ratio (NPR) have
attracted considerable interest in the past few decades.

The structures deform with the NPR effect, also known as auxetic structures or auxetics,
shrink in the transverse direction when compressed in the longitudinal direction, and vice
versa. Specifically, the shrinkage effect can densify the local material in the vicinity of
the impact zone and further improve the impact resistance [9]. For isotropic and elastic
materials, strain energy should satisfy the non-negativity requirement. Poisson’s ratio can
theoretically occur in a range between −1 and 1/2 [10]. The existence of auxetic materials
in the natural world was doubtful until Love [11] reported the NPR behavior of iron pyrite.
To date, there are a number (more than 20 types) of natural materials and structures known
to be auxetic and observed, for example, in the skin of mammals, certain forms of bone and
crystalline solids [12–15]. However, the naturally occurring auxetic materials are difficult
to apply practically in protection engineering because of the lack of available candidate
materials. Typically, technologies and measures, such as laser cutting, welding and water-
jet cutting, are commonly applied in manufacturing two-dimensional (2D) auxetics [16–18],
while manufacturing processes, such as artificial synthesis and three-dimensional (3D)
printing, have usually been used for creating 3D auxetics [19–21]. In addition, 3D auxetics
are also conceptualized from their 2D substructures.

Regarding the in-plane impact performance of 2D auxetic structures, re-entrant honey-
comb has been discussed the most. Wu et al. [22] proposed a graded design of 2D re-entrant
honeycomb by changing the cell wall angle along the crushing direction. Then, they nu-
merically investigated the effectiveness of the angle-graded design in the enhancement of
structural energy absorption capacity. They identified that the re-entrant honeycomb with
angle-graded design absorbed more energy when subjected to quasi-static or low-speed
impact loading. However, this enhanced energy absorption capacity could only happen
to certain impact direction as increasing impact speed. In order to compare the impact
performance between re-entrant honeycomb and hexagonal honeycomb, Liu et al. [23]
carried out a numerical study with the consideration of various values of crushing velocity.
The results revealed that re-entrant honeycomb was superior in plastic energy absorption
to conventional hexagonal honeycomb, which, however, exhibited lower peak stress at
the same dissipated plastic energy. A similar conclusion was drawn by Ingrole et al. [24]
through an experimental and numerical investigation. Zhou et al. [25] and Yu et al. [17]
carried out experimental and numerical studies on the impact behavior of aluminum re-
entrant honeycombs filled by concrete foam and polyurethane (PUR) foam, respectively.
Enhanced energy absorption capacity was identified. In addition to re-entrant auxetic
honeycombs, Gao et al. [26] carried out a theoretical and numerical study on the in-plane
impact behavior of chiral honeycomb. The theoretical solution of yield stress at quasi-static
loading was analyzed. Chiral honeycomb showed inapparent peak stress under both
low-speed and high-speed impact when compared to conventional hexagonal honeycomb,
although the conventional honeycomb exhibited better performance in plastic energy ab-
sorption. Airoldi et al. [27] experimentally and numerically investigated the in-plane local
impact resistance of foam-filled chiral composite structures. The participation of foam
could further enhance the energy absorption capacity of the chiral structure. Xu et al. [28]
first produced a new type of cementitious auxetic structure via 3D-printing technologies.
High specific energy absorption and 2.5% reversible deformation were observed. In the last
decade, there has been growing interest in the study of 2D auxetic structures. To the authors’
knowledge, however, the application of 2D auxetic structures in practical engineering for
impact protection is currently lacking.

Regarding the mechanical properties of 3D auxetic structures, relatively few studies
have explored the dynamic compressive behavior. Imbalzano et al. [29] performed a numer-
ical study on the blast resistance of a sandwich composite structure with a 3D re-entrant
honeycomb core. Maximum 70% and 30% reductions in velocity and displacement at the
back were, in fact, obtained when compared with an equivalent monolithic panel. Logakan-
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nan et al. [30] experimentally and numerically investigated the dynamic performance of a
3D re-entrant honeycomb, considering the effects of structural geometric parameters and
impact velocity. Enhanced energy absorption capacity compared to its 2D structure was
confirmed beyond a certain strain. Mohsenizadeh et al. [31] proposed a fabrication process for
re-entrant foam. Afterwards, the crashworthiness evaluation of an auxetic foam-filled tube
under quasi-static axial loading was investigated through experimental tests and numerical
simulations. The superiority of the re-entrant foam-filled square tube was confirmed in
terms of all defined crashworthiness parameters when compared to empty and conventional
foam-filled square tubes. Although several types of 3D chiral structures [32–36] have been
proposed, the investigations have generally limited on the quasi-static mechanical properties
in elastic deformation or dynamic response at low strain rate.

