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Metamaterials are widely studied due to their unconventional properties, which derive primarily from internal
artificial structures rather than the properties that make up their substrate. As a kind of metamaterial, me-
chanical metamaterial refers to materials with special mechanical properties based on geometric microstructures,
such as auxetic mechanical behavior, multistable state, adjustable stiffness, etc. Compared with traditional
materials, mechanical metamaterials can be designed to achieve a variety of unique physical properties to meet
the requirements of various fields. They usually have the characteristics of lightweight, high specific stiffness and
strength, controllable Poisson’s ratio designable anisotropy, etc. They can meet the requirements of multiple
functions while meeting the load-bearing performance. They can be used as structural support materials, energy
absorption materials, noise reduction materials, thermal conductivity materials, and biological materials, and
have broad application prospects in aviation, navigation, medicine, and etc. In this work, we reviewed the basic
design ideas, deformation mechanism, and mechanical properties of mechanical metamaterials. The design
principles and performance analysis methods of shape memory polymers (SMP) are emphasized. he key problems

in the design and development of such materials and the future development trend are also discussed.

1. Introduction

Metamaterials have abnormal properties which are rare or even not
possessed by traditional materials, which brings a new vision and
exploration method to the research field of materials science. Generally,
the properties of natural materials are not determined by one property
or a series of grain boundary engineering characteristics. It is deter-
mined by the constitutive relationship between the components of the
material or the structural units, that is, by the structural mode of com-
bination between different units. Accordingly, its external macroscopic
mechanical behavior features play its due use value in engineering.
Consequently, metamaterials attempt to remove the influence of natural
material components and highlight the role of artificial atoms (cells) in
geometric construction. That is, to build new materials by optimizing
the geometric structure of modular artificial atoms either periodically or
aperiodically. The equivalent mechanical properties of the structural
materials obtained in this way can be freely adjusted by the designer
according to requirements, creating supernormal mechanical properties
never seen in nature.
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As a kind of artificial functional material, the concept of meta-
materials was first put forward in the field of electromagnetism. It refers
to obtaining novel characteristics that are rare or do not have in natural
materials by artificial design. The supernormal properties are deter-
mined by the design parameters of the unit structure and have no
essential relationship with the natural properties of the component
materials themselves. With advances in nanotechnology, 3D printing,
and 4D printing technology, researchers can manufacture materials with
structural accuracy up to the micron and nanoscale, which provides a
larger platform for the research and application of metamaterials.

The disparate properties of metamaterials are derived from artifi-
cially designed structural units and are not intrinsically related to their
constituent materials. The research of metamaterials began in electro-
magnetism[1-5], and then extended to the fields of acoustics[6-14],
heat [15-18] and mechanics [19-21], and realized a series of strange
properties. In many fields of metamaterial research, mechanical meta-
materials are a focus of attention. Unlike natural materials, mechanical
metamaterials do not rely on the chemical composition of their com-
ponents but are strictly controlled by their internal unit structure.

Received 6 August 2024; Received in revised form 14 December 2024; Accepted 16 January 2025

Available online 17 January 2025

0263-8223/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0002-7045-912X
https://orcid.org/0000-0002-7045-912X
https://orcid.org/0000-0002-4874-6122
https://orcid.org/0000-0002-4874-6122
https://orcid.org/0000-0001-8269-1594
https://orcid.org/0000-0001-8269-1594
mailto:zhaowei_2022@163.com
mailto:yj_liu@hit.edu.cn
www.sciencedirect.com/science/journal/02638223
https://www.elsevier.com/locate/compstruct
https://doi.org/10.1016/j.compstruct.2025.118872
https://doi.org/10.1016/j.compstruct.2025.118872
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruct.2025.118872&domain=pdf

J. Gu et al.

Therefore, the design freedom of mechanical metamaterials is much
wider than that of natural materials.

Due to the great operability of the unit structure, it opens a door to
explore specific mechanical properties, which greatly expand the design
method, and give birth to a series of unconventional and even counter-
intuitive properties. Examples include structures with negative Pois-
son’s ratio [22-24], negative thermal expansion [25,26], ultra-high
strength and ultra-low mass density [27], multistable state [28-30],
etc. Mechanical metamaterials have become a hotspot because of their
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abnormal physical properties and wide application potential in the fields
of acoustics, vibration control, mechanical design, etc.

