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Adjustable Ultra-Light Mechanical Negative Poisson’s Ratio
Metamaterials with Multi-Level Dynamic Crushing Effects

Xiang Xu, Chuanqiang Huang, Chongchong Li, Xin Wang,* Xiaojie Li, Zhen Li,*
Xiangchao Feng, Bingyang Li, Yong Zhang, Haibo Ji, and Pengfei Wang*

Mechanical metamaterials with multi-level dynamic crushing effects
(MM-MLs) are designed in this study through coordinate transformation
and mirror arrays. The mechanical effects of the diameter and length
ratio of the struts and connecting rods, the Euler angles, and the cell numbers
on the mechanical properties are investigated separately. MM-ML can exhibit
significant two-level platform stress, and the local cells in the first platform
stress stage undergo rotational motion, while the second platform stress stage
mainly involves collapse compression and bending. Although increasing the
length of the connecting rods can increase the range of Poisson’s ratio, it will
reduce the level of platform stress and energy absorption. Increasing the Euler
angle will reduce the strain interval of the first platform stress and can improve
the energy absorption capacity. In addition, increasing the cell number
while maintaining a constant relative density can effectively enhance energy
absorption. MM-ML has significant parameter controllability, can achieve
different platform stress regions, different ranges of Poisson’s ratios, and
energy absorption requirements according to the application scenario, and can
demonstrate functional diversity compared to existing research. The design
scheme can provide ideas for adaptive crushing protection requirements.
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1. Introduction

Lattice metamaterials have many excel-
lent mechanical advantages, such as light
weight,[1–3] high energy absorption,[4–6] and
high strength,[7–9] and have enormous
application potential in fields such as
automobiles,[10] aerospace,[11] and medical
equipment.[12] The mechanical properties
of lattice metamaterials can be customized
and adjusted by changing their micro-
cell characteristics and macroscale param-
eters to meet different application scenar-
ios and performance requirements.[13–16]

Among them, lattice metamaterials with
negative Poisson’s ratio functions have at-
tracted much attention due to their spe-
cial deformation modes and excellent me-
chanical behavior.[17–19] Related researchers
have conducted in-depth research on dif-
ferent negative Poisson’s ratio lattice meta-
materials using experimental, theoretical
analysis, and numerical simulation meth-
ods, exploring the inherent relationship
between the novel microstructure and

mechanical properties of lattice metamaterials and laying the
foundation for obtaining the optimal topology lattice design.

Usually, the Poisson’s ratio of most materials is positive, which
means that when the material is under pressure, its lateral size
will decrease; when the material is stretched, its lateral size will
increase. However, negative Poisson’s ratio mechanical metama-
terials exhibit opposite mechanical behaviors. When these ma-
terials are subjected to pressure or tension, their lateral dimen-
sions increase rather than decrease. This unique mechanical
property endows 2D negative Poisson’s ratio mechanical meta-
materials with potential application value in multiple fields. Due
to their ability to absorb more energy under pressure or ten-
sion, negative Poisson’s ratio mechanical metamaterials can be
used as high-performance energy-absorbing materials. This ma-
terial can be used to design safer structures for automobiles,
aerospace, etc., to improve their energy absorption capacity in
collision accidents.[20–22]

