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Abstract
The integration of mechanical metamaterials with sensor technology has opened new frontiers
in the design and application of advanced sensing systems due to their ability to impart unique
mechanical properties that enhance sensor functionality. Mechanical metamaterials, with
properties derived from their engineered structures rather than their material composition, offer
unique advantages such as negative Poisson’s ratio, high strength-to-weight ratios, and
programmable behaviors. This review explores the dual approaches of incorporating sensors
with mechanical metamaterials: metamaterial-supported sensors, where metamaterials provide
structural support and enhanced durability to traditional sensors, and metamaterial-integrated
sensors, where the metamaterial itself serves as the sensing element. Incorporating
metamaterials in sensor design can offer increased sensitivity and precision, enhanced structural
integrity and durability, programmability and reconfigurability, as well as lightweight and
compact design solutions. Key advancements in the field are presented, highlighting how
metamaterials properties can enhance sensor performance in terms of sensitivity, precision, and
operational versatility. The review covers the primary materials and fabrication techniques used,
including additive manufacturing, molding, and physical vapor deposition, and discusses the
challenges associated with the mechanical integration of metamaterials and sensors. Practical
applications in pressure, strain, temperature, and biomedical sensing are examined,
demonstrating the transformative potential of mechanical metamaterials in creating
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high-performance, multifunctional sensor systems. The discussion concludes with an outlook
on future research directions and potential advancements in the field.

Keywords: sensors, metamaterials, flexible electronics, 3D printing, microfabrication, soft robots

1. Introduction

Metamaterials, also known as artificial materials [1], are a
class of materials designed to present unique properties and
behaviors that are hardly found in natural materials [2, 3].
These materials derive their special characteristics from their
complex designed structure, rather than their chemical com-
position alone [4]. The main types include electromagnetic
metamaterials [5, 6], designed to control electromagnetic
waves for applications like cloaking and superlenses; acous-
tic metamaterials [7, 8], which manipulate sound waves for
advanced soundproofing and acoustic imaging; mechanical
metamaterials [9, 10], engineered to exhibit unique mechan-
ical properties such as negative Poisson’s ratio and program-
mable deformation (section 2).

The first attempts to develop metamaterials can be traced to
experiments with microwaves, attributed to Jagadis Chunder
Bose, who explored architected twisted structures to manip-
ulate waves at the end of the 19th century [24, 25].
Subsequently, in 1914, efforts were made to develop artificial
twisted media using randomly oriented small wire helices in
a host medium [25, 26]. Thirty-five years later, lightweight
microwave lenses were designed by periodically positioning
spheres, strips, and disks, making it possible to tune the effect-
ive refractive index of artificial media [25, 27].

In parallel to the advancements of this new class of materi-
als, mechanical metamaterials began attracting attention [28].
Similarly to the metamaterials designed to manipulate elec-
tromagnetic waves, they are engineered to exhibit proper-
ties that are not found in naturally occurring materials [29,
30], often through their unique geometric or microstruc-
tural design. These properties can include unusual mechan-
ical behavior such as negative Poisson’s ratio [19], negative
thermal expansion (NTE) [31], and high strength-to-weight
ratio (see section 2). In 1987, Lakes first described a foam-
based mechanical metamaterial [28]. In the past decade, the
advent of advanced fabrication methods, such as additive man-
ufacturing has boosted interest in mechanical metamaterials,
because of its ability to fabricate complex geometries and fea-
tures that are challenging or even impossible to achieve with
traditional manufacturing methods [32–34].

Mechanical metamaterials have been explored in various
structures to realize devices, such asmetamaterial mechanisms
[35], metamaterial foams [36–39], resonators for reducing
vibrations [40–43], stents for biomedical applications [44–47],
structures for energy impact absorption [48–52], and sports
equipment [53]. Nonetheless, a very promising application
for metamaterials lies in incorporating them in sensor design,
as they can offer unique advantages, including increased
sensitivity [11, 17] and precision [13], enhanced structural
integrity and durability [15, 18, 19, 54], programmability and

reconfigurability [55], and lightweight and compact design
solutions [56].