The design concept involves the design of the microstructure of
matter and achieves a predetermined macroscopic mechanical response
by controlling the shape, size, and arrangement of the internal structural
units. This design is not only the material selection and processing, but
also a higher dimension design idea of “structure determines perfor-
mance”. For example, by designing periodic arrays of microstructural
units, mechanical metamaterials can control the propagation path and

(b)

(e) Miura pattern (m:n.)
-

lechanium: Anti
rachirsl,

=20

Fig. 1. Typical unit structures of negative Poisson’s ratio metamaterials (a) Rotating polygon structure[54] (b) Cellular unit structure[55] (c) Concave structure[56]
(d) Chiral structure [57] (e) Origami structure[58]; (f) Chiral metamaterial design that can mimic mechanical properties of tissues [65] (g) Poisson’s ratio range of

typical structure [53].
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behavior of waves to achieve wave guidance, focusing, and reflection. In
the field of mechanical engineering, it is possible to design new shock-
absorbing and energy-absorbing structures utilizing structures with
negative Poisson’s ratio property. In addition, this material is also
beginning to show its advantages in aerospace, automotive, protective
equipment, and more fields. Based on mechanical metamaterials, it can
also realize the characteristics that natural materials do not have, such
as programmable[31,32] and logical operation [33]. Mechanical meta-
materials have become a pioneer in exploring the world of mechanics
and a catalyst for the integration of mechanics with other disciplines.

Based on different geometric characteristics of mechanical meta-
materials, this work focuses on the basic situation in artificial geometry
construction, including lightweight, negative thermal expansion, and
superfluid research progress, as well as the relationship between
different configurations and supernormal mechanical properties. In this
paper, the basic concepts and theories of mechanical metamaterials are
clarified, their applications in structural and functional materials are
briefly introduced, and the development of mechanical metamaterials is
reviewed. The limitation factors of the development of mechanical
metamaterials are summarized, including the development direction
and research focus.

2. Auxetic mechanical metamaterials
2.1. Characteristics of negative Poisson’s ratio metamaterials

Auxetic mechanical metamaterials are designed to exhibit negative
Poisson’s ratio properties on a macro level, which describes the negative
value of the relative amount of lateral and axial deformation of a ma-
terial under axial load. Auxetic mechanical metamaterials expand
laterally under axial tension [34,35], and exhibit excellent mechanical
properties such as shear resistance [36-38], indentation resistance
[39-41], negative thermal expansion [26,42-45] and impact resistance
[46]. These unusual properties can be applied to flexible electronics,
robotics, etc [47-50]. There are a few natural materials exhibiting
negative Poisson’s ratio effect, such as zeolite [51] and cristal [52].

2.2. Design of artificial negative Poisson’s ratio metamaterials

The design idea of common auxetic mechanical metamaterials can be
illustrated by the structure shown in Fig. 1(a-e). According to different
artificial atomic structure styles, the negative Poisson ratio value of
auxetic mechanical metamaterials has a relatively wide range, even up
to —20 [53]. These structures include rotating polygon structures [55],
concave structures [56], chiral structures [57] and origami structures
[58]. As shown in Fig. 1(b), when the rotating polygon structure is
stretched along one direction, the polygons rotate, causing an increasing
gap between them, increasing the transverse size of the structure.
Similar to the rotating polygon, the space of the longitudinal straight bar
of the concave structure increases when stretched, exhibiting a negative
Poisson’s ratio effect. As shown in Fig. 1(d), for the chiral structure, the
compressed ligaments push the central rigid body to rotate, which drives
other ligaments to curl, while its lateral deformation is negative.

Furthermore, another typical structure with a negative Poisson’s
ratio is origami based structures. Generally, expansibility, plane fold-
ability and rigid foldability are the three characteristics generally
considered [59]. Miura origami is a typical method for designing met-
amaterials with auxetic properties as shown in Fig. 1(e). By adjusting the
topology parameters, the Poisson’s ratio can be designed within a
certain range [58,59]. These basic structural forms become the “gene
pool” of metamaterial with auxetic properties. Based on these structures,
many metamaterials with auxetic properties can be designed through
hybrid principles, combination principles, and gradient principles
[60,61], especially combining lightweight lattice structures.
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2.3. Additive manufacturing Techniques and wavy ligament
microstructures

In addition, there is a class of auxetic structures belonging to the
category of structural optimization that can be obtained by establishing
mathematical optimization objective functions [62,63]. However, most
auxetic metamaterials are limited by the manufacturing method and
small strain range of the raw materials. These limitations can be
addressed by 3D/4D printing technology and the wavy ligament
microstructures.