In addition, negative Poisson’s ratio mechanical metamaterials
can also be used to improve the mechanical properties and stabil-
ity of materials. Due to their negative Poisson’s ratio, these mate-
rials are able to better maintain their shape and structural stabil-
ity under external forces, thereby improving their overall perfor-
mance. Mizzi et al.[23] proposed a way to replace rotating material
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blocks with hierarchical triangular truss networks to obtain a va-
riety of lightweight auxetic metamaterials whose weight can be
reduced by 80% to ensure that the original negative Poisson’s ra-
tio effect remains unchanged. To improve the mechanical prop-
erties of tetrachiral honeycombs (TCHs), Qin et al.[24] proposed
two types of axisymmetric tetrachiral honeycombs (ATCHs). Un-
der low-speed impact, ATCHs had greater specific energy absorp-
tion and more significant negative Poisson’s ratio effects than
did TCH, but axisymmetric honeycombs did not have an advan-
tage at medium to high impact rates. Zhang et al.[25] proposed
a novel concave antispin structure with arcuate ligaments and
found that unique deformation patterns can be induced by rota-
tion of the cylinder, contact interactions between the cylinder and
ligaments, and petal-like cell interactions, and the normalized
Young’s modulus can be increased by 8 times and 4 times com-
pared to that of energy absorption. Although mechanical meta-
materials with negative Poisson’s ratios have excellent mechani-
cal properties, their low stiffness limits their development. Based
on existing research, Wang et al.[26] developed an asymmetric me-
chanical metamaterial with star-shaped characteristics, the star-
shaped circular honeycomb (SCH), which can be reasonably cus-
tomized for engineering applications with different mechanical
property requirements. Nikolíc et al.[27] proposed an improved
negative Poisson’s ratio 2D arc star structure, which obtained a
higher negative Poisson’s ratio and improved material utilization
compared with the initial scheme. To further improve the mirror
symmetry of traditional concave negative Poisson’s ratio crystal
cells, Mahnama et al.[28] proposed an innovative auxetic metama-
terial with asymmetric crystal cells. Compared with the baseline
symmetric unit honeycomb, the proposed metamaterial exhibits
significant specific energy absorption characteristics and excel-
lent expansion properties. The above studies revealed that multi-
ple types of innovative 2D negative Poisson’s ratio mechanical
metamaterials have made significant breakthroughs in perfor-
mance improvement. Wide-range Poisson’s ratio and impact re-
sistance have gradually been explored, but negative Poisson’s ra-
tio mechanical metamaterials with 2D cross-sectional character-
istics have limited their application scenarios and further break-
throughs in mechanical properties due to their single geometric
properties.

To expand the application scenarios of mechanical metamate-
rial design, the design and analysis methods of 3D lattice cells
with negative Poisson’s ratios are gradually being promoted.[29]

For example, Zhao et al.[30] utilized Abaqus for secondary de-
velopment and developed plug-in tools for simulation analysis
of star-shaped honeycombs (SHs), double-headed arrow honey-
combs (DAHs), and re-entry hexagonal honeycombs (RHHs).
They validated the equivalent Poisson’s ratio, elastic modulus,
and platform stress based on homogenization theory. Cui et al.[31]

proposed a novel crystal cell design scheme for specifying 3D
lattice metamaterials with a negative Poisson’s ratio, which can
accurately predict a negative Poisson’s ratio by establishing a
theoretical formula containing complex mechanical quantities
that control the deformation of metamaterial substructures. Luo
et al.[32] developed a new lattice mechanical metamaterial with
both ideal elastic isotropy and an extremely negative Poisson’s
ratio via a topology optimization method. With this method, a
negative Poisson’s ratio can be achieved at different relative den-
sities by custom single-cell microlattices. Ma et al.[33] proposed

a 3D hybrid double-arrowhead lattice structure with convex and
concave quadrilateral components. In this lattice structure, the
stress of the crushing platform increases when Poisson’s ratio
approaches zero, and the effect of Poisson’s ratio weakens under
high-speed crushing conditions. He et al.[34] proposed a new 3D
negative Poisson’s ratio energy absorption structure based on 2D
nonconvex hexagonal elements. The fuselage cross-section with
a 3D negative Poisson’s ratio structure has a better energy ab-
sorption capacity than that without a 3D negative Poisson’s ratio
structure. Through in-depth exploration of the above research,
it was found that most of the designs of negative Poisson’s ra-
tio mechanical metamaterials exhibit a single load effect. As en-
ergy absorption devices, they can only show a single mode of en-
ergy absorption under collision conditions, the impact force is of-
ten too concentrated, and the buffering and protection ability is
limited.

If a design strategy with multi-level energy absorption is in-
troduced, it may be possible to slow the impact force through
the gradual deformation of multiple stages to reduce damage to
protected objects or people. Therefore, on the basis of the ex-
cellent negative Poisson’s ratio characteristic design, a mechan-
ical metamaterial with a two-level loading effect is designed,
and its mechanical behavior under dynamic impact conditions
is studied in this study. This study is expected to provide ideas
for multi-level energy absorption design in broader application
scenarios.

2. Design Principles

To achieve excellent impact protection performance, the struc-
ture needs to meet many complex nonlinear mechanical require-
ments, such as a low initial peak collision force, long-stress plat-
form, and high impact energy absorption. Due to their relatively
simple geometric design, existing lightweight impact-resistant
structures have difficulty simultaneously meeting many nonlin-
ear impact performance requirements that are mutually con-
strained, thus absorbing a large amount of impact energy while
maintaining a low impact force. Although many metamateri-
als used for collision protection can exhibit high energy absorp-
tion, they ignore the regulation of dynamic mechanical behav-
ior in the process of energy absorption and can only experi-
ence a single platform stress,[35–38] as shown in Figure 1a. To
improve the shortcomings of existing impact protection materi-
als, decomposing a single load behavior is an effective improve-
ment path for developing the multi-level load effect function of
mechanical metamaterials. This type of mechanical metamate-
rial can provide many advantages, such as a low initial colli-
sion peak force, a long-stress platform, and high impact energy
absorption.