The exploration of metamaterials in sensing applications
typically follows two distinct approaches. In the first approach,
sensors are embedded or housed within a metamaterial struc-
ture; however, these sensors can operate independently of
the metamaterials [15, 18, 19, 57]. The primary role of the
metamaterial in such systems is to provide mechanical sup-
port, enhance durability, or enable the adaptation of sensors
to complex surface geometries that would otherwise be chal-
lenging to manage [19, 58]. This arrangement preserves the
sensor’s original functionality while leveraging the unique
properties of metamaterials–such as their engineered struc-
tural features–to enhance the overall performance of the
device. In the second approach, the sensing elements them-
selves are designed using the principles of metamaterial struc-
tures. Here, metamaterials are not just supportive frameworks
but integral components that interact directly with the target
stimuli [11, 12, 14, 16, 17, 21, 23, 54, 55, 59, 60]. The design
often exploits the mechanical properties of metamaterials to
enhance the sensitivity, the specificity, or the operational band-
width of the sensors. For the purposes of this work, the first
approach is referred to as metamaterial-supported sensors, and
the second as metamaterial-integrated sensors. Figure 1 shows
a brief overview of the of mechanical metamaterials relying
on many established technologies to realize diverse types of
sensors.

Most reviews on mechanical metamaterials typically focus
on briefly describing their potential applications and advant-
ages over conventional materials [61], conducting broad ana-
lyses covering various aspects [10, 34], or examining their
use in sensing applications without discussing the nuances
of the design principles, material choices, optimization tech-
niques, integration with electronics, fabrication technologies
and limitations [62]. Herein, however, we present a review
of the recent advancements and applications of mechanical
metamaterials in sensor technology from the perspective of
metamaterial-supported and metamaterial-integrated sensor
design. This review outlines the fundamental principles of
each approach, discusses their technological implementation,
and examines the impact of themechanical metamaterial prop-
erties on the performance enhancements of sensor systems.
The discussion covers the main properties of metamaterials
that are explored in the design of the sensors, such as neg-
ative Poisson’s ratio, NTE, and high strength-to-weight ratios,
which can be harnessed to enhance sensor performance in vari-
ous fields. By critically analyzing the structural and functional
interaction between metamaterials and sensors, we provide an
overview of how these materials can enhance the sensor’s cap-
abilities. Through advances in fabrication techniques and care-
ful material selection, we demonstrate how the incorporation
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Figure 1. Overview of mechanical metamaterial sensors categorized into: biosensors [11–14], strain [15–19], temperature [20, 21], and
pressure sensors [16, 22, 23]. The tree diagram highlights key and foundational technologies and material properties that support
metamaterial-based sensor development. Reprinted from [11], Copyright (2022), with permission from Elsevier. © [2023] IEEE. Reprinted,
with permission, from [12]. Reproduced from [13], with permission from Springer Nature. Reprinted from [14], Copyright (2023), with
permission from Elsevier. Reproduced from [15]. CC BY 4.0. Reprinted from [16], Copyright (2023), with permission from Elsevier. [17]
John Wiley & Sons. [© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. Reprinted with permission from [18]. Copyright
(2020) American Chemical Society. © [2022] IEEE. Reprinted, with permission, from [19]. Reproduced from [20]. CC BY 4.0. Reprinted
from [21], Copyright (2024), with permission from Elsevier. [22] John Wiley & Sons. [© 2022 Wiley-VCH GmbH]. [23] John Wiley &
Sons. [© 2023 Wiley-VCH GmbH].

of metamaterials can lead to sensors with increased sensitivity,
precision, and durability.

In section 2, we present the unique and most explored prop-
erties of mechanical metamaterials that make them attract-
ive for sensor design. In section 3, we discuss the methodo-
logies for designing them, focusing on forward and inverse
design approaches. Section 4 exhibits the main fabrication
technologies along with the materials utilized to fabricate the
metamaterial-based sensors. In section 5 we present the prac-
tical aspects of incorporating metamaterials in sensor design.
Section 6 shows applications of metamaterial-based sensors
for pressure, biomedical, strain, and temperature sensing. In
section 7, we summarize the important points, highlight the
main contributions of this work, and present an outlook of
potential further exploration of metamaterial-supported and
metamaterial-integrated sensor design.

2. Exploring the unique properties of mechanical
metamaterials for designing sensors

Mechanical metamaterials can be designed to exhibit vari-
ous unique properties, such as negative Poisson’s ratio,

NTE, negative compressibility, high energy absorption, attrib-
utes like programmability/reprogramability, and extreme
anisotropy [15]. However, the most explored properties for
developing sensors are negative Poisson’s ratio, negative
expansion, high strength-to-weight ratio, and attributes like
programmability and re-programmability, which offer sig-
nificant opportunities for innovation in the development of
metamaterial-supported and metamaterial-integrated sensors.
The other properties can also be promising for sensor devel-
opment, but have not been extensively explored, as this
field is still immature and many aspects remain unexplored
(section 7).

