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Metamaterials are artificially created materials or structures with properties not
found in nature. They encompass electromagnetic, acoustic, and mechanical
metamaterials, which are particularly significant in applied engineering.
Mechanical metamaterials exhibit unique mechanical properties such as
vanishing shear modulus, negative Poisson’s ratio, negative compressibility, etc.
This paper reviews the most commonly used mechanical metamaterials and
discusses their applications in the field of applied engineering, specifically in
vibration isolation, energy absorption, and vibration reduction. The prospects
for future developments in this field are also presented.
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1 Introduction

Metamaterials are artificially created materials or structures with properties not found
in nature. With advancements in metamaterial research, various types have emerged,
including electromagnetic metamaterial, acoustic metamaterial, mechanical metamaterial,
etc., as shown in Figure 1.

Veselago (1968) first proposed the concept of metamaterials and introduced the
theoretical concept of materials with inverse physical characteristics, such as a negative
refractive index, negative permittivity, and permeability. A significant advancement in
metamaterials occurred in 1999 when physicist John Pendry published a theoretical paper
proposing the creation of non-magnetic thin sheets of metal that respond to microwave
radiation with effective magnetic permeability (Pendry et al., 1999). Further contributions
were made by Dr. Smith in 2004, who developed a metamaterial capable of refracting
electromagnetic radiation (Smith et al., 2004). Additionally, optical transformation was
proposed to control wave propagation using metamaterials (Leonhardt, 2006).

Electromagnetic metamaterials are artificially engineered to have distinct
electromagnetic properties not seen in natural materials. They are created by arranging
small structures in a specific manner to control the behavior of electromagnetic waves.
The first work on electromagnetic metamaterials was conducted in the early 1990s by John
Pendry and his colleagues (Pendry et al., 1999). They proposed a new type of material that
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FIGURE 1
Types of metamaterials. Adapted with permission from (Monteverde et al., 2001). Copyright 2001, The American Association for the Advancement of
Science; Adapted with permission from (Park et al., 2011). Copyright 2011, American Physical Society; Adapted with permission from (Chen et al., 2017).
Copyright 2017, American Physical Society; Adapted with permission from (Yuan et al., 2019). Copyright 2019, American Physical Society; Reproduced
under the terms of the CC-BY license from (Zou et al., 2023). Copyright 2023, The Authors. Published by MDPI; Reproduced under the terms of the
CC-BY license from (Galea Mifsud et al., 2024). Copyright 2024, The Authors. Published by MDPI.

could have a negative dielectric constant and permeability, allowing
it to refract light in away thatwas not possiblewith naturalmaterials.
These materials are designed to transcend the limitations of
natural materials exhibiting unique properties, such as the negative
refractive index (Smith et al., 2000; Chang et al., 2024), cloaking
(Shin et al., 2012; Fujii et al., 2013; Jung et al., 2021), superlensing
(Aydin and Ozbay, 2007; Haxha et al., 2018; Yuan et al., 2019), etc.

Acoustic metamaterials are artificially designed materials that
manipulate sound waves in unique ways. Similar to electromagnetic
metamaterials, subwavelength structures are arranged in acoustic
metamaterials to create desired acoustic properties. The first
experimental implementation of an acoustic metamaterial was a
2D photonic crystal demonstrating negative refraction of acoustic
waves (Zhang and Liu, 2004). This experiment showed that the
refracted wave possessed a negative refractive index within a
certain frequency range. Additional research has demonstrated that
locally resonant structures can exhibit a negative mass density
during acoustic resonance (Huang and Sun, 2009; Chen H. et al.,
2015; He et al., 2023). The development of acoustic metamaterials
has led to the discovery of various properties including negative
reflection index (Zhang and Liu, 2004; Brunet et al., 2015; Park and
Lee, 2019; Wang et al., 2021; Kuci et al., 2024), sound absorption
(Yang et al., 2015a; 2015b; Cummer et al., 2016; He et al., 2024),
cloak (Chen et al., 2017; Jin et al., 2019), etc.

Artificial structures with unique mechanical properties,
determined by the composition of the material and the geometry
of the elements, are known as mechanical metamaterials. They are
part of the family of metamaterials, which encompass concepts in
electromagnetism, acoustics, and mechanics. Similarities between
acoustic and mechanical metamaterials include their capacity to
manipulate waves, exhibit negative properties, and create band
gaps. Mechanical metamaterials are designed to overcome the
limitations of conventional materials such as metals and composites

in mechanical properties. These properties come from the principle
of the interaction of waves with periodic structures. Although
composite structures in mechanics are not new, 3D methods
for designing such artificial microstructures are just beginning
to be developed, especially for unusual macroscopic properties.
Mechanical metamaterials possess superior mechanical properties,
such as negative Poisson’s ratio (i.e., auxetics) (Hewage et al.,
2016; Dudek et al., 2020; Mizzi et al., 2020; Lim, 2024), vanishing
shear modulus, (Christensen et al., 2015; Dudek et al., 2020;
Lymperopoulos and Theotokoglou, 2022; Wei et al., 2023), negative
stiffness (Hewage et al., 2016;Gao et al., 2021; Zhang K. et al., 2023),
negative compressibility (Dudek et al., 2020; Grima-Cornish et al.,
2020), etc. Researchers have applied these unique properties for
various applications. To enhance sound absorption and mechanical
properties, lightweight multifunctional microlattices have been
fabricated using 3D printing with digital light processing (Li et al.,
2023a). Li et al. (2023b) introduced an interpenetrating hollow
micro-lattice metamaterial, which interweaves hollow octet-truss
and hollow rhombic dodecahedron-like truss structures. The
metamaterial exhibits high strain recovery after cyclic compression
and excellent sound absorption properties. Due to coherent
coupling effects and weak resonances, porous multifunctional
metamaterials operate effectively at low frequencies, offering
high sound absorption, deformation resistance, and impact
resistance (Li et al., 2022). Xu et al. (2024) proposed a new
Buffer Lander-leg with a Yoshimura core. It is based on the
Buckling Restrain conducted a numerical study on an enhanced
periodic auxetic metamaterial for vibration isolation. Pyskir et al.
(2019) conducted a numerical study on an enhanced periodic
auxetic metamaterial for vibration isolation, demonstrating
increased band gap width and range resulting from geometric
modifications inspired by rotating squares. The width and position
of the band gap are notably improved through modifications
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FIGURE 2
Deformation diagram of (A) non-auxetic material and (B) auxetic
material. Reproduced under the terms of the CC-BY
license from (Kolken and Zadpoor, 2017). Copyright 2017, The Authors.
Published by RSC Advances.