Enabled by additive manufacturing techniques, researchers
have subsequently investigated the energy absorption perfor-
mance of octet-truss metamaterials made at the macro- or mi-
croscales. In this study, a mechanical metamaterial with multi-
level loading effects (MM-ML) is constructed by transforming the
octahedral structures of octet-truss metamaterials. A schematic
diagram of the changes in the basic cellular characteristics of
MM-ML is shown in Figure 1b,c. The periodic cells of MM-
ML are mainly formed through three coordinate transformations
and three mirror arrays of octahedral structures. To improve the
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Figure 1. Schematic diagram of the periodic cell transformation in mechanical metamaterials. a) Load curves of different mechanical metamaterials. b)
Coordinate transformation. c) Mirror transformation.

mechanical performance of traditional octahedral structures,
double semicircular bars are designed in the planes where nodes
N1, N4, N3, and N6 are located, and all the structures have the
same diameter. After continuously rotating at a certain angle 𝛼

around the x, y, and z coordinate axes, the octahedral structures

obtain new positions and attitudes. Node O (0, 0, 0, 1) is defined
as the center of the octahedral body, while node Ni (xNi

, yNi
, zNi

, 1)
(i = 1, 2…, 6) is the center of the eight faces. The rotation angle
𝛼 is used to describe the Euler angle of the octahedral space atti-
tude. The unit cell coordinate system O-xyz is established with
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Figure 2. MM-ML with different design parameters. a) Different rod diameters. b) Different rod size proportions. c) Different Euler angles. d) Different
cell arrangements.

the body center O of the octahedron as the origin. Taking the
length of each supporting rod of the octahedral structures as L1,
the original nodal coordinate matrix of the octahedral structures
Mo can be expressed as:

Mo =
[
N1 N2 N3 N4 N5 N6

]
=

√
2L1

2

⎡⎢⎢⎢⎣
0 0 0 1 0 −1
1 0 −1 0 0 0
0 1 0 0 −1 0
1 1 1 1 1 1

⎤⎥⎥⎥⎦ (1)

The improved octahedral structure achieves a change in its
posture when rotating around the x, y, and z coordinate axes. The
transformation matrix TM of node Ni can be expressed as:

TM

=

⎡⎢⎢⎢⎢⎢⎣

cos2 (𝛼) − cos (𝛼) sin (𝛼) sin (𝛼) 0

cos (𝛼) sin (𝛼) + sin2 (𝛼) cos (𝛼) cos2 (𝛼) − sin3 (𝛼) − cos (𝛼) sin (𝛼) 0

sin2 (𝛼) − cos2 (𝛼) sin (𝛼) cos (𝛼) sin (𝛼) + sin2 (𝛼) cos (𝛼) cos2 (𝛼) 0

0 0 0 1

⎤⎥⎥⎥⎥⎥⎦
(2)

The coordinate matrix MP of the center point Ni (xNi
, yNi

, zNi
, 1)

(i = 1, 2…, 6) after coordinate transformation can be calculated
using Equation (3).

MP = TM Mo (3)

After three coordinate rotations, the octahedral structure is
mirrored with the end face of the connecting rod, as shown in

Figure 1c. It should be noted that the normal vector of the con-
necting rod end face is parallel to the coordinate axis in the orig-
inal coordinate O-xyz. Finally, the periodic basic cells of MM-
ML are generated after three mirror transformations. On the ba-
sis of periodic cells, arrays of different scales can be designed
according to the design requirements of metamaterials of dif-
ferent macroscopic sizes. The Euler angle 𝛼 can be used as a
controllable parameter to change the posture of periodic cells
and can be used to adjust the mechanical performance range of
metamaterials.

The topological configuration of periodic cells is related to
their geometric dimensions and pose positions, so the design
of periodic cells can be based on relevant characteristic param-
eters. As shown in Figure 2, by changing the different rod di-
ameters, rod size ratios, Euler angles, and cell numbers of MM-
ML, a series of more topological configurations of MM-ML can be
derived.