The geometric diversity of ligament endows these structures with
adjustable mechanical properties. The multi-scale materials, which are
composed of microstructure arrangements, exhibit constant Poisson’s
ratio properties. The stress—strain curve with a “J” shape obtained by
this design method realized the bionics of biological tissue, exhibiting
application potential in flexible electronics and tissue engineering [64].
As shown in Fig. 1(f), inspired by the microstructure of collagen fibers in
biological tissues, Xin et al. [65] designed a kind of chiral structure
combined with the wavy ligament. The structure was fabricated by 4D
printing technology, which endows it with designable and reconfig-
urable mechanical properties. Furthermore, by changing the geomet-
rical parameters, the stress—strain curves can replicate the mechanical
properties of skin, iliac artery, muscle fibers, and other tissues.

3. Lattice mechanical metamaterials
3.1. Classification and characteristics of lattice structures

The lattice structure has evolved from regular lattice to irregular
lattice, from single material to composite materials, and from simple
geometry to topological structure. According to the geometric structure
of the core plate, the lattice structures can be classified as two-
dimensional and three-dimensional [66]. The honeycomb structure is
the most typical two-dimensional lattice structure. As shown in Fig. 2
(a), the hexagonal honeycomb core plate is obtained by arranging along
the normal direction of the plane. Fig. 2(b) illustrates the load-bearing
characteristics of several two-dimensional lattices. The three-
dimensional lattice structure is that the core plate is repeatedly ar-
ranged by elements such as rods and nodes in the three-dimensional
space [67].

According to the arrangement of single cells, they can be divided into
random and periodic lattice structures [68,69]. The random lattice
structure is characterized by its internal structure consisting of cells with
random size and shape distribution, as shown in Fig. 2(c) [67]. Further,
according to its core plate style, the periodic lattice structure includes
the pyramid structure, tetrahedron structure, three-dimensional
Kagome structure, and various topological structures as shown in
Fig. 2(d). For the core plates with different configurations, the forming
methods and materials are also different [70,71]. In addition, with the
development of 3D printing technology, gradient lattice structures with
varying densities and materials are developed. The gradient lattice
structure mainly includes material gradient, cross-section gradient, cell
gradient, and cell topological gradient. Generally, these structures can
achieve better energy absorption, heat insulation, and lightweight than
the traditional lattice structure by adjusting parameters such as cell
density, shape, size, and direction.

3.2. Lattice materials

The microstructure of lattice materials is rich in designability and
can meet different requirements in the engineering fields. As shown in
Fig. 2(e), in practical applications, lattice material is usually used as the
core layer to connect the upper and lower two panels to make a lattice
sandwich structure[72].

Furthermore, Hedayati et al. [73] investigated the basic mechanical
properties of porous Octahedron lattice metamaterial manufactured by
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Fig. 2. (a) Schematic diagram of hexagonal honeycomb structure core plate (b) Bearing characteristics of several 2D lattices[46] (c) Random lattice structure[67] (d)
Periodic lattice structures[69] (e) Lattice-based sandwich plate structure [72] (f) The mechanical properties of lattice metamaterials [75] (g) 1. Gradient lattice
structure [72] 2. Show how to apply radius variation to a signed distance function by assigning radii to the vertices of a line segment [76] 3. Hybrid lattice structure
[79] (h) A lattice strengthening method combining face-centered cubic structure with high toughness concentric circle structure [81] (i) Lattice structure of bio-
mimetic bamboo microstructure [73] (j) The lattice strengthening method that the pillar structure is improved to the shell structure [78].

4D printing technology, as shown in Fig. 2(f). It is found that topological
optimization can improve the mechanical properties of lattice
metamaterial.