These properties can benefit sensor applications by redis-
tributing stresses and strains [15, 19], thus protecting sensitive
functional materials from damage or the influence of deforma-
tion in their behavior. They allow for minimal or zero strain in
specific regions through careful metamaterial design, creating
optimal locations for placing delicate sensing elements [15,
19]. Additionally, the metamaterial properties can enhance
sensitivity [16, 60] or facilitate the development of novel
[20], lightweight [56], and highly sensitive sensors [12, 17].
This section will discuss the main characteristics of the neg-
ative Poisson’s ratio, negative/zero thermal expansion, high
strength-to-weight ratio, and programmable/reprogrammable
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Table 1. Effect of Poisson’s ratio on mechanical properties for
isotropic materials.

Poisson’s ratio (ν) Physical significance

1 Preservation of area in 2D material
0.5 Preservation of volume (incompressibility)
0 Preservation of cross section
−0.5 Preservation of moduli E=G
−1 Preservation of materials’ shape

behavior demonstrating their potential for sensor development
and integration.

2.1. Negative Poisson’s ratio

The Poisson’s ratio ν is a mechanical property of materials that
describes the ratio of transverse strain to axial strain when the
material is uni-axially stressed. It indicates howmuch a mater-
ial will contract or expand in the perpendicular direction to an
applied force. Poisson’s ratio offers valuable insights into the
mechanical behavior of a material. Most conventional mater-
ials exhibit characteristic positive Poisson’s ratios (PPR). For
instance, rubber-like materials typically present a Poisson’s
ratio of approximately ν= 0.5, while for steel-like materials
it is around ν= 0.3 [63]. For isotropic materials, the Poisson’s
ratio can be described by the relationE/G= 2(1+ ν) [64, 65].
Table 1 summarizes the effect of the Poisson’s ratio values
on the mechanical properties and characteristics of a isotropic
material [64, 65].

Negative Poisson’s ratio (NPR) and zero Poisson’s ratio
(ZPR) are properties of certain materials that exhibit the
counter-intuitive mechanical behavior of expanding laterally
when stretched and contracting laterally when compressed,
which is the opposite of what is observed in PPR materials
[66–68]. While the theoretical possibility of NPR has been
in discussion for some time in elastic theory [69], practical
demonstrations are relatively recent, as the first documented
material exhibiting a negative Poisson’s ratio was reported by
Lakes [28] in 1987. Since then, NPRmaterials have gained sig-
nificant attention due to their potential in diverse application
areas, ranging from aerospace [70, 71] to medical applications
[72]. This is driven by unique abilities, such as enhanced
energy dissipation [73], and achieve lightweight and high-
strength structures [16].

NPR materials, also known as auxetic materials [74], are
a subclass of mechanical metamaterials [51, 66, 68]. Auxetic
behavior can be found in nature [75], such as in cubic crystal
lattices [76, 77] and some forms of snakeskin [3, 51]. Figure 2
illustrates the main difference between PPR and NPR materi-
als both with an initial length L1 and height L2. Upon stretch-
ing, the PPR material shrinks laterally, while the NPR mater-
ial expands. The difference is quantified by the Poisson’s ratio
ν = (L4 − L2)/(L3 − L1), which is universally applied for any
material, regardless of whether it exhibits PPR or NPR beha-
vior. The counter-intuitive behavior of the NPR material is
a result of the inner arrangements in the material’s structure
and the way it deforms when a load is applied [15]. These

inner arrangements can be designed by exploring various unit-
cell configurations, such as re-entrant, semi-reentrant, rota-
tion polygonal units, kirigami and origami, or missing rib
approaches (section 3). Additionally, the deformation mech-
anism in auxetic materials can occur at any scale, as Poisson’s
ratio is scale-independent [78, 79], which means their deform-
ation mechanism is effective from the nano-level to the macro-
scale [80, 81].

NPR-based designs have been explored in metamaterials-
integrated sensors, providing enhanced sensitivity and detec-
tion range [11–14, 16, 17, 21, 23, 54–56, 60]. It can also
be used in metamaterial-supported sensors, offering resilience
against stretching, impact, and other potential damage [18, 19,
22, 59]. This embedding approach allows sensors to main-
tain their core functionality while benefiting from the unique
advantages of NPR materials.