to the unit cell design, with pre-compression exerting influence
on the band gap.

Therefore, this paper focuses on reviewing auxetic mechanical
metamaterials and their structures. It provides a comprehensive
overview of recent advancements and potential applications in fields
suchasvibrationreduction,energyabsorption,andvibrationisolation.

2 Types of auxetic mechanical
metamaterial

Poisson’s ratio is a measure of deformation that describes the
tendency of a material to expand in directions perpendicular to the
direction of compression. It is defined as the ratio of lateral strain
to axial strain. Three basic elastic constants are important from an
engineering perspective: Young’s modulus (E), shear modulus (G),
and bulk modulus (K), which characterize the stiffness, rigidity,
and compressibility of material, respectively (Evans and Alderson,
2000). Poisson’s ratio can be either positive or negative depending
on the material structure. A positive Poisson’s ratio indicates that
thematerial expands in the transverse directionwhen compressed in
the axial direction. A negative Poisson’s ratio (i.e., υ < 0,G≫ K) also
known as an auxetic material, means the material contracts in the
transverse direction when compressed in the axial direction (Kolken
and Zadpoor, 2017; Yu et al., 2018), as shown in Figure 2.

Therefore, an auxetic metamaterial is characterized by a negative
Poisson’s ratio, meaning that when stretched in one direction, it
contracts in theother twoperpendiculardirections. Inotherwords, the
materialbecomeslargerundertensionandsmallerundercompression.
Auxetic metamaterials can be divided into several groups based on
thedeformation, suchasorigami-kirigami structure, chiral/anti-chiral
structure, rotating unit structure, re-entrant structure, etc.

2.1 Origami-kirigami structure

Origami, a traditional Japanese art form, involves the folding
of paper (Chen Y. et al., 2015). The auxetic principle, which is
employed in the design of origami structures, involves the folding

of a 2D flat structure into a 3D structure to increase the degrees of
freedom.Origami-basedmechanical metamaterials can be classified
into two categories: rigid and deformable structures.The demanded
rigid structures include Miura origami, Ron Resch, tubular
origami structures, etc. The demanded deformable structures
include Miura origami, Kresling origami, curved origami, etc., as
shown in Figure 3.

The Miura geometry is composed of a set of identical rigid
parallelogram faces connected by edges capable of folding into
“mountain” and “valley” folds (Zhou et al., 2016). The planar state
of Miura origami can be described by two quantities: Poisson’s ratio,
describing the relationship between deformations in orthogonal
directions; stretching rigidity, characterizing the planar mechanical
stiffness (Wei et al., 2013). 3D Miura metamaterials can be created
by repeating multilevel M-V (mountain–valley stacking) or V-V
(valley–valley stacking) unit cells in all three orthogonal directions.
The properties are allowed to emerge by origami metamaterials.
Metamaterials with V-V stacked configurations exhibit larger
volume changes and higher tensile stiffness compared to M-V
stacked configurations, displaying negative Poisson’s ratios in all
three orthogonal planes (Zhou et al., 2016).

Ron Resch origami, developed through various folding modes,
exhibits multiple degrees of freedom. Tachi (2013) proposed 3D
origami mosaic creation system builds upon Resch’s patterns by
enabling the shaping of 3D surfaces from sheet material through
a folding process. To achieve the required geometric parameters,
the configuration is modified by determining the coordinates of
the vertices to meet unfolding requirements, while also limiting the
fold angle (α < 180°) and avoiding localized intersections. Lv et al.
(2014) have demonstrated that Ron Resch tubes exhibit resistance
to stability loss attributed to their negative Poisson’s ratios, leading
to enhanced load-bearing capacity in generalized models with
higher symmetry.

Origami tubular structures are 3D formations created by folding
thin sheets of paper. One of the key advantages of this type of
structure lies in its polygonal cross-section (Filipov et al., 2016).The
properties of origami tubes are like a “zipper” when folded according
to the Miura pattern, resulting in various mesh configurations
(Filipov et al., 2015). Feng et al. (2018) have explored the twisting
motion of 3D tubular mechanical metamaterials inspired by the
water bomb origami technique. Meticulous kinematic analysis has
established that the initial torsion imparts a rigid origami motion to
the structure. Moreover, it has been demonstrated that continuous
torsion enhances the strength of the tube.