3.3. FCC structure and hybrid lattice structures

Fuller et al. [74] proposed the face-centered-cubic lattice structure,
consisting of an inner Octahedron with twelve pillars surrounded by
eight Tetrahedra [75]. To prevent the unstable buckling of the
compression rod caused by axial compression, the geometry of the
external tetrahedron is modified and the connectivity of the nodes is
reduced. To reduce density, shorter struts are designed to link these
interconnects. Zhang et al. [76] developed a gradient lattice structure
with controllable deformation characteristics and mechanical proper-
ties, as shown in Fig. 2(g) — 1. By enlarging the FCC structure at different
scales, the final gradient lattice structure can be obtained. Sun et al. [77]
developed hybrid lattice structures that combined the advantages the
FCC structure and the bending deformation dominant structure as
shown in Fig. 2(g) — 3. Combined with a face-centered cubic and a
concentric circle structure, Wei et al. [78] developed a kind of lattice
structure with excellent energy absorption ability and high toughness as
shown in Fig. 2(h).

3.4. Other lattice structures

Echeta et al. [79] proposed a modeling framework to implement a
series of shapes and surface defects based on support meshes. This work
demonstrates how to simulate radius variations, strut waviness, and
gives intuitive mathematical definitions. The local mechanical proper-
ties of the structure can be controlled by using the notched or broken
pillar as shown in Fig. 2(g) — 2.

Bamboo has good mechanical properties, which are stronger and
denser than wood, and has higher compressive and flexural strength.
The unique microstructure of bamboo walls is the material basis of the
excellent mechanical properties exhibited by bamboo. Combined 4D
printing technology and bionic design, Zhao et al. [80] developed a
series of structures with excellent energy absorption and programmable
characteristics. The cross-section of bamboo is simplified into the form
of a truss and applied to the lattice structure as shown in Fig. 2(i).
Through experiments and numerical simulations, Kaur et al. [81]
concluded that specific complex cell topologies can achieve significant
heat transfer performance compared with disordered porous materials,
and lattice materials may have higher heat transfer coefficients under
similar porosity.

Chen et al. [82] proposed a low-density nylon shell lattice (SL) based
on a truss lattice (TL) as shown in Fig. 2(j). Its shape is similar to the
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body-centered cubic structure, and the pillar is replaced by the shell,
which effectively alleviates the stress concentration at the node.

4. Multistable mechanical metamaterials
4.1. Classification and characteristics of multistable structures

Multistable metamaterials refer to metamaterials with two or more
stable states in the static equilibrium state. There are energy barriers
between each state, and when a structure changes from one state to
another, it needs to absorb energy and break through the energy barriers
before releasing energy. The design idea of multistable metamaterials is
shown in Fig. 3, including (1) the metamaterial design method incor-
porating flexible shells and beams [83-87], which makes it easier to
develop new configurations by combining two-dimensional lattice
structures. (2) Another method is to lay an asymmetric laminate struc-
ture based on the different thermal expansion coefficients of fiber and
matrix [88]. This kind of structure is mainly a plane structure, but it can
produce large crimps[89]. Consequently, more excellent crimp perfor-
mance can be obtained by the combination and superposition of mul-
tiple structures as shown in Fig. 3(b). (3) Multistable metamaterial based
on origami design. Generally, origami structure only needs to absorb less
energy to break through the energy barrier [90-93]. Because the
origami structure itself has the advantage of folding, multiple steady
states have significant shape differences as shown in Fig. 3(c). (4)
Multistable metamaterial using magnetic actuation [94,95]. The module
with magnetic force is embedded into the structure for design, making
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the structure repeatable, as shown in Fig. 3(d). The above design
methods can also be combined [96]. Due to the extraordinary energy
absorption and vibration isolation properties of multistable meta-
materials, future research on multistable metamaterials remains a focus.

4.2. Application of bistable structure design

Inspired by the frog’s hind legs in the jumping process, Yue et al. [97]
carried out an evolutionary improvement design on the traditional
bistable cosine beam structure as shown in Fig. 3(e). First, two flexible
inflection points were added to the beam to decouple the rotational
degrees of freedom of the constrained nodes and finally, the part that
could connect the external accessories was extended. The assembly
strategy with ideal boundary conditions is proposed by using gears,
bearings and frames for the designed cell. The gradient combination is
introduced in the form of a 1D chain along the loading direction to
overcome the uncertainty of the deformation sequence, and the me-
chanical curve is constructed with function orientation. By utilizing
different peak forces and combinations in various unit motifs with
dominant buckling, multiple buckling and multistable responses with
controllable peak forces can be achieved. A swimming robot with a
variable soft metamaterial paddle designed with bistable characteristics
can obtain propulsion force by triggering SME to complete pre-
programmed underwater propulsion tasks as shown in Fig. 3(f) [98].
SMP can be combined with a multi-stable state to produce autonomous
and controllable characteristics due to the variable stiffness and shape
memory. By the reverse designing of the microstructure, more
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Fig. 3. Multisteady state metamaterials (a) Multistable metamaterials incorporating buckling shells and beams [83,87]; (b) Multistable metamaterials with different
thermal expansion coefficients between fibers and matrix[88,89] (c) Multi steady state metamaterials based on origami design[91] (d) Multi stable Metamaterials
Driven by Magnetism|[94] (e) Design of programmable bistable mechanical metamaterials [97] (f) Variable stiffness and shape memory multi-stable state mechanical