To exemplify metamaterial-supported sensors exploring
NPR, a PPR and NPR designs were combined to create
a hybrid material leveraging the superposition of the two
Poisson’s ratio [15], as verified in figure 3(a). The structure
achieved an overall Poisson’s ratio of 0.07 for a uniaxial tensile
strain of 10%. Figure 3(b) shows a ZPR structure used as a sub-
strate for pressure sensors showing a Poisson’s ration of 0.061
at a stretching of 15% [19].

Figures 3(c)–(f) show examples of metamaterial-integrated
sensors. Figure 3(c) refers to an re-entrant structure
(section 3.1.1) that exhibits an overall Poisson’s ratio of 0.41
to 0.19. The main function of the frame was to enhance the
deformation of the sensing material [17]. Similarly, figure 3(d)
shows a sensor that leverages an NPR structure integrated
into the sensing material. The NPR structure facilitated the
formation of electrical pathways, reducing the electrical res-
istance of the whole sensitive material. The Poisson’s ratio of
the sensitive structure reached 0.18 [12]. Figure 3(e) shows a
NPRmaterial used to enhance the sensitivity of a self-powered
strain sensor. The Poisson’s ratio of the structure was -1 at a
deformation of 30% [60]. Figure 3(f) shows the NPR as the
sensing element of the pressure sensor. Here, the NPR mater-
ial shows an unconventional oblique transversal expansion
improving the sensitivity of the sensor. The configuration res-
ulted in a Poisson’s ratio of −4.2% at a longitudinal strain of
25% [16]. Additionally, a conductive porous material based
on re-entrant structures was explored in designing biomedical
sensors [11]. In this case, a symmetric hyperbolic re-entrant
pattern combined with a rhombus structure was developed to
show NPR and high contraction in the transverse and longit-
udinal directions under compression. The NPR varied with
the compression experiments in the range of −0.48 to 0.175
with a maximum compressive strain of −80%.

2.2. Negative and zero thermal expansion

Most common materials exhibit positive thermal expansion
coefficients (PTE) β> 0, which means they expand and con-
tract upon heating and cooling, respectively [82]. This beha-
vior is attributed to the increased vibrational energy of the
atoms, as they vibrate more intensely and occupy more space
with the temperature increases, consequently causing the
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Figure 2. Description of PPR and NPR materials behavior.

Figure 3. NPR structures to realize metamaterial-based-sensors (a) Combination of PPR and NPR [15]. Reproduced from [15].
CC BY 4.0.; (b) Semi re-entrant auxetic ZPR material [19]. © [2022] IEEE. Reprinted, with permission, from [19].; (c) Strain sensor based
on a re-entrant frame [17]. [17] John Wiley & Sons. [© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].; (d) Combination of
conductive foam and a re-entrant structure [12]. © [2023] IEEE. Reprinted, with permission, from [12].; (e) Lightweight auxetic
foam-based pressure sensor [16]. Reprinted from [16], Copyright (2023), with permission from Elsevier.; (f) Detailing of the inner structure
of the conductive foam [16]. Reprinted from [16], Copyright (2023), with permission from Elsevier.

material to expand, as shown in figure 4(a). Nevertheless,
this expansion can be reduced or even eliminated in materi-
als that exhibit NTE behavior , β< 0; or zero thermal expan-
sion (ZTE)coefficients, β= 0. Figure 4(b) demonstrates the
the behavior of a NTE material contracting with increasing in
temperature and expanding with decreasing the temperature,
while figure 4(c) shows a ZTE material insensitive to temper-
ature variations.

NTE-based materials exhibit the unique property of con-
tracting upon heating, contrasting with the expansion observed

in conventional materials [31, 32]. This counter-intuitive beha-
vior is observed in some bulk synthesized materials, like
ZirconiumTungstate ZrW2O8 [83], and natural materials, such
as ice. It occurs because the apparent distance between the
unit cells decreases during positive temperature increments,
although the actual distance between these cells may increase
or remain constant [31]. The NTE effect is the fundamental
principle that allows metamaterials to contract upon heat-
ing, in contrast to the conventional expansion seen in most
materials [31]. Metamaterials engineered to exhibit NTE can
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Figure 4. Expansion and contraction of materials upon heating and cooling: (a) Ordinary PPE material; (b) NTE materials; (c) ZTE
materials.