L-PBF (Laser Powder Bed Fusion) technology is used as a man-
ufacturing method for MM-MLs due to its advantages in pro-
cessing high geometric resolution metal materials.[39–41] 316 L
stainless steel is used as the matrix material, and due to its high
sensitivity to the strain rate, it is necessary to explore its strain
rate effect. The quasi-static tensile test of the matrix material was
repeated three times on a universal material testing machine
with a tensile speed of 1 mm/min. The dynamic compression
of the material was conducted in a split Hopkinson pressure
bar (SHPB) with a strain rate test range of 1500–5000 s−1. In
this SHPB, the signals coming from the gauges are evaluated in
terms of the engineering stress 𝜎, strain rate �̇�, and strain ɛ, and
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Figure 3. Manufacturing and testing. a) Quasi-static tensile and dynamic impact compression results for 316 L stainless steel. b) Processed specimens.

the relationships can be obtained according to Equations (4), (5),
and (6).[42]

𝜎 =
A0E0

A
𝜀t (t) (4)

�̇� = −
2
√

E0

𝜌0

H
𝜀r (t) (5)

𝜀 (t) = −
2
√

E0

𝜌0

H

t

∫
0
𝜀rdt (6)

where ɛt(t) and ɛr(t) are the transmitted wave and the reflected
wave, respectively. A0 and E0 are the cross-sectional area and the
Young’s modulus of the bars, respectively. 𝜌0 is the density of the
bars, A indicates the cross-sectional area summed over all struts
in the multistrut sample, and H indicates the initial length of the
sample in the loading direction.

The stress-strain curve obtained from the dynamic compres-
sion experiment is shown in Figure 3a. As the strain rate in-
creases, the load curve and yield strength of the 316 L stain-
less steel material increase. Furthermore, periodic cells and
2 × 2 × 2 cells of MM-ML are prepared using additive manufac-
turing technology. It can be observed that the outer surfaces of all
specimens are relatively smooth and have good forming quality,
which can be used for subsequent testing and analysis, as shown
in Figure 3b.

3. Results and Discussion

3.1. Compression Behavior

The quasi-static and dynamic loading test and simulation results
are shown in Figure 4. During the crushing process, the lateral
volume of the MM-ML is compressed and exhibits a significant
negative Poisson’s ratio effect, which is consistent with the neg-
ative Poisson’s ratio material deformation mode. Compared to
some existing energy-absorbing metamaterials with a single load-
ing effect (Figure 4e),[43–45] MM-ML (Figure 4c,d) can exhibit two
distinct plateau stress characteristics. In the first plateau stress
stage, the octahedral structures in MM-ML mainly undergo ro-
tational behavior, while the connecting rods undergo bending.
In the second plateau stress stage, adjacent connecting rods un-
dergo geometric interference and contact extrusion, and the oc-
tahedral structures no longer undergo significant rotation. How-
ever, octahedral structures and double semicircular rods undergo
bending extrusion until they reach the densification stage of the
material. Metamaterials with multiple platform stress stages can
effectively reduce the initial peak force and can undergo changes
in different platform stresses during the crushing process. In ad-
dition, the structural deformation characteristics and load curve
trends of the experimental and simulation results are highly con-
sistent, which verifies the effectiveness of the numerical model
established in this study. The experimental curve of dynamic im-
pact has slight fluctuations, which may be caused by the high fre-
quency of data collection and the uncertainty of rapid collisions.
To explore the influence of different topological configuration
parameters on the mechanical properties of MM-ML, the next
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Figure 4. Numerical modeling and experimental results. a) Low-speed quasi-static compression deformation. b) Dynamic compression deformation.
c) Low-speed quasi-static compression load curve. d) Dynamic compression load curves. e) Crushing forces of RD,[37] BCC,[46] and FCC.[47]

Small 2024, 2403082 © 2024 Wiley-VCH GmbH2403082 (6 of 14)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202403082 by U
niversity O

f O
xford B

odleian, W
iley O

nline L
ibrary on [22/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 5. Analysis results for different rod diameters. a) Stress curves. b) Poisson’s ratio curves. c) The energy absorption, specific energy absorption, and
Poisson’s ratio vary with this design parameter. d) Deformation characteristics of different compression processes (rod diameters of 1.0 and 2.0 mm).

section will analyze the influence of the rod diameter, rod size
ratio, Euler angle, and cell arrangement using the validated nu-
merical model.