metamaterials [98].
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Fig. 4. (a) Metamaterials undergo torsional deformation during compression [99] (b) Compression torsion coupled metamaterials[100] (c) Compression torsion
mechanics metamaterials based on diagonal rod structures 1. Compression torsion mechanics metamaterial based on a single diagonal rod structure (Left) and its
structural elements (Right); 2. Experimental verification of the compression torsion effect of single diagonal rod metamaterials [101] 3. Compression torsion me-
chanical metamaterials based on double diagonal bar structure (left) and their structural elements (right); 4. Experimental verification of the compression torsion
effect of double diagonal rod metamaterials[102] (d) Design of compression torsion coupling structure using origami technology[103] (e) Continuous carbon fiber
reinforced 4D printing chiral mechanical metamaterial [105] (f) 3D chirality structure with chirality and anti-chirality topology [106] (g) Shape memory chiral
tubular structure with adjustable mechanical properties [107].
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intelligent multistable metamaterials with multiple functions can be
produced.

5. Chiral mechanics metamaterials
5.1. Characteristics of chiral mechanical metamaterials

Unlike traditional materials, which increase (decrease) in size in the
direction of stress when subjected to uniaxial tensile stress (compressive
stress), metamaterials with a twist exhibit torsional deformation when
subjected to uniaxial stress, with degrees of freedom exceeding Cauchy
elasticity. Torsional deformation occurs when a compression-torsion
coupling metamaterial is stretched or compressed. The first report of
metamaterials with a twist was published in Science [99] as shown in
Fig. 4(a).

Duan et al. developed a new type of three-dimensional chiral struc-
ture combined with non-centrosymmetry into a microstructure design.
The relationship between the elastic constant and the structural pa-
rameters was analyzed by the finite element method as shown in Fig. 4
(b). The homogenization method is proposed to accurately describe the
size effect and tension-torsion coupling effect [100]. Subsequently,
tension-torsion coupling metamaterials with different microstructures
have been developed. Zhong et al. [101] and Wang et al. [102] designed
inclined bars based tension-torsion metamaterials as shown in Fig. 4(c),
with maximum torsion angles at the deformation of 1 %, are 18° and 6°,
respectively.

5.2. Programmable chiral mechanical metamaterials

However, most of the current tension-torsion metamaterials have
the following limitations: weak tension-torsion effect (~0.2 rad/%),
small strain range and mechanical behavior that is not programmable.
The main reason for the weak tension-torsion effect is that ten-
sion-torsion materials are usually composed of periodic interconnected
microstructures to maintain the inherent configuration and exhibit the
macroscopic constitutive behavior. The macroscopic mechanical prop-
erties of tension-torsion materials (stress—strain relationship, torsion
Angle) are determined by the geometrical parameters of the micro-
structure [103]. It means that the mechanical properties of meta-
materials are invariable after preparation, and they cannot be
programmed and reconfigured. Consequently, Tao et al. [104] designed
and prepared an origami metamaterial with an adjustable stress—strain
curve and controllable compression distortion using 4D printing tech-
nology. Origami structures can achieve shape programming, self-
unfolding, and adjustment of mechanical properties utilizing the shape
memory effect (SME). In addition, the origami metamaterial can be
switched between monostable and bistable as shown in Fig. 4(d). The
compressive distortion behavior of metamaterials is adjusted by struc-
tural parameters and temperature field. Zeng et al. [105] designed and
prepared the chiral honeycomb structure utilizing continuous fiber-
reinforced composite material and 4D printing as shown in Fig. 4(e).
The mechanical properties of the honeycomb structure can be adjusted
by adjusting the wavelength and amplitude of the curved ligament.