Figure 5. Description of high strength-to-weight ratio materials: Normal material with high density exhibiting high strength; (b)
Metamaterial exhibiting low density and high strength.

significantly reduce internal stress levels, especially in scen-
arios involving mechanical deformation-induced stress [82,
84]. By effectively countering the expansion typically induced
by temperature increases, they offer a novel solution for enhan-
cing the structural integrity and the durability of materials
under varying thermal and mechanical conditions [82]. The
NTE effect is achieved by manipulating the geometry and
material composition of the unit cells in response to temperat-
ure changes [31]. The fundamental mechanisms that enable
this response involve the unique inner design of metama-
terials, which explores the thermo-stretching-dominated or
the thermo-bending-dominated designing aspects [31, 84].
Thermo-stretching-dominated NTE metamaterials typically
exhibit high stiffness due to the axial thermal expansion of
struts leading to a reduction in transverse distance [31]. In con-
trast, thermo-bending-dominated NTE metamaterials show
pronounced NTE behavior due to the increased curvature of
bi-material curved beams under temperature changes, effect-
ively reducing the longitudinal distance between the ends of
the beams [31].

Similarly to NTE, zero thermal expansion (ZTE) is a prop-
erty of some materials in which there is no change in volume
or dimensions under temperature variations [32]. This phe-
nomenon occurs despite the typical behavior of materials to
expand upon heating due to increased atomic or molecular
vibrations. ZTE is also realized through the design of a mater-
ial’s structure and the strategic selection and arrangement of its
components, allowing for dimensional stability across a range
of temperatures [84]. By adjusting these factors, the overall
thermal expansion properties of the composite can be manip-
ulated to achieve ZTE, which is particularly valuable in applic-
ations requiring high precision and stability under thermal
stress [32].

The NTE effect can be explored in metamaterial-integrated
and metamaterial-supported sensors. For the integrated type,

the geometrical changes in the internal structure in response to
temperature variations can be merged with functional materi-
als to monitor environmental parameters such as temperature
or moisture [20]. On the other hand, for the supported type, the
NTE effect may be employed to mitigate internal stresses and
strains, thereby reducing the risk of sensor breakage within the
metamaterial framework.

2.3. High strength-to-weight ratio

The property of high strength-to-weight ratio in mechanical
metamaterials is related to their ability to exhibit substan-
tial mechanical strength with minimal mass [85]. Figures 5(a)
and (b) illustrate the contrast between ordinary materials,
which exhibit high density and strength, and high strength-
to-weight ratio materials, which achieve comparable strength
with much lower density, primarily due to their internal
design.

This characteristic is directly associated with the relative
density of the metamaterial’s unit cell, which is defined as the
ratio of the solid material’s volume to the total volume of the
unit cell, including empty spaces and voids [86–88]. The rel-
ative density property is important for influencing the mech-
anical properties of metamaterials [86–89].

As the size of the unit cell increases or decreases, the
volume of material within the cell changes accordingly, which
in turn alters the relative density [87]. If the amount of material
within the unit cell remains constant while the overall dimen-
sions of the cell increase, the relative density will decrease
because there is a larger volume of space relative to the amount
of material [88]. Conversely, if the unit cell size is reduced
while maintaining the same amount of material, the relat-
ive density will increase [86, 89]. For stretching-dominated
structures [87], both the elastic modulus and strength exhibit
a linear relationship with the relative density, in contrast
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to bending-dominated structures, in which these properties
demonstrate an exponential dependence [87].

The high strength-to-weight ratios characteristic of mech-
anical metamaterials offer significant advantages in sensor
design. These properties enable the creation of lightweight
yet robust sensor components capable of withstanding high
stresses and strains without compromising performance [90].
This is particularly beneficial for sensors deployed in harsh
environments, such as those subject to vibration or impact.
Here, the metamaterials’ increased resilience and durability,
coupled with their reduced weight, ensure they will not sig-
nificantly influence the modal parameters of the object being
observed [91]. Furthermore, their lightweight and unobtrusive
nature makes mechanical metamaterial-based sensors ideal for
wearable applications where comfort and seamless integration
are important aspects [92, 93].

The high strength-to-weight property is especially interest-
ing for metamaterial-supported sensors. With a reduced mass,
they can offer enough stability and protection to the sensors
embedded in the metamaterial structure, reducing the likeli-
hood of breakage or excessive stress and strain [15, 19, 22]. In
metamaterial-integrated sensors, the high strength-to-weight
ratio allows for creating lightweight but mechanically resist-
ant materials that can be used as pressure sensors [16, 56].