Kresling origami is characterized by its formation into a
cylindrical shape comprised of triangulated cells. These cylindrical
structures exhibit properties such as axial extensibility, tunable
stiffness, multistability, and bistability. In their studies, Kidambi
andWang (2020) investigated the deployment dynamics of Kresling
structures with varying geometries and operational strategies.
The study found that dynamic deployment is sensitive to initial
conditions and small geometric changes. Furthermore, the research
revealed the influence of specific geometrical configurations on
the stiffness of different axial and off-axis deformation modes,
indicating the potential of Kresling-based structures for deployable
systems with customizable characteristics. Ye et al. (2022) examined
the geometry and radial closure ability of Kresling designs,
particularly focusing on their application in valves. Through their
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FIGURE 3
Types of origami metamaterials. (A) Miura origami. Reproduced under the terms of the CC-BY-NC-SA license from (Lv et al., 2014). Copyright 2014, The
Authors. Published by Springer Nature. (B) Ron Resch origami. Reproduced under the terms of the CC-BY-NC-SA license from (Lv et al., 2014).
Copyright 2014, The Authors. Published by Springer Nature. (C) Origami tubular structures. Reproduced under the terms of the CC-BY license from
(Feng et al., 2018). Copyright 2018, The Authors. Published by Springer Nature. (D) Kresling origami. Reproduced under the terms of the CC-BY license
from (Ye et al., 2022). Copyright 2022, The Authors. Published by MPDI. (E) Curved origami. Adapted with permission from (Karami et al., 2024).
Copyright 2024, American Physical Society.

research, they developed a new bending pattern termed RC-ori,
which effectively eliminates torsion. Their findings revealed that
there was negligible change in the open area as the component
approached complete folding, thereby emphasizing the effectiveness
of this innovative design for microflow control valves.

Curved origami refers to origami characterized by curved folds
and/or panels (Zhai et al., 2021). It involves the creation of 3D
surfaces that are developable but contain areas of non-zero principal
curvature. Lee et al. (2018) provided an analytical model for origami
with curved folds, avoiding the need for surface discretization.
Karami et al. (2024) introduced a variant of the Miura origami
tessellation known as curvilinear-fold tessellation. Zhai et al. (2020)
described a family of curved origami-based metamaterials for
in situ stiffness manipulation. These metamaterials demonstrated
unique functionalities, including curved grippingwith fast or precise
negative stiffness modes, as well as in situ switching between
zero stiffness vibration isolation mode and a positive stiffness
responsive mode.

Kirigami is a derivative that incorporates cutting into the
folding process. The auxetic principle of kirigami structures is akin
to the rotating rigid structure, as both involve rotating blocks
around a connecting hinge (Wang et al., 2020). A new shape is
formed by cutting or carving a continuous flat sheet to initiate
a kirigami structure, which then undergoes a new structural
configuration through stretching, folding, or other external stimuli.
Precise control of differentiated material structures is facilitated
by fractal cuts. The structures are classified into hierarchical and
alternatingmotifs (Cho et al., 2014). Flexible shapes can be achieved
through fractal-cut kirigami. In hierarchical kirigamimetamaterials,
structures are constructed using rectangular and square-cut units

(Tang and Yin, 2017). Kunin et al. (2016) presented the static and
dynamic elastic response of fractal materials. Materials deform
when “rigid” elements are rotated rather than deformed; static and
dynamic properties can be manipulated by controlling the cutting
pattern and its hierarchies. Periodic parallel cuts are employed in
ribbon kirigami to enhance its tensile strength. This is achieved
through bending the highly reliable ribbons formed by these cuts.
Ribbon kirigami exhibits multistability under tension. Yu et al.
(2023) investigated the demonstration of multistable behavior in
kirigami by replacing one of themain cuts. Furthermore,Wang et al.
(2020) considered the normalized stiffness and tensile behavior
of planar ribbon kirigami, noting that not all configurations
contribute to the normalized extensibility, resulting in a decrease in
normalized stiffness.

Hybrid mechanical metamaterials based on origami and
kirigami are artificial materials that utilize origami and kirigami
folding and cutting techniques to simultaneously manipulate thin
materials, as shown in Figure 4.

Applying these principles, artificial structures with unique
properties are created using hybrid origami and kirigamimechanical
metamaterials. The technique of employing complex zigzag stripes
was inspired by the Miura pattern, yielding zigzag metamaterials
with a single degree of freedom possessing identical kinematics
(Eidini and Paulino, 2015). Novelino et al. (2020) introduced a
model of Kresling origami with folds replaced by cuts. Hybrid
mechanical metamaterials based on origami and kirigami allow for
rapid shape changes and instantaneous fixation of themetamaterial’s
shape without affecting its mechanical properties. At the nanoscale,
the fabrication of 3D nanostructures is facilitated by hybrid
metamaterials combining origami and kirigami, preserving their
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FIGURE 4
Hybrid mechanical metamaterials based on origami and kirigami (A) zigzag stripes inspired by the Miura pattern. Reproduced under the terms of the
CC-BY-NC license from (Eidini and Paulino, 2015) Copyright 2015, The Authors. Published by American Association for the Advancement of Science.
(B) Nano-metamaterial based on cutting and folding. Reproduced under the terms of the CC-BY-NC license from (Liu et al., 2018). Copyright 2018, The
Authors. Published by American Association for the Advancement of Science.

diversity and functionality. Folding, bending, and twisting were
achieved through cutting and external stimuli (Liu et al., 2018).