3.2. Mechanical Properties

As shown in Figure 5a, the design space of different rod diam-
eters for MM-ML from 1 mm to 2 mm is analyzed (a constant
loading speed of 10 m−1 s, the same applies below), where the
rotation angle is 20° and the lengths of the support rod and con-
necting rod are 9.6 and 3.39 mm, respectively. The configura-

tion design of MM-ML is shown in Figure 2a. The stress curve
began to significantly exhibit a second plateau stress when the
compressive strain is ≈0.3. As the rod diameter increased, the
stress gradually increased. At the same time, the increase in rod
diameter resulted in an increase in the relative density of the
MM-ML, and the compact strain gradually decreased. The gen-
eration of two plateau stresses in MM-ML stems from its spe-
cial deformation behavior, where the octahedral structures un-
dergo significant rotation during collapse, resulting in signifi-
cant macroscopic volume shrinkage during compression. There-
fore, this study also investigated the variation trend of Pois-
son’s ratio, as shown in Figure 5b. As shown in Figure 2d,
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the calculation method for determining Poisson’s ratio v is as
follows:

v = −
𝜀x

𝜀y
= − H

W

∑n
i=1

(|||ΔxAi

||| + |||ΔxBi

|||)
nΔy

(7)

where ɛx is the horizontal strain and ɛy is the longitudinal strain.
H and W represent the height and width of MM-ML, respectively.
Δx and Δy represent the horizontal and vertical displacements,
respectively.

As the rod diameter increases, the range of Poisson’s ratio
gradually increases, with a maximum range of 0 to −0.73. Pois-
son’s ratio gradually decreases within a strain range of 0 to 0.3,
and when the strain is greater than 0.3, Poisson’s ratio gradually
increases until convergence. As the diameter of the rod increases,
the range of the negative Poisson’s ratio variation in the MM-ML
during the crushing process tends to expand (Figure 5c). In addi-
tion, the energy absorption of MM-ML is also investigated. The
energy absorption corresponding to the strain that did not en-
ter the dense area (with a strain of 0.6) is adopted. As the rod
diameter increases, the energy absorption capacity gradually in-
creases, and when the diameter is 2 mm, the energy absorption
can reach 489 J, and the specific energy absorption per unit mass
can reach 3310 J/kg. When the diameter of the rod increases from
1 to 2 mm, the specific energy absorption per unit mass increases
by 181%. The energy absorption capacity of MM-ML can increase
with increasing material configuration.

To further reveal the main influence mechanism of different
rod diameters on the mechanical properties of MM-MLs, the de-
formation behavior of MM-MLs with different rod diameters is
analyzed. Figure 5d shows the deformation behavior of the MM-
MLs with diameters of 1 and 2 mm. The maximum strain of the
MM-ML occurs on the connecting rod during the initial com-
pression stage, which is at a low-stress level, so the initial peak
force is also at a low level. During the crushing process, an ex-
cessive initial peak load can cause damage to the protected ob-
ject, so a crashworthy structure with superior protective capabil-
ity should have a low initial stress level. As the nearby connecting
rods are squeezed and the octahedral structures do not undergo
significant rotation, strain gradually appears on all the rods. In
this stage, all the octahedral structures are gradually compressed,
and high platform stress levels appear until the structure is com-
pacted.

The influence of the proportional relationship between the
connecting rod and the supporting rod on the mechanical prop-
erties of MM-ML is analyzed here. The configuration design of
MM-ML is shown in Figure 2b. The design space with differ-
ent rod size ratios of 0.3 to 0.8 is analyzed, in which the rota-
tion angle is 20° and the length of the supporting rod is 9.6 mm.
Similarly, the stress curve begins to show the second platform
stress significantly when the compressive strain is ≈0.3, and
the stress level gradually decreases with increasing size ratio,
as shown in Figure 6a. In contrast, with increasing size ratio,
the variation range of Poisson’s ratio gradually increases, and
the maximum variation range is between 0–−0.67, as shown in
Figure 6b,c.

The effect of energy absorption is also studied, as shown in
Figure 6c. When the rod size ratio increases from 0.3 to 0.8, the

specific energy absorption per unit mass decreases by 27%. With
increasing rod size ratio, the energy absorption capacity gradu-
ally decreases, which may be mainly attributed to the fact that
the larger the connecting rod size is, the more likely it is to
lose stability under compression. The bearing capacity of MM-
ML in the initial stage of compression decreases, and the me-
chanical properties of the octahedral structures are weakened.
To further reveal the main mechanism of the influence of dif-
ferent rod size ratios on the mechanical properties of MM-ML,
Figure 6d shows the deformation characteristics when the size
ratio is 0.3 and 0.8. Under the same compression displacement,
MM-ML with a low rod size ratio is more prone to material con-
centration, so it has a higher stress level, but MM-ML with a
high rod size ratio is more prone to deformation, and its Pois-
son’s ratio variation range is wider. In the feasible design space, a
lower rod size ratio can increase the stress and energy absorption
levels but also reduce the variation range of the Poisson’s ratio.
For some metamaterials with functional requirements, it is nec-
essary to comprehensively consider the levels of various design
parameters.