Since the above studies on 3D auxetic structures are among the first on this topic, most
of them are limited in elastic scope, and the main research objectives are 3D re-entrant
structures. With the development of 3D printing, nowadays, 3D auxetic structures can be
fabricated easily. Thus, the mechanical properties of various 3D auxetic structures deserve
consideration. To the best of the authors’ knowledge, there has been no study on the failure
behavior and energy absorption of 3D hexagonal chiral structures under compressive load-
ings. Consequently, there are insufficient data to develop a comprehensive understanding
of the effects of various parameters on compressive behavior for the development of design
methods in practical engineering.

To address the limitations mentioned above, following the authors’ prior study on the
2D chiral auxetic structure, this study aims to investigate the compressive response of the
novel 3D chiral auxetic structure with the aid of ABAQUS/Explicit. The novel 3D chiral
auxetic is designed by orthogonally assembling two 2D chiral auxetics but replacing the
circular nodes-based conventional chiral auxetics (ACs) with hexagonal nodes-based chiral
auxetics (AHs). Firstly, the FE models were validated against the literature experimental
data. Then, the in-plane Poisson’s ratio of 2D AH was measured numerically. Afterwards,
the behavior of 3D AHs under compressive loading was simulated in terms of failure mode,
stress–strain response and energy dissipation, with special focus on the effects of strain rate,
beam radius and node yield strength, impact direction and impact mass. Finally, based on
the simulations, the underlying mechanisms of dynamic compressive behavior of 3D chiral
auxetic structures were discussed in depth.

2. Geometric Design

Since being proposed and theoretically investigated by Prall and Lakes [37], in-plane
mechanical properties and practical applications of chiral structure have attracted a lot of
interest. According to the original demonstration based on the ligament bending theory,
the chiral structure exhibits an in-plane NPR of −1 in two orthogonal directions. In order
to extend the in-plane NPR effect of the chiral structure to be spatial, two in-plane chiral
unit cells are positioned orthogonally, as presented in Figure 1. Ligament-1 and Ligament-2
intersect each other, and they form a common midpoint for the two ligaments. It should
be pointed out that the circular nodes of conventional chiral auxetics (ACs) are replaced
with hexagonal nodes (Figure 2) so as to simplify the pre-processing of FE simulations and
effectively avoid the initial penetration between each adjacent node and ligament. The side
length of the hexagonal node is kept the same as the radius of the previous circular node.
The geometric relation θ = 30◦ remains for hexagonal nodes-based chiral auxetics (AHs),
but the geometric parameter β is determined by the following relation since the ligaments
do not need to be tangential to the nodes:

cos β =
R2 + L2 − 4r2

2RL
(1)
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Figure 1. Schematic diagram of 3D chiral structure by orthogonally assembling two 2D unit cells
of chiral auxetic structure while replacing the conventional circular nodes with hexagonal nodes.
The hexagonal nodes with a radius r. The ligaments 1 and 2 from each unit cell joint together at the
black point.
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Figure 2. Linear elastic deformation mechanism of 2D AH. The solid lines denote the undeformed
state before load application. The dashed lines denote the deformed state when the uniaxial stress
is applied.

Referring to the definition of relative density for 2D AC by Spadoni and Ruzzene [26],
the relative density of 3D AHs can be defined as the ratio of the volume occupied by the
unit cell to the whole unit cell involved in 3D space. Then, for a 3D AH, which is structured
by circular cross-section members with a radius of rAH, the relative density is calculated as

ρ =
12πr2

AHr + 6Lπr2
AH

R3 cos2 θ
(2)
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3. Poisson’s Ratio
3.1. Poisson’s Ratio of 2D AH

Before going ahead with the 3D model, the 2D AH, as shown in Figure 2, is simulated
in ABAQUS 6.14 to identify the in-plane Poisson’s ratio in two directions. According
to the original research revealed in [37], the ultimate orthogonal strains in both X and
Y directions are εX = εY = φr/R, where φ is the angular deflection induced by the
rotation of nodes. The shapes of nodes have no influence on the Poisson’s ratio of chiral
auxetics since φ = φ′, which is illustrated in Figure 2. Later on, Spadoni and Ruzzene [38]
refined the estimation of elasto-static behavior of chiral structures considering the axial and
shear deformations of ligaments, and they found that the expression of Poisson’s ratio is

υm = 4(t/L)2

(t/L)4 cos2 β+1− cos2 β+3(t/L)2−1, where t is the wall thickness of nodes and ligaments.