2.2 Chiral and anti-chiral structure

Chiral metamaterials are a class of auxetic structures
characterized by their lack of symmetry for their mirror images,
similar to the relationship between left and right hands (Lakes,
1991; Prall and Lakes, 1997; Grima et al., 2008b). The structural
evolution of different types of chiral mechanical metamaterials can
be classified into three categories: chiral, anti-chiral, andmeta-chiral
(Wu et al., 2019) A 2D chiral structure is composed of a honeycomb
pattern featuring central cylinders (i.e., nodes) connected by elastic
tangential links (i.e., ligaments). A 2D chiral structure is formed by
a honeycomb structure consisting of central cylinders (i.e., nodes),
which are connected by elastic tangential links (i.e., ligaments).
Balan P et al. (2023) demonstrated that these chiral blocks can
flexibly fold or unfold due to the rotational motion of the cylinders
when subjected to mechanical loads. In contrast, an anti-chiral
structure positions the central cylinders on one side of the ligaments
(Wang et al., 2020). The meta-chiral structure is unique in that it
combines elements of both chiral and anti-chiral configurations:
some nodes are attached to one side of the ligaments as in chiral
structures, while other nodes are attached to the opposite side, as in
anti-chiral structures (Grima et al., 2008a).

Chiral, anti-chiral, and meta-chiral structures are divided into
systems having three (tri-), four (tetra-), and six (hexa-) edges
attached to each node, as shown in Figure 5.

Chiral and anti-chiral auxetic metamaterials exhibit enhanced
mechanical properties, including negative Poisson’s ratio, high
compressibility, negative thermal expansion behavior, etc. (Wu et al.,
2018; 2019; Yu et al., 2018). Lightweight chiral materials and
structures provide benefits such as impact energy absorption,
vibration suppression, vibration attenuation, sound absorption,
electromagnetic stealth, thermal insulation, zero thermal expansion,
etc. (Wu et al., 2019; Balan P et al., 2023).

The vibration damping capabilities of tetra-chiral unit cells,
both with and without internal resonators, were analyzed and
compared using Bloch’s theorem and the finite element method

(Zhu et al., 2016). An experimental evaluation was conducted on
an auxetic damper composed of a counter tetra-chiral honeycomb
structure with cylinders filled with metal rubber particles (Ma et al.,
2013). Wu et al. (2018) investigated anti-tetra-chiral structures with
elliptical nodes undergoing deformation under uniaxial tensile
loading.They provided amore accurate analysis of the Poisson’s ratio
and in-plane tensile modulus by considering the ligament thickness.
Ye et al. (2021) proposed a comprehensive interactive progressive
method for energy absorption during the development of chiral
mechanical metamaterials, leveraging the rotational mechanism of
negative Poisson’s ratio metamaterials. Pan et al. (2023) reported on
a chiral lattice with ring nodes subjected to quasi-static single-layer
compression, finding that this structure allows energy absorption in
the out-of-plane direction.

Hierarchical structures represent a novel class of 2D auxetic
metamaterials capable of exhibiting a negative Poisson’s ratio at
various levels of compressive strain (Mousanezhad et al., 2015).
These structures consist of unit cells formed by hierarchical
honeycombs. As the structural hierarchy increases, the hexagonal
honeycomb cell evolves see Figure 6.

Hierarchical structures possess properties such as specific
stiffness, buckling strength, negative Poisson’s ratio, and enhanced
stiffness (Ajdari et al., 2012; Mousanezhad et al., 2016; 2015).
It is shown that hierarchical chiral structures can improve the
impact energy absorption capacity of chiral structures (Lu et al.,
2019). The Poisson’s ratio of these structures decreases under
uniaxial compression due to hierarchy-dependent elastic instability
from the early stages of deformation, resulting in auxeticity
at later deformation stages (Mousanezhad et al., 2015). The
mechanical properties of hierarchical metamaterials, including
the Poisson’s ratio, can be precisely controlled and significantly
modified through small adjustments in design parameters
(Dudek et al., 2022).

2.3 Rotating unit structure

A rotating unit structure is based on the arrangement of rigid
squares connected at the vertices by hinges (Grima and Evans,
2000). The united structure was based on the idealized geometry of
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FIGURE 5
Classification of chiral, anti-chiral, and meta-chiral structures according to their edges. Reproduced under the terms of the CC-BY license from
(Wu et al., 2019) Copyright 2019, The Authors. Published by Elsevier; Reproduced under the terms of the CC-BY license from (Bacigalupo et al., 2019).
Copyright 2019, The Authors. Published by Frontiers.

FIGURE 6
Development of hexagonal honeycomb cell. Reproduced under the terms of the CC-BY license from (Mousanezhad et al., 2015). Copyright 2015, The
Authors. Published by Springer Nature.

“rotating triangles” and “rotating squares” (Grima and Evans, 2006).
The isotropic design of rigid squares and rotating triangles ensures
a constant Poisson ratio of −1.0, independent of the direction
of loading (Grima and Evans, 2006; 2000). Plewa et al. (2023)
presented a structure composed of rigid squares hinged together,
enabling isotropic expansion and contraction under loads, allowing
the system to exhibit auxetic behavior. Similarly, Grima et al. (2012)
introduced a novel model based on scalene rigid triangles that
rotate relative to each other. The extent of the auxetic behavior
in this model depends on the shape of the triangles and their
connections. Grima et al. (2004) introduced a model using rigid
rectangles, where systems can exhibit both positive and negative

Poisson ratios depending on the angle between the rectangles. The
extent of auxetic behavior is determined by the system’s geometry
and its deformation characteristics. The rigid rectangle model is
divided into two types of systems.