The Euler angle directly determines the attitude of the octahe-
dral structures. Therefore, the influence of the Euler angle on the
mechanical properties of MM-ML is also analyzed here, and the
configuration design is shown in Figure 2c. The design space of
MM-ML with different Euler angles ranged from 10–30°, where
the diameter of the rod is 1.2 mm, and the lengths of the support
rod and connecting rod are 9.6 and 3.39 mm, respectively. Inter-
estingly, as the Euler angle increases, the platform stress range in
the first stage gradually decreases. The first platform stress curve
starts to step to the second platform stress at a strain of 0.15 when
the Euler angle is 30°, as shown in Figure 7a. Compared with
other Euler angles, the range of the first platform stress is signifi-
cantly shorter. As the Euler angle increases, the variation range of
Poisson’s ratio tends to decrease, and the maximum range of vari-
ation is between 0 and −0.66, as shown in Figure 7b,c. When the
Euler angle increases from 10° to 30°, the specific energy absorp-
tion per unit mass increases by 90%. As the Euler angle increases,
the energy absorption capacity gradually increases, which may
be mainly attributed to the fact that increasing the Euler angle
provides more opportunities for the deformation of octahedral
structures.

To further reveal the influence of different Euler angles on the
mechanical properties of MM-ML, the deformation behavior of
MM with different Euler angles is analyzed. Figure 7d shows the
deformation characteristics with Euler angles of 10 – 30°. MM-
ML with higher Euler angles is more prone to material concen-
tration and has higher stress levels under the same compres-
sion displacement. However, MM-ML with higher Euler angles
is more likely to step into the second platform stress. If it is nec-
essary to balance different platform stress ranges, adjusting the
Euler angle is a significant method. Customizing platform stress
configurations at different stages through the strategy of con-
trolling Euler angles can adapt to different collision protection
needs.

As shown in Figure 8a, to further analyze the relationship
between the above three design parameters (rod diameter, rod
size ratio, and Euler angle) and the energy absorption perfor-
mance, a 3D response surface for any two parameters is created
by controlling the variables. The influence of three main design
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Figure 6. Analysis results for different rod size ratios. a) Stress curves. b) Poisson’s ratio curves. c) The energy absorption, specific energy absorption,
and Poisson’s ratio vary with this design parameter. d) Deformation characteristics of different compression processes.

parameters on specific energy absorption exhibits a nonlinear
mapping relationship. When keeping any design parameter con-
stant, the other two design parameters are more likely to yield the
maximum specific energy absorption at the boundary position of
the design space. The research results can provide a reference for
designers to develop excellent solutions.

The scale effect is a key topological parameter that needs to be
considered because it can capture the evolution of the mechanical
properties of MM-ML after expansion in different dimensions.
By maintaining the same macroscopic region and weight, 2 × 2

× 2, 3 × 3 × 3, and 4 × 4 × 4 cell layouts are analyzed, and the
configuration design is shown in Figure 2d. The rod diameter is
1.2 mm, the Euler angle is 20°, and the lengths of the support rod
and connecting rod are 9.6 and 3.39 mm, respectively. Interest-
ingly, as the number of cells increases, the first and second plat-
form stress levels increase significantly, but the strains at which
the second platform stress step occurs are similar (Figure 8b).
Correspondingly, the energy absorption of MM-ML also signif-
icantly increases with increasing number of cells (Figure 8c,d).
Under the premise of maintaining the same material weight and

Small 2024, 2403082 © 2024 Wiley-VCH GmbH2403082 (9 of 14)
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Figure 7. Analysis results for different Euler rotation angles. a) Stress curves. b) Poisson’s ratio curves; c) Energy absorption, specific energy absorption,
and Poisson’s ratio vary with this design parameter. d) Deformation characteristics.

macroscopic volume, by doubling the topological number of
cells, the specific energy absorption per unit mass can be in-
creased by 51%. The deformation behavior of MM-MLs with
different numbers of cells is analyzed in Figure 8e. The de-
formation characteristics with different compression displace-
ments show that as the number of cells increases, the MM-
ML can exhibit a uniform material distribution during the com-
pression process, which is beneficial for improving the abil-
ity of the material to resist external deformation. Adjusting
the number of MM-ML cells is an effective route for improv-
ing their mechanical properties without increasing the material
weight.