Incorporating with Equation (1), the following equation (Equation (3)) is obtained. Then,
it can be seen from above that the parameter L determines the different Poisson’s ratio
between AC and AH when replacing the circular nodes with hexagonal ones.

υm =
4t2

L2
(
− (L2−4r2+R2)

2

4L2R2 + 3t2

L2 + t4(L2−4r2+R2)
2

4L6R2 + 1
) − 1 (3)

The FE model of 2D AH is set up with a geometric topology L/R = 0.85, and the value
of L is initially set to 100 mm. The nodes and ligaments are modelled with 2-node linear
Timoshenko beam elements (B31), and they share the same beam section profile of circular
shape with a radius of 0.5 mm. The 2D AH is discretized with an element size of 5 mm.
For the purpose of mimicking the ligament-bending-dominated deformation assumption
considered by Prall and Lakes [37], Young’s modulus of nodes is ten-times the one of
the ligaments, as recommended by Hassan and Scarpa [39]. The boundary conditions of
2D AH, as depicted in Figure 3a,b, are defined as below: only in-plane deformations are
allowed for the whole model; displacement boundary conditions are applied at the center
of each side node in either the X or Y direction, and nodes are constrained to be rigid. In
order to eliminate rigid displacements, nodes on the loaded side are limited to travel along
the loaded direction. The Poisson’s ratio of 2D AH is obtained by measuring the shrinkage
of the yellow rectangle, the sides of which pass through the half of ligaments embracing
the central node of the model.
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Figure 3. Measurement of Poisson’s ratio for 2D AH subject to displacement boundary conditions in
(a) X direction, and (b) Y direction.

In addition, force−displacement curves obtained from the explicit model developed
using shell elements in ABAQUS were also assessed against the results of the experimental
test, which was conducted in the laboratory. The specimens of chiral structure were
manufactured via 3D printing, with a dimension of 140.8 × 124.5 mm2 in plane and 15 mm
in depth. The geometric topology of test specimens has an L/R of 0.85, L of 30 mm and wall
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thickness of 2 mm. The material used for 3D printing is DSM’s Somos®14120, which has an
elastic modulus of 2460 MPa, Poisson’s ratio of 0.23 and tensile strength of 45 MPa. The MTS
universal testing machine was used for the tests, with a compressive speed of 0.1 mm/s.
The capability of FE models to capture the failure modes and stress–strain response of
3D auxetic structures is validated with the available experimental tests in the literature
for 3D re-entrant lattices [30]. The specimen has a dimension of 65 × 65 × 56 mm3 and a
compressive velocity of 5 m/s.

Figure 4 plots the compression forces–deformations curves for both the numerical
simulation and experimental test. Good agreements are observed throughout, which shows
that both the 2D and 3D explicit dynamic models used in the present study are effective
and reasonable. In Figure 4a, the lower initial stiffness in the experimental test than that
in the simulation may be attributed to the initial space between the specimen and the
load cell. In addition, the uneven surface and irregular shape of the specimens from the
fabrication errors may also cause this. Figure 5 plots the variation in Poisson’s ratio at
different compression strains, and it is observed that the Poisson’s ratios (νxy and νyx) of
2D AHs almost remain constant and approach a theoretical value of −1, as obtained in 2D
ACs. This can be easily explained from Equation (3) that switching L from tangent length
(100 mm) to extremity length (101.9 mm) brings about a negligible influence on υm.

1 
 

 
Figure 4. Compression force–displacement curves and stress–strain curves of chiral structures measured from 
FE simulation and experimental test for (a) 2D and (b) 3D auxetic structures. Reprinted with permission from 
ref. [31], Copyright 2020 Elsevier. 

 

Figure 4. Compression force−displacement curves and stress–strain curves of chiral structures
measured from FE simulation and experimental test for (a) 2D and (b) 3D auxetic structures. Reprinted
with permission from ref. [30], Copyright 2020 Elsevier.
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3.2. Poisson’s Ratio of 3D AH