Type I systems are defined by the fact that the empty spaces
between rectangles are always rhombuses. A Type I system exhibits
behavior that transitions from fully closed configurations to critical
angles between rectangles. A rotating rhombus is divided into
two different types (i.e., Type α and Type β) to obtain rotation.
Type α rotating rhombuses can exhibit auxetic or normal behavior
depending on the initial configuration and loading direction. Type
β rotating rhombuses exhibit an auxetic behavior with an isotropic

Frontiers in Materials 06 frontiersin.org

https://doi.org/10.3389/fmats.2024.1453905
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Siniauskaya et al. 10.3389/fmats.2024.1453905

Poisson’s ratio of −1 (Attard and Grima, 2008). In the case of
Type II systems, it can be observed that the empty spaces between
rectangles are always parallelograms. These systems exhibit an
isotropic Poisson’s ratio of −1, unaffected by rectangle size, angles
between rectangles, or loading direction (Grima et al., 2008a). The
parallelogram scheme is a combination of rectangle and rhombus
schemes and has four categories (i.e., Type Iα, Type Iβ, Type
IIα and Type IIβ). Type IIβ systems demonstrate a constant
Poisson’s ratio of −1, while all other systems exhibit Poisson’s
ratios that depend the parallelogram shape, openness, and loading
direction (Attard et al., 2009).

Lim (2023) introduced a system comprising rhombuses and
right triangles based on the tangram principle. Their findings
demonstrated that axial Poisson’s ratio and dimensionless Young’s
moduli depend on the shapes and separation angles of the rigid
elements, which define the dimensions of the metamaterial unit
cell. In cases where the Poisson’s ratio is −1 under tension along
any axis, the Young’s moduli are equal, increasing monotonically
with the shape descriptors of the rigid blocks. Galea et al. (2023)
investigated structures with uniformly sized perforations in three
planes, achieving a negative Poisson’s ratio of approximately −0.5
and demonstrating a range of anisotropic Poisson’s ratios and
Young’s moduli with diamond-shaped perforations.

2.4 Re-entrant structure

The re-entrant structure is called periodically connected
hexagonal elements in which the interior angles of the polygon
are greater than 180° (Wang et al., 2020). The concept of re-
entrant cellular structures was first introduced in the form of a
honeycomb in 1982 (Gibson et al., 1982). This design innovation
facilitated the transformation of 2D auxetic structures into 3D
auxetic structures. Shen et al. (2021) introduced a 3D re-entrant
lattice auxetic structure manufactured by electron beam melting.
The lattice structure demonstrated higher specific strength, specific
stiffness, and exceptional energy absorption capabilities. Chen et al.
(2020) found that the Poisson’s ratio dependency on relative density
is nearly quadratic for re-entrant unit cells of various shapes,
reaching a minimum within a specific range. Additionally, they
observed an increase in both Young’s modulus and shear modulus
with rising relative density. A simple 3D re-entrant structure with
enhanced energy absorption and tunable mechanical properties was
presented (Teng et al., 2022). Notably, this structure can undergo
large deformations under compression while maintaining stability.
It possesses the highest rigidity and load-bearing capacity, ensuring
significant energy absorption. Wang et al. (2022) developed an
octagonal re-entrant cell to illustrate the effects of negative Poisson’s
ratio and compressive behavior. This structure is protected against
localized impacts by the rapid filling of small voids throughout.

Star-shaped re-entrant structures were proposed by
Theocaris et al. (1997). These star-shaped building blocks were
divided into the periodic structures named Star-3, Star-4, and Star-
6, or collectively Star-n (Grima et al., 2005). Zhang et al. (2019a)
introduced an innovative hierarchical metamaterial characterized
by a return planar lattice structure incorporating a star-shaped sub-
cell. This design exhibits specific stiffness and auxetic properties,
elucidating its hierarchical porosity and multi-level tunable

parameters. Ai and Gao (2018) developed a model to predict the
effective Young’s moduli and negative Poisson’s ratios of 2D periodic
star-shaped lattice return structures with orthotropic symmetry.

3 Applications of the auxetic
mechanical metamaterials in different
engineering problems

Auxetic metamaterials, due to their unique properties, play a
significant role in various engineering applications. In structures
subjected to moving loads such as vehicles and buildings, vibration
can be reduced by these metamaterials (Pyskir et al., 2021;
Zhang et al., 2022; Ma et al., 2023). With the development of
technology and increasing requirements for various engineering
systems, there is an increasing demand for metamaterials, especially
in the fields such as defense, biomedical engineering, and aviation.
To increase passenger comfort andprotect equipment fromwear and
tear, auxetic metamaterials can also help. The importance of these
materials lies in their ability to effectively address vibration and
energy absorption, making them an essential element of modern
engineering applications (Pan and Zhang, 2020).

3.1 Application in vibration isolation
problems

Auxetic metamaterials are characterized by the unique property
of a negative Poisson’s ratio, indicating that these materials contract
in the transverse direction when compressed in the axial direction.
Consequently, these materials exhibit both static and dynamic
properties, such as the capability to create a wide and low-frequency
bandgap. This bandgap at relatively low frequencies contributes
to vibration attenuation and subsequent vibration isolation. The
vibration isolation characteristics of metamaterials are determined
by the presence of bandgap regions (Moscatelli et al., 2019). The
mechanisms underlying the formation of bandgaps can be attributed
to Bragg scattering and/or local resonance.

A hybrid meta-structure consisting of re-entrant and anti-
chiral metamaterials using rubber layers coated with elastic mass
inclusions at circular nodes has been developed to optimize wave-
damping characteristics (Qi et al., 2019). This design provides
bandgaps in the mid-low frequency range that are not present
in the re-entrant honeycomb structure. The deformation of the
intermediate thin bundles and the contact between the cells,
without completely closing the holes, are facilitated by the rotating
squares mechanism, combined with bending induced by pre-
compression. This modification enhances the bandgap width
and position, consequently, the vibration isolation, by favoring
a heterogeneous stress field (Pyskir et al., 2019). Pyskir et al.
(2021) further developed this model by incorporating an auxetic
reinforced metamaterial featuring resonant inclusions (Figure 7).
These modifications significantly reduce vibration transmission
within the bandgap frequency ranges and increase the width
of the bandgap, particularly at low frequencies. The continuous
characteristics of the bandgap facilitate effective isolation.