Through the bionic design of the chiral structure of the virus, 3D
chirality structure with chirality and anti-chirality topology was
designed as shown in Fig. 4(f), which exhibits obvious tension-torsion
coupling behavior. Further, the local torsion Angle and Poisson’s ratio
can be adjusted by arranging the unit cell with different geometrical
parameters. Furthermore, the structure can adjust its geometrical
configuration utilizing SME [106], which will allow a structure to switch
between different mechanical properties.

Subsequently, Zhao et al. [107] designed and prepared a shape
memory chiral tubular structure, realizing the controllable adjustment
of Poisson’s ratio from —1 to 0.94 as shown in Fig. 4(g). It can be pro-
grammed to any shape utilizing the SME, and it will be endowed with
new mechanical properties after being shaped.
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6. Pixel mechanical metamaterials
6.1. Characteristics of Pixelated mechanical metamaterials

Pixel mechanics metamaterials, the concept is derived from the
coupled deformation between individual array structures in nature, such
as hedgehog thorns.

Similar to the screen that adjusts 2D images by changing the color of
pixel points, pixel-mechanical metamaterials adjust the macroscopic
mechanical properties by changing the configuration of mechanical
pixels in an array. The pixel mechanical metamaterials release the excess
constraint inside the traditional metamaterials and endow the materials
with great deformation freedom. By adjusting the geometry of me-
chanical pixels, the mechanical properties can be modular, program-
mable, and reconfigurable.

6.2. Design of Pixelated mechanical metamaterials

Pan et al. [108] prepared pixel mechanical metamaterials using
multistable structures as mechanical pixels as shown in Fig. 5(a). The
programmability and multistability of pixel mechanical metamaterials
are systematically characterized by experiments, mechanical theory
analysis, and finite element simulation. The design strategy can be used
for a variety of purposes, from shape-shifting machinery to energy ab-
sorbers that can be used in car accidents and rockets, etc. Chen et al.
[109] designed and fabricated a metamaterial whose function can be
reprogrammed as needed as shown in Fig. 5(b). This structure is similar
to a hard disk drive that stores data by reading and writing magnetic
media, and each bit has two reversible magnetization states. The met-
amaterial can change the steady-state form of each bit by applying a
magnetic field, thus achieving the input and feedback of mechanical
properties. Inspired by the microstructure of collagen fibers, Xin et al.
[110] obtain pixel mechanical metamaterials with adjustable and
reconfigurable functions as shown in Fig. 5(c). By changing the config-
uration of mechanical pixels, the twist Angle and twist direction in the
pixel mechanics metamaterial can be adjusted.

The concept of voxels is similar to pixels in two-dimensional space
but applied to three-dimensional space. It is a kind of mechanical met-
amaterials, like higher-order versions of Lego, made from flat frame
pieces of injection molded polymer that are then manufactured into
three-dimensional shapes, which can be combined into larger structures
further. Based on the modularization of finite sets and discrete assembly
of large quantities of parts, a mechanical metamaterial construction
system is proposed. A lightweight, yet rigid framework is provided when
the voxels are connected, such as “compliant” voxels [111]. The Pois-
son’s ratio of the structure is zero, and there will be no side deformation
during compression, which is rarely shown by previously known mate-
rials as shown in Fig. 5(d).

7. Mechanics metamaterial with negative stiffness
7.1. Monostable and multistable mechanical metamaterials

Negative stiffness mechanical metamaterial is a kind of periodic
structure with negative stiffness characteristics, which can be divided
into monostable negative stiffness metamaterial and bistable negative
stiffness metamaterial. The monostable negative stiffness metamaterial
can be restored to its initial form without external force. However, the
multistable negative stiffness metamaterial can retain its deformation in
the other state. Multistable negative stiffness metamaterials possess
multiple stable states and retain their deformed shapes after unloading.
These states can be switched by applying and removing external forces.
For instance, in some scenarios, the structure deforms under external
force after heating and retains its fixed shape upon cooling. Subsequent
unloading followed by further heating allows the structure to revert to
its original shape. Mechanics metamaterials with negative stiffness
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Compliant metamaterials replace stiff
beams with planar spring elements.

These allow significant elastic strain and
deformation withoul plastic failure.

They exhibit continuous effective stiffness
from single to multi-voxel assemblies.