The Poisson’s ratio of 3D AH, as presented in Figure 6, is confirmed numerically
considering a geometric topology of L/R = 0.85 and L = 50 mm. The same type of beam
elements (B31) used for modelling 2D AH is adopted herein to simulate the dynamic
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crushing process of 3D AH, which has a circular cross-section of radius equal to 0.5 mm.
The elastic-ideally plastic material model is adopted with a Young’s modulus (E) of 70 GPa,
yield stress (σY) of 130 MPa, Poisson’s ratio (ν) of 0.3 and density (ρ) of 2.7g/cm3 to
represent the material properties of aluminum. There are 5 × 5 × 8 3D unit cells involved
in the 3D AH model with a dimension of 536.26 × 536.26 × 505.57 mm3. The 3D AH is
sandwiched between two rigid plates, namely the top rigid (plate) and the bottom rigid
(plate), which are constrained to travel along the unique direction (-Y) and fixed at the
reference node, respectively. In addition, a set of central nodes at the bottom of 3D AH
are fixed as well to eliminate the rigid displacements. The “General Contact” is used to
consider all possible contact interactions during the crushing processes, and no friction is
considered in the present study. The accuracy of the numerical model is verified through a
mesh convergence study. It turns out that discretizing the whole model with 5 mm length
B31 is reasonable to evaluate the dynamic performance of 3D AH, as shown in Figure 7. In
comparison with the crushing force and plastic energy dissipation, the B31 model agrees
very well with the B32 (3-node quadratic Timoshenko beam elements) model, but the B31
model is more time-efficient with the same mesh control as that of the B32 model.
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corresponding to (a) different sizes and (b) different types of beam elements.

Figure 8a shows the Poisson’s ratio (PR) behavior of 3D AHs subjected to various impact
velocities. Almost the same magnitude of Poisson’s ratios (υxz and υzx) is observed when the
3D AH is loaded along the Y direction up to a crushing strain of 63%. Following the increase
in crushing strain, the original orthogonally placed 2D AH presents large deflections along
the out-of-plane directions because of the contractility, which hauls the cross-section of the
3D AH to be diamond under relatively low impact velocities. However, this phenomenon is
not apparent when the impact velocity is higher than 10 m/s. As plotted in Figure 8b, the
PR–strain curves exhibit initial small absolute values of NPR, which increase with strain and
then go down with the densification of materials. The 3D AH presents a maximum NPR
approximately equal to −0.4, corresponding to impact velocities ranging from 3 to 20 m/s.
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As the impact velocity increases to 50 m/s, the 3D AH still presents an NPR behavior, the
value of which hovers over a relatively low value of −0.1.
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right), respectively. (b) PR of 3D AH with strain corresponding to the impact speed between 3 m/s
and 50 m/s.

4. Compressive Behavior

To further investigate the compressive response of 3D AHs to be used for structural
impact protection, design parameters, such as impact velocity, impactor mass, relative
density, stiffness of nodes and impact location, on which the assessment of crashworthiness
features is based, will be considered in this section. The same FE model of 3D AH used in
Section 3 will be selected as the benchmark model discussed herein.

4.1. Effects of Impact Velocity and Mass

Three crushing velocities, 3, 5, 20 and 50 m/s, along the Y and -Y directions are,
respectively, applied to the bottom and top rigid plates of the 3D AH model so as to
investigate the effects of impact velocities on the behavior of PR. The same aforementioned
FE model of 3D AH is adopted in this study, and the ultimate crushing strain of the 3D
AH model is 70%. Figure 9 shows the variation in normalized stress σ and plastic energy
dissipation UP with crushing strain. Here, the normalized stress is defined as σ = σ/ρ, and
the normalized plastic energy dissipation is expressed as UP= Up/σYCAL0, where Up is the
plastic energy dissipation and σYC= 0.5ρ2σY is the effective yield stress for chiral structures.
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Figure 9. Compressive response of chiral structures under various impact velocities. (a) Normalized
stress against strain; (b) normalized plastic energy dissipation against strain.

It can be seen from Figure 9a that the normalized stress is inclined to exhibit a plateau
phase after experiencing peak stress under high-velocity impact. However, when subjected
to relatively low impact velocities, like 3 m/s and 5 m/s, no obvious peak stress can
be observed. The curves plotted in Figure 9b showed a growing trend of plastic energy
dissipation when increasing the impact velocities. This results from the more effective
plastic deformation of materials in the vicinity of impact.