The integration of origami into vibration isolation systems as a
negative stiffness module shows promise for enhancing isolation
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FIGURE 7
Example of bandgap expansion in rotating and bending squares with auxetic-reinforced metamaterial and resonant inclusions. Reproduced under the
terms of the CC-BY license from (Pyskir et al., 2021). Copyright 2021, The Authors. Published by MDPI.

effectiveness. However, significant challenges in engineering
applications arise from the intricate mathematical modeling and the
pronounced nonlinear mechanical properties of origami. Liu et al.
(2022) addressed these issues by utilizing Tachi-Miura origami
as a corrective mechanism for negative stiffness, resulting in the
development of an origami-type isolator denoted as HSLDS/QZS.
Superior vibration isolation characteristics were attained through
dynamic characterization under base excitation and force excitation
with reduced permeability.

A 3D chiral mechanical metamaterial achieves a low-frequency
bandgap, facilitated by the tactile and descriptive shape of the
chiral block joint. This bandgap is enabled without altering the
relative density of the material (Zhao et al., 2022). Zhang et al.
(2022) presented a method for tuning the vibration isolation
ability and collision resistance characteristics of a model of
bifunctional hierarchical metamaterials. This method changes the
band gaps by varying the thickness of self-similar small squares and
connecting edges. Tao et al. (2022) proposed a model consisting of
a re-entrant honeycomb structure with hierarchical characteristics
achieved by attaching small re-entrant structural units to the
nodes of traditional re-entrant structures. The developed re-
entrant honeycomb structure with hierarchical characteristics can
open several bandgaps, especially in the low-frequency region.
Compressive or tensile stress applied to the overall structure
effectively improves the frequency, width, and attenuation strength
of the bandgap. Ma et al. (2023) presented a model of hierarchical
honeycombs with re-entrant structures, where the joints of the
three walls are replaced by square unit cells. The introduction of
square unit cells allowed for an expanded band gap, especially in the
low-frequency range and increased their number.

Conventional metamaterials with a negative Poisson’s ratio can
be joined using re-entrant metamaterials with similar properties,
using annular rings as connecting elements.This allows the bandgap
to vary in different assemblies. Damping the particles improves their
damping characteristics, resulting in better vibration isolation at low
and medium frequencies (Gao et al., 2023).

Reconfiguring a bistable honeycomb mechanical metamaterial,
developed by combining re-entrant structures and cosine-shaped

beams, enables the manipulation of elastic wave propagation at sub-
wavelength scales and affects the value of Poisson’s ratio (Xiao et al.,
2024). Although this configuration exhibits distinctive elastic
vibration characteristics, enabling the manipulation of elastic wave
propagation through local resonance mechanisms, the overall
stiffness of the periodic structure is reduced by the low stiffness
of the material. This can result in reduced load-carrying capacity,
deformation, and damage, as well as changes in vibration isolation
properties.

3.2 Application in vibration reduction
problems

Materials with high specific strength and damping
characteristics are crucial for effective vibration reduction. These
materials convert vibrational energy into thermal energy, thereby
reducing the amplitude and impact of vibrations on structures. Qin
andYang (2019) proposed amethod for the topological optimization
of metamaterials to enhance vibration suppression. Their method
demonstrated a 66.5% reduction in the amplitude of the acceleration
response after vibrations passed through the metamaterials,
outperforming traditional honeycombs by at least 12% in vibration
suppression.

In designing structures for vibration reduction, methods such
as vibration isolation, vibration absorption, and damping are
employed.The vibration reduction is characterized by the properties
of wave attenuation in the low-frequency range. Chen et al. (2020)
introduced a model of a 3D auxetic metamaterial with a double
arrowhead, exhibiting a combination of lightweight, high specific
strength, and high damping characteristics.

For instrumentation and acoustic stealth in submersible
vehicles, it is crucial to employ a flange that supports themain engine
and can be fabricated using local methods while being situated
closer to the vibration source. Zhuang et al. (2024) developed a
novel metamaterial flange featuring rectangular star-shaped unit
cells with horizontal ligaments, which exhibit a high load-bearing
capacity. This design effectively mitigates vibrations across a broad
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spectrum of low to medium frequencies, achieving both a 36.5%
reduction in weight and enhanced engine support.

The vibration reduction efficiency of mechanisms is influenced
by the support provided by honeycomb sandwich foundations
with re-entrant structures (Pan and Zhang, 2020). This efficiency
is dependent on internal geometric parameters, such as the
initial tilt angle of the mechanism. Therefore, the support
from a honeycomb sandwich foundation enhances vibration
transmission reduction, contingent upon the initial angle and
geometric parameters. Chen et al. (2021) revealed the impact of
fiber stacking angles on the vibration damping properties of a
carbon fiber-reinforced polymer three-dimensional double-arrow
model, highlighting its lightweight, high specific strength, and high
damping characteristics. A change in the angle of the star in a
chiral star-shaped composite mechanical metamaterial, which is
formed by combining a chiral lattice structure and star-shaped
honeycombs, also results in the position and width of the band gap
being affected, enabling the achievement of low-frequency vibration
suppression (Zhang et al., 2023).