4. Discussion

Compared with existing typical face-centered cubic metamateri-
als, body-centered cubic metamaterials, octahedral metamateri-
als, and honeycombs, the proposed MM-ML can exhibit a higher
energy absorption potential at lower relative densities (Figure 9a).
Moreover, according to recent data from other metamaterials,
the specific strength and energy absorption exhibit a linear re-
lationship in the logarithm plot (Figure 9b). The MM-ML per-
formed reasonably close to the theoretical limit, which can lead
to lightweight architected materials with high energy absorbance
and high strength. Its mass-adjusted properties are superior to

Small 2024, 2403082 © 2024 Wiley-VCH GmbH2403082 (10 of 14)
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Figure 8. Analysis results of parameter effects and cell numbers. a) Parameter effects. b) Stress curves. c) Energy absorption curves. d) Specific energy
absorption. e) Deformation characteristics.

those of other metamaterials. Compared with existing negative
Poisson’s ratio metamaterials, MM-ML also exhibits significant
advantages, with a wide negative Poisson’s ratio control region
(Figure 9c). The design scheme proposed in this study has mul-
tiple advantages in terms of energy absorption, load-bearing ca-

pacity, and negative Poisson’s ratio performance for lightweight
materials, providing a solution for future lightweight innovative
equipment protection design.

The energy absorption capacity of MM-ML, an energy-
absorbing material for collision protection, should be further

Small 2024, 2403082 © 2024 Wiley-VCH GmbH2403082 (11 of 14)
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Figure 9. Advantages of MM-MLs. a) Comparison of energy absorption under different relative densities: FCC,[48] Octet,[49] BCC,[50] and honeycombs.[24]

b) Comparison of energy absorption under different specific strengths: octet metamaterials,[51] metal foams,[52] and auxetic metamaterials.[53] c) Neg-
ative Poisson’s ratio range of different metamaterials,[54,55,17,56] d) Improved methods for achieving higher energy absorption. e) Tensile mechanical
curves of titanium alloys. f) Specific energy absorption of metamaterials of the same type.[17,57–61]

evaluated. Based on the above analysis, three design schemes
that can be used to improve the energy absorption potential are
provided, as shown in Figure 9d. Scheme A: Select the bound-
ary values of the design parameters; Scheme B: Adopt a hollow
thin-walled design; Scheme C: Use a lighter and stronger mate-
rial (titanium alloy). The six sets of repeated tensile test data for
the titanium alloy materials are presented in Figure 9e. As shown

in Figure 9f, the maximum energy absorption of metamaterials
should be evaluated by selecting values close to the dense region.
For example, the specific energy absorption of MM-ML (A) can
be obtained by calculating the curve inflection point. Compared
with metamaterials with multi-level loading effects and nega-
tive Poisson’s ratio characteristics in existing research, the three
schemes achieved higher specific energy absorption than did the
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metamaterials introduced in the literature. The specific energy
absorption of MM-ML (A) can be increased by 70% compared to
that of the same type of metamaterial, the specific energy absorp-
tion of MM-ML (B) can be increased by 41% compared to that of
the same type of metamaterial, and the specific energy absorp-
tion of MM-ML (C) can be increased by 667% compared to that
of the same type of metamaterial without changing the design
principle. This further demonstrates the potential advantages of
the metamaterial design method proposed in this study in the
field of energy absorption.