Fig. 5. (a) Pixel mechanical metamaterial developed by Pan et al [108] (b) Programmable Metamaterials[109] (c) Pixel mechanical metamaterials with adjustable
and reconfigurable mechanical properties [110] (d) Voxels mechanical metamaterials with excellent mechanical properties [111].

exhibit extensive attention in the field of energy harvesting. Monostable
negative stiffness mechanical metamaterials are typically utilized in self-
recoverable, reusable energy dissipation devices through energy ab-
sorption. Their mechanical response is characterized by a long zigzagged
loading and unloading platform, with the enclosed area under the hys-
teresis loop representing the energy dissipated by the structure. Typical
metamaterial structures with negative stiffness include pre-curved
beams. Correa et al. [115] conducted compression tests on pre-bent
beams manufactured by laser sintering as shown in Fig. 6(a).

7.2. Design of negative stiffness metamaterials

Li et al. [116] adopted Braffey sequence theory to design multi-
direction buckling negative stiffness metamaterial, and manufactured
samples through 4D printing technology to verify it. The results show
that the mechanical effects are independent when the directions of
negative stiffness are orthogonal to each other. When the direction of the
negative stiffness is not orthogonal, the mechanical effects will affect
each other. As shown in Fig. 6(b), Ren et al. [117] designed a new type of
high-performance impact protection device for ship equipment
composed of multi-layer cosine curved beams with negative stiffness.
The impact resistance mechanism is based on the nonlinear mechanical
characteristics of cosine curved beams with rigidly fixed ends under
transverse ballast.

As shown in Fig. 6(c), by introducing embedded negative stiffness
components, Hewage et al. [118] developed a flexible mechanical
metamaterial with both negative stiffness and negative Poisson’s ratio
characteristics. Morris et al. [119] developed a negative stiffness met-
amaterial with adjustable mechanical properties as illustrated in Fig. 6
(d). By embedding a small number of negative stiffness components in
the structure, the damping is significantly improved without reducing

the stiffness, which provides a new idea for designing structures with
integrated and damping functions. Tan et al. [120] proposed a reusable
metamaterial that uses plastic deformation to dissipate energy and ex-
hibits negative stiffness through inelastic instability. Finally, based on
the interlocking assembly method, a three-dimensional negative stiff-
ness structure is proposed and fabricated, as shown in Fig. 6(e).

8. Origami mechanical metamaterial

Origami, as an ancient art of origami, has been deeply involved in the
field of science and engineering. Origami structures are rich in forms,
and many origami structures have some metamaterial characteristics,
which can transform the folding principle of origami into a complex
three-dimensional structure design concept and realize various func-
tions. The introduction of origami technology into the design of meta-
materials can break through the limitation of single and uncontrollable
forms of natural materials and obtain more mechanical metamaterials
with special properties. The multiple support system realized by folding
structure enables the origami metamaterial to perform well in carrying
capacity and compressive strength. In addition, the multiple support
system realized by folding structure enables the origami metamaterial to
perform well in carrying capacity and compressive strength. By chang-
ing the folding Angle, geometry, and material properties, the mechani-
cal response of the material can be programmed to achieve adaptive
properties.

8.1. Origami-Based metamaterials based on Miura-Ori design

Schenk et al. [121] first proposed two stacking metamaterials based
on Miura-ori, which can be folded and unfolded synchronously and
processed into any desired form through geometric design. The basic
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Fig. 6. (a) Pre-bending beam compression test[115] (b) Plane inclined beam element and cylindrical inclined beam element [117] (c)Scalable mechanical meta-
materials with both negative stiffness and negative Poisson’s ratio characteristics[118] (d) Two dimensional negative stiffness metamaterials with adjustable me-
chanical properties[119] (e) Three-dimensional negative stiffness metamaterials[120].

unit can be self-locked by geometric design, which is used in shock ab-
sorption and energy absorption as shown in Fig. 7(a). Utilizing Miura-ori
origami, Wei et al. [122] designed a type of mechanical metamaterial,
which could exhibit negative and positive Poisson ratios for in-plane and
out-of-plane bending as shown in Fig. 7(b). Li et al. [123] developed an
origami metamaterial with adjustable stiffness by connecting multiple
Miura-ori layers along the crease line and filling the tubular units be-
tween the layers with fluid as shown in Fig. 7(c). The relationship be-
tween the deformation mode and the initial folding structure was
studied, and the feasibility of the adjustable stiffness of the 3D printed
metamaterial was tested through the experimental study.