Given the use of spindles across various fields, including
industrial production and medical equipment, achieving
vibration reduction is essential for ensuring stable and accurate
operation. Kim et al. (2022) developed spindle holders based
on re-entrant hexagon-type auxetic structures, manufactured
using various additive manufacturing processes, to enhance
vibration reduction. Consequently, auxetic carbon fiber-reinforced
polymer and titanium holders, due to their superior damping
characteristics, effectively achieve vibration reduction over a wide
frequency range.

3.3 Application in energy absorption
problems

To characterize energy absorption, it is essential to understand
total energy absorption, specific energy absorption, and
dimensionless equivalent plateau stress. Avoiding materials with
low modulus of elasticity and low strength is crucial, as these can
lead to material failure (Zhang et al., 2019b; Wang Y. et al., 2020;
Guo et al., 2020).

Determining the main characteristics of out-of-plane
compression in auxetic structures is critical, particularly in
studying the effects of compression velocity, structural parameters,
and configurations on energy absorption rates. Lu et al. (2019)
compared the dynamic properties of anti-tetra-chiral, hexachiral,
and hierarchical chiral structures under out-of-plane loading. The
ligament length, node radius, ligament thickness, and the level
of the structural hierarchy were varied under various conditions
of external impact compression. Their findings indicated that
hierarchical chiral structures, due to cell wall strengthening,
exhibit better compression stability and energy absorption capacity
compared to unit cells. At the same time, anti-tetra-chiral structures
generated higher plateau stress and demonstrated better energy
absorption efficiency compared to hexachiral structures. Among re-
entrant, arrowhead, and anti-tetra-chiral structures, the highest
energy absorption was observed in the arrowhead structure
(Najafi et al., 2019).

Despite the significant potential of auxetic metamaterials for
energy absorption, they face several limitations, including low
elastic modulus, low strength, high cost, and inefficient fabrication
processes. Wang et al. (2020) proposed a cross-chiral structure
derived from the transformation of a cubic lattice with zero
Poisson’s ratio by adjusting the tilt angle of the struts. This model
exhibited anisotropy with increased Young’s moduli and negative
Poisson’s ratio in the principal directions, although the properties
deteriorated in off axial direction. Nonetheless, the structure
demonstrated outstanding specific moduli and specific strength,
and could absorb energy effectively at ultralow relative densities
ρr ≤ 0.1. Seetoh et al. (2021) investigated the quasi-static stress-
strain response of a three-dimensional anti-tetra-chiral lattice with
systematically variable geometric parameters. The study showed
a linear dependence of energy absorption capacity on fracture
strength, influenced by three independent design parameters: rack
length, rack width, and concentricity. Auxetic chiral honeycomb
structures assembled crosswise using a slotted wave plate have a
low fabrication cost. Energy absorption and specific absorption
energy increase with the thickness of the wave plate, while
the energy absorption performance benefits from increasing
the wave radius before model compaction. However, a sharp
decrease in peak stress can negatively affect the material’s energy
absorption capacity (Zhang et al., 2022). Guo and Xiao (2024)
compared four types of cellular structures based on a multi-arc
concave cell. They found that energy absorption increases with
increasing nominal deformation by adjusting the thickness of
the cell wall.

In recent years, significant research has focused on the
development of auxetic re-entrant metamaterials. Guo et al. (2020)
proposed a re-entrant cylindrical shell for testing under various
crushing speeds, demonstrating elevated plateau stress and specific
energy absorption at higher velocities. However, energy absorption
is compromised by the instability of auxetic lattice cylindrical
shells during crushing, leading to inward concavity and structural
twisting. Qi et al. (2020) explored circular re-entrant structures
by replacing conventional re-entrant honeycomb inclined cell
walls with double arc-shaped walls. This design exhibits non-
uniform auxetic deformation prior to compaction under quasi-
static loading, achieving superior compressive strength and specific
energy absorption compared to typical re-entrant honeycombs.
Auxetic “multi-lattice” composite structures, composed of 3D
re-entrant lattice structures simulated by particle and fiber-
reinforced composites, demonstrate higher strength, stiffness, and
energy absorption capacity than pure 3D re-entrant structures
(Sahariah et al., 2022). The mechanical properties can be tuned
through the 3D structure formed by rotating and connecting 2D
cells with a re-entrant hexagonal honeycomb. This configuration
enables control and determination of both the peak force and
specific energy absorption of the lattice (Teng et al., 2022). In
regular re-entrant honeycomb geometries, dividing inclined
struts into two sections without altering mass enhances energy
absorption capabilities by introducing nodes with lower rotational
stiffness (Choudhry et al., 2022). Alomarah et al. (2023) introduced
an auxetic metamaterial in the shape of a butterfly, featuring
vertical and inclined walls akin to re-entrant honeycombs, which
exhibit excellent specific energy absorption per unit volume and
mass in compression in any direction. Based on deep learning

Frontiers in Materials 09 frontiersin.org

https://doi.org/10.3389/fmats.2024.1453905
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Siniauskaya et al. 10.3389/fmats.2024.1453905

technology, Zhang and Ma (2024) predicted the energy absorption
properties of a re-entrant honeycomb structure featuring an
internal arc, extending the parameter range beyond that of
the validation set.