5. Conclusion

Based on octahedral structures, this study designed a mechan-
ical metamaterial with multi-level loading effects through coor-
dinate transformation and a mirror array. MM-ML exhibits sig-
nificant two-level platform stress, and during the first stage of
platform stress, local cells of MM-ML undergo rotational motion.
During the second stage of platform stress, MM-ML mainly ex-
hibits collapse compression and bending. Due to the differential
deformation exhibited by MM-ML during different compression
stages, Poisson’s ratio of MM-ML is negative within the strain in-
terval exhibited during the first stage of platform stress and grad-
ually decreases. The diameter and length ratio of the support rod
and connecting rod in MM-ML have a significant impact on the
platform stress level. Within the predetermined design space, a
higher rod diameter can produce higher load levels and can in-
crease the range of negative Poisson’s ratio regulation, increasing
the potential for energy absorption. Although appropriately in-
creasing the length of the connecting rod can increase the range
of Poisson’s ratio, it will reduce the platform stress level and en-
ergy absorption. By adjusting the Euler angles, the strain ranges
of the first and second platform stresses can be effectively reg-
ulated. Increasing the Euler angles reduces the strain range of
the first platform stress and improves the energy absorption ca-
pacity. Additionally, increasing the number of cells while main-
taining a constant relative density can effectively enhance energy
absorption without significantly changing the strain ranges of the
first and second platform stresses. MM-ML with multi-level load
effects has significant parameter controllability and can adjust
its topology according to the needs of the application scenarios
to achieve different platform stress regions, different ranges of
Poisson’s ratios, and different energy absorption requirements.
As an energy-absorbing material for impact protection, it has a
higher specific energy absorption than existing metamaterials of
the same type, which provides a feasible solution for the protec-
tion design of future lightweight equipment.

6. Experimental Section
Specimen Fabrication: A laser powder bed fusion (LPBF) LIM-X260A

machine (Tianjin LiM Laser Technology Co., Ltd., China) is used for all
material fabrication. 316 L stainless steel is utilized as the printing mate-
rial. The printer parameters included a laser power of 285 W, a laser beam
diameter of 0.085 mm, a layer thickness of 40 μm, and a scanning speed
of 950 mm −1s.

Quasi-Static Test: The basic mechanics of the stainless steel materials
are evaluated using a universal testing machine at a speed of 1 mm/min.
The stress 𝜎 versus strain ɛ curves are plotted after compression, and the

following classical mechanical evaluation indicators are calculated from
these curves, as shown in Figure S1a (Supporting Information). The low-
speed quasi-static compression test of the metamaterials is carried out
by a universal material testing machine at a speed of 2 mm/min. The key
deformation processes are captured by a camera, as shown in Figure S1c
(Supporting Information).

Dynamic Test: A split Hopkinson pressure bar (SHPB) is used to eval-
uate the strain rates of the stainless steel materials, which are 1500, 2000,
3000, 4000, and 5000 s−1. The signals are evaluated in the form of the en-
gineering stress 𝜎, strain rate �̇�, and strain ɛ, and the relationships can be
obtained according to Equations (4), (5), and (6). The dynamic mechanical
tests of the metal materials are presented in Figure S1b (Supporting Infor-
mation). The dynamic compression test of the MM-ML is performed on a
drop hammer testing machine (Shenzhen Tianyi Technology Co., Ltd.). A
high-speed camera is used to capture the deformation patterns of short-
term impacts. The height of the hammer is 1000 mm, the size of the ham-
merhead is 100 × 100 mm, and the hammer weight is 30.62 kg, as shown
in Figure S1d (Supporting Information).

Simulation: Finite element analysis (FEA) is adopted for the analysis
of the deformation mechanisms. LS-DYNA software is used to carry out
the numerical simulations. The general explicit algorithm is suitable for
solving highly nonlinear problems involving contact and large deforma-
tions. All the metamaterials are modeled using a piecewise linear elastic-
plastic strain hardening material. The material properties include an elas-
tic modulus of 190.57 GPa, a yield strength of 282.77 MPa, a density of
7.98 g cm−3, and a Poisson’s ratio of 0.3. The Cowper-Symonds constitu-
tive model was used to define the mechanical behavior of 316 L stainless
steel, and its constitutive relationship is expressed as follows[62–63]:

𝜎y = 𝜎s
y

[
1 +

(
�̇�

C

) 1
P

]
(7)

where 𝜎y represents the yield stress at the current strain rate, 𝜎s
y represents

the yield stress under quasi-static compression, and �̇� represents the cur-
rent strain rate. C and P are constants obtained by performing curve fitting
with the experimental data. Based on the different strain rate load data ob-
tained in Fig. 3(b), C = 335 and P = 0.26 are ultimately obtained.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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[62] O. Červinek, H. Pettermann, M. Todt, D. Koutný, O. Vaverka, J. Mater.

Res. Technol. 2022, 18, 3684.
[63] R. Gümrük, R. A. W. Mines, Int. J. Mech. Sci. 2013, 68, 125.

Small 2024, 2403082 © 2024 Wiley-VCH GmbH2403082 (14 of 14)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202403082 by U
niversity O

f O
xford B

odleian, W
iley O

nline L
ibrary on [22/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com
https://doi.org/10.1002/adma.202308715