Utilizing Miura-ori, Sadeghi et al.[124] design a honeyhole-like
stacked origami mechanical metamaterial, as shown in Fig. 7(d). The
quasi-zero stiffness characteristics of the metamaterial were studied, and
the feasibility analysis of low-frequency vibration isolation was con-
ducted based on the nonlinear characteristics. Filipov et al. [125]
established a rigid folding origami tube based on Miura-ori and com-
bined it in the way of a “zipper interlace”, thus greatly improving its
stiffness. It provides new ideas for designing mechanical metamaterial
with properties of deployable, multifunctional, and adaptive as shown in

Fig. 7(e).

In general, once metamaterials are prepared, their mechanical
properties tend to be fixed. This is because the structure and composition
of these materials have been defined and determined during the prep-
aration process, so the mechanical properties such as stiffness, strength,
deformation ability, etc., usually do not change significantly during
subsequent service. However, as research progresses, metamaterials that
can adjust their mechanical properties as external conditions provide
them with greater flexibility and versatility in practical applications.

8.2. Other Types of metamaterials based on origami structural Designs

Yue et al. [126] developed a three-dimensional thick wall kirigami-
based mechanical metamaterials. The structures are fabricated by 4D
printing and can realize shape switches from plane structure to three-
dimensional honeycomb structure utilizing the SME as illustrated in
Fig. 7(f). Zhao et al. [127] propose a new design strategy for 4D-printed
metamaterials with programmable stiffness as shown in Fig. 7(g). The
mechanical properties can be adjusted by changing the geometric pa-
rameters utilizing the origami concept and SME. Furthermore, Zhao
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et al. [128] combined the origami concept and 4D printing technology to
design and prepare a tubular structure with a large folding ratio as
shown in Fig. 7(h). Through the parametric design of single cells, the
maximum shrinkage ratio can reach 94 %, and the expansion can be
completed within 30 s under the stimulation of a thermal environment,
which exhibits great application potential in tissue stents.

9. Conclusions

Since the concept of mechanical metamaterials was put forward, it
has always been a research field with active basic research and highly
anticipated application prospects. However, the application of meta-
materials has lagged behind expectations and has not yet resulted in a
technology that has a significant impact on the industry. In recent years,
the pace of metamaterial industrialization has accelerated, and in the
next few years, disruptive technologies are expected to be produced in
information technology, energy engineering, high-end equipment,
medical testing, and other fields. At present, the common special me-
chanical properties of mechanical metamaterials are low density and
high strength, negative Poisson ratio expansion, auxetic properties,
negative compressibility with negative shear modulus, negative thermal
expansion, and shear modulus blanking superfluid. These special prop-
erties will not only promote the rapid development of material design
and preparation technology but also expand the application field and
scope of metamaterials further.

However, compared with traditional materials, the research of me-
chanical metamaterials started late, the development is not mature, so
the preparation technology and mechanism research need to be further
strengthened. The development of artificial intelligence (AI) technology
provides new opportunities for the further development of meta-
materials. In the past year, the Al technology marked by Chat-GPT has
advanced by leaps and leaps, and it is also emerging in the field of
materials research and design. Metamaterials, as a class of material
systems with the most diverse design characteristics, should be the first
beneficiaries of artificial intelligence technology. In theory, all the
design principles and data of metamaterials can be mounted on artificial
intelligence technology, which is expected to greatly shorten the
development and design cycle of metamaterials.

At present, there are still some problems that need to be solved in the
field of mechanical metamaterials: (1) the preparation process and
technology can not meet the accuracy requirements of the design
structure and model, so there is a certain difference between the product
and the design, and the desired performance of the material can not be
fully realized; (2) The application field of special properties of materials
needs to be expanded and explored. Therefore, in the future, the
development of mechanical metamaterials maybe should focus on the
following aspects: (1) Design and optimize structures or models with
novel mechanical properties through computational analysis or software
simulation, and analyze their internal mechanisms; (2) Develop and
optimize 3D/4D and other preparation technologies to improve the
detailed accuracy and controllable accuracy of products, and expand the
controllable scale of structural units (such as microns and nanometers),
enrich the phase of products (such as metals and ceramics), and improve
the performance of products; (3) Combine a single property (such as
lattice structure and negative Poisson ratio, etc.) with a feature (such as
origami and compilation, etc.) to open up the connection between the
properties of metamaterials.
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