Sandwich structures, characterized by low mass, high rigidity,
and significant strength, combined with other auxetic structures,
demonstrate unique properties in energy absorption (Tan et al.,
2020). Zhao et al. (2021) investigated a sandwich beam model
featuring a star-triangular honeycomb core, which exhibits
superior bending resistance and higher energy absorption
capabilities compared to sandwich beams with star-shaped
and re-entrant hexagonal cores. Sadegh Ebrahimi et al. (2022)
developed and compared four types of hybrid metamaterial
structures by integrating cellular, re-entrant, and star-shaped
elementary cells, among which the compressive strength, constant
stress, and energy absorption are predominantly higher in
the structure in the form of a re-entrant star. Hierarchical
honeycombs also exhibit excellent energy absorption properties and
relatively stable bearing capacities (Huang et al., 2021). Structures
composed of composite cellular metamaterials in hierarchical
cellular shapes, filled with polyurethane foam, demonstrate high
specific strength, rigidity, and energy absorption capabilities
(Usta et al., 2021a).

A 3D auxetic structure, based on a hybrid of S-shaped
unit cells with repeated insertion, is noted for its high stress
concentration (Khadem-Reza et al., 2022). However, due to the
destructive interaction of S-shaped and re-entrant unit cells, it
demonstrates the lowest energy absorption. Etemadi et al. (2024)
demonstrated an auxetic metamaterials by inducing curvature at
the sharp corners of a re-entrant cell and replacing straight struts
with curved ones. This approach reduces stress concentration on
the structure, resulting in significantly improved energy absorption
capabilities and specific energy absorption of the formed structures.

3.4 Application in energy harvesting
problems

The increasing demand for energy harvesting and storage
is of significant interest, particularly due to its applications in
nanodevices, sensor networks, health monitoring systems, and
intelligent transportation systems. Energy storage emerges as a
logical solution to mitigate the need for frequent battery and wiring
replacements in remote and mobile electronic devices, thereby
providing consistent power to numerous distributed sensor nodes.
Among various energy generation methodologies, Piezoelectric
Energy Harvesting is recognized as a popular and simple method to
supply operating power for electronic devices (Wei and Jing, 2017).
However, a major limitation of current energy harvesting methods
is their reliance on the resonant frequencies of ambient vibrations,
which are often random and broadband.

To address this problem, researchers have proposed the use of
honeycomb sandwich panels with auxetic core and face sheets, based
on the theory of higher-order shear-deformable plates (Khorshidi
et al., 2022). This design achieves higher deflection and improved
energy harvesting capability with lower stiffness. By increasing
the angle of inclination of the auxetic cell panels, higher power
output can be obtained at the expense of reduced stiffness,

thereby enabling the structure to support greater loads and harvest
more energy. Additionally, increasing the aspect ratio of the cells
can further enhance energy harvesting by lowering the resonant
frequency and increasing power output. Hosseinkhani et al. (2022)
demonstrated that the efficiency of energy transformation in
piezoelectric storage devices is significantly improved by employing
meta-lattice structures. The integration of auxetic patterns into an
ideal crystal creates functionalized defects that disrupt periodicity
and form additional band passages above the main band gap. This
leads to a substantial enhancement in the performance of the energy
harvesting system, with improvements ranging from 1.29 to 5.26
times across different designs.

3.5 Application in impact-resistant
problems

Impact-resistant devices play a crucial role in various
engineering fields, including aviation, shipbuilding, and the
automotive industry. Therefore, these structures must exhibit
flexible tuning properties and efficient mechanical behavior
(Yang et al., 2023). Auxetic metamaterials characterized by their
unique properties such as a negative Poisson’s ratio and low stiffness.
Nevertheless, low stiffness may be a limiting factor in their use
in applications where high levels of stiffness, strength, hardness,
and energy absorption capacity are required simultaneously.
To address these limitations, auxetic lattice structures are often
combined with nearly incompressible soft materials to create high-
performance composites (Li et al., 2020). These auxetic lattice-
reinforced composites exhibit notable properties such as high
stiffness, energy absorption, and impact resistance. The negative
Poisson’s ratio of the auxetic reinforcements induces a state of biaxial
compression within the matrix, enhancing the material’s overall
performance.

Origami metamaterials and corrugated metamaterials with a
negative Poisson’s ratio can be utilized to mitigate impact effects. By
transforming the impulse process into a quasi-static process, these
materials enable the sustained application of a stable impact force,
which significantly reduces both the maximum impact force and
displacement (Zhang et al., 2024).

Sandwich panels, characterized by their high specific strength,
stiffness, adaptability, and impact resistance, are widely used in
aerospace, marine, land transportation, and military applications
Sandwich panels with auxetic configurations offer significant
advantages, including enhanced stability under large deformations
and high impact energies (Usta et al., 2021b). The impact resistance
of these structures can be further improved by adjusting parameters
such as the face sheet stacking sequence, laminate thickness, and the
internal angle of the core cell walls.

4 Summary and future perspective

In conclusion, it can be noted that auxetic metamaterials are
increasingly being used in the field of applied engineering. Their
unique properties make it possible to improve the ability of energy
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absorption, vibration isolation, vibration reduction, etc., under
various load conditions. However, the boundaries of research have
not yet been reached, and further efforts are required to improve
the characteristics of auxetic metamaterials in the field of applied
engineering.

(1) The application of additive manufacturing processes to create
new metamaterials designed for local or global control of
mechanical properties such asmass, stiffness, damping, energy
absorption, etc., is a promising field of research.

(2) The structures of metamaterials should be optimized to
improve the geometry and reduce the cost of production.
This may include the development of more efficient design
algorithms based on computer modeling and machine
learning, as well as the use of newmaterials andmanufacturing
technologies. Such improvements will make it possible
to create more compact, lightweight, and cheap auxetic
metamaterials, which will expand their application in
engineering.

(3) It is necessary to continue studying hybrid structures of
metamaterials combining various unit cells capable of
providing improved properties of compressive strength,
vibration reduction, energy absorption, etc. Further research
is required to optimize the structures and materials used in
hybrid systems.
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