The effect of impact mass on the dynamic response of 3D AH is intuitively depicted in
Figure 10, which plots the crushing force–deformation curves corresponding to variable
impact mass (m = 12 kg, m = 20 kg, m = 28 kg and m = 35 kg) but constant initial impact
velocity of v0 = 5 m/s. It is observed that the change in initial impact mass brings about
nothing but the maximum crushing deformation of the structure. The implication is that
the crushing process relies on the initial kinetic energy possessed by the impactor, which
determines the ultimate structural deformation but not the dynamic characteristic of impact
force if constant initial impact velocity is adopted.
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4.2. Effects of Beam Radius and Node Yield Strength

Figure 11 shows the normalized plastic energy dissipation against strain of 3D AH at
low-speed (V = 5 m/s) impact and high-speed (V = 50 m/s) impact. It is noticed in both
impact scenarios that the energy absorption performance deteriorates due to the increase
in beam radius. This can be explained by the deformation and failure mode of 3D AH
under dynamic compressive loadings. When it is subjected to low-speed impact (such as
v0 = 5 m/s), the 3D AH converts impact stroke into rotation and lateral collapse, which
is rather a feature of rigid body motion with the increase in beam radius. The 3D AH
with larger beam radius corresponds to higher plastic energy absorption capacity as the
stronger dynamic effect, where the strain rate effect plays a dominant role in the plastic
energy absorption.
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Figure 12 compares the performance of plastic energy absorption of the chiral struc-
tures corresponding to different yield strengths of the nodes. It is observed that the yield
strength of the node has a marginal effect on the energy absorption capability of 3D AH.
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4.3. Effect of Impact Direction

Due to the unique spatial configuration of 3D AH, the deformation modes may be
different when the impact varies in location. To investigate these effects, the two models
of 3D AH were impacted in the X direction and in the Y direction, respectively. Similar
to impact scenarios we considered in a previous parametric study, the chiral structures
were loaded at velocities of 5 m/s and 50 m/s. Figure 13a,b present the normalized stress
(σ) and normalized plastic strain energy (U) of chiral structures under low-speed impact
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and high-speed impact. It can be seen that in both cases, the chiral structure under impact
in the X direction experiences larger impact stress and plastic energy dissipation than
the chiral structure loaded in the Y direction in the initial crushing deformation, such
as strain less than 30%. Afterwards, the impact behavior of the chiral structure in the Y
direction leads to larger impact stress and better energy absorption performance. This can
be explained by the different initial failure modes due to the impact in two directions. The
dominant mechanism of plastic strain energy with the impact in the X direction is the axial
and shear deformations of ligaments. Although the bending deformation of ligaments
results in the main plastic energy dissipation in the initial stage of Y-direction impact,
combined crushing of nodes, axial crushing and bending of ligament participate in the
impact resistance afterwards.
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5. Conclusions

This paper presents a numerical study on the impact behavior of a novel chiral auxetic
possessing three-dimensional (3D) deformation capability. The new 3D chiral auxetic is
designed by orthogonally assembling two 2D chiral auxetics but replacing the circular
nodes-based conventional chiral auxetics (ACs) with hexagonal nodes-based chiral auxetics
(AHs). The capability of the ABAQUS/Explicit model is validated against experimental
results. The Poisson’s ratio of 2D AH is numerically obtained close to the theoretical value
of −1, but parameter L determines the different value of Poisson’s ratio between 2D AC
and 2D AH when considering the axial and shear deformations of ligaments, although
this deflection is very limited. Thereafter, the study on compressive behavior of 3D AH
is performed numerically using a model composed of 5 × 5 × 8 3D unit cells to eliminate
the boundary effect. Based on the simulation results, the main conclusions can be drawn
as follows:

1. The deformation modes of 3D AH highly depend on impact velocities. The σ and U
increase as the impact velocity increases. When the impact velocity remains constant,
larger initial impact mass results in an increase in maximum crushing deformation.

2. Increasing the beam radius leads to a decrease in specific energy absorption under both
low-speed and high-speed compressive loadings. However, the energy absorption
capability of 3D AH is not sensitive to the yield strength of nodes.

3. The impact behavior that occurred in the X direction results in higher impact stress
and better energy absorption performance than the impact in the Y direction in the
initial stage of compression (approximately 25% for low-speed impact and 19% for
high-speed impact). Afterwards, the crushing deformation in the Y direction gives rise
to a stronger capability of plastic energy dissipation than the impact in the X direction.

In practice, the 3D AH can be employed in the crashworthiness design and optimiza-
tion of auxetic structures as energy absorbers used for structural protection and safety, since
it ensures bidirectional shrinkage at the loaded zone and then results in higher resistance
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against impact and blast loads. The behavior and failure modes under various loadings,
e.g., local impact loading and blast loading, are of larger practical relevance and will be
the focus of future work. Additionally, the experimental study on impact behavior of 3D
AH considering the effect of material properties, e.g., aluminum alloy and plastic used in
3D printing, will be carried out in our future work. The direct comparison of the impact
mechanical properties of different 3D auxetic structures accounting for the same impact
scenarios is of importance for optimum choice in practical application, which is an ongoing
work and will be presented in a future publication.
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