For example, the high strength-to-weight ratio property
was explored in the design of a multifunctional ceramic/-
graphene metamaterial [56]. The designed structure resulted
in a flyweight density of 1.8 mg cm−3. The relative density
was also explored as a central parameter in the design of a
metamaterial-based pressure sensor so that by altering the rel-
ative density of the structure from 30% to 80% the youngmod-
ulus increased from 0.32 mPa to 3.61 mPa, influencing the
sensitivity and the sensing range [23].

2.4. Programmable and reprogrammable metamaterials

While mechanical metamaterials offer a range of innovat-
ive properties, their practical applications are often hindered
by limitations such as insufficient tunability and a tendency
towards single functionality. However, endowing metamater-
ials with programmable and reprogrammable functionalities
could potentially reduce or eliminate these limitations [94,
95]. This adaptability is critical in developing more efficient,
responsive, and intelligent sensor systems that can operate in
complex, and changing environments [96].

Programmable metamaterials are designed with the abil-
ity to change their physical properties, geometry, or function-
ality in a predetermined manner. The term ‘programmable’
implies that these changes are not spontaneous but initiated
or controlled by a programmed mechanism [95]. The pro-
gramming can be performed by introducing contact and non-
contact methods [95], enabling the adjustment of certain char-
acteristics, and introducing programmability into these mater-
ials. Contact tuning employs external force stimuli [97, 98]
and relies on deformable materials to achieve desired changes.
Non-contact tuning, on the other hand, utilizes magnetic [99–
102], electric [103, 104], and temperature [105–108] fields
to manipulate the metamaterials’ properties, requiring the

materials to be responsive to these external fields. The key
aspect of programmable metamaterials is the ability to pre-
cisely control the change in properties or shape according to a
pre-defined sequence [95].

To exemplify the programmability of mechanical metama-
terials integrated with sensors, a multifunctional compos-
ite was developed [109]. The SCMM system features pro-
grammable self-sensing and self-powering functionalities via
tailored triboelectric microstructures. This design enables pre-
cise control of electrical output, generating voltages up to 0.85
V under cyclic loading. The system’s programmability is fur-
ther demonstrated by its snapping behavior, which modulates
electrical signals. For instance, the generated current increases
from 0.1 µA to 0.5 µA as the loading amplitude varies from
5 mm to 10 mm, showcasing its potential for active sensing
and energy harvesting applications. In another example, con-
ductive mechanical metamaterials with programmable elastic
instabilities that work as electronic logic gates on mechanical
stress input combinations, were developed exploring rotating
rigid units (section 3.1.2) [55], as shown in figure 6(a). The
structure responds to mechanical stress in discrete modes lead-
ing to changes in the compliant conductor network to real-
ize all digital logic functions and logic assemblies. Although
no sensor was specifically integrated into the structure, Ag
microflakes-based conductive lines were deposited on the
TPU structure to serve as an electrical contact under mech-
anical stress, indicating the deformation state of the structure.
Six logic gates were realized (AND, NAND, OR, XOR, and
XNOR) by combining the deformation modes of the metama-
terial units, as verified in figure 6(b).

Reprogrammable or reconfigurable metamaterials can
undergo reconfiguration after initial fabrication [110], dis-
tinguishing them from systems that exhibit fixed behaviors
or configurations following their initial programming [111–
113]. They can adjust to new requirements or functionalit-
ies as needed, without being permanently locked into their
original programming, state, or function [113]. For example,
a structure that leverages origami elements with heterogen-
eous mechanical properties, exhibiting a variety of mech-
anical behavior patterns was developed [114], as shown in
figure 7(a). By employing functional group transformations,
the metamaterial structure demonstrates the ability to switch
mechanical behavior between positive and negative stiffness.
This switching is achieved through the anisotropic assembly
of two different elements into a functional group, leading to
the metamaterial’s zero Poisson’s ratio ν= 0 in stretching/-
compression, and negative Poisson’s close to ν =−2 ratio
auxetic deformation, as verified in figure 7(b). This structure
can be integrated with electrical networks to achieve mechan-
ical computing, representing a sensor that indicate the deform-
ation state of each functional group.

Recently, efforts have been devoted to developing metama-
terials that are self-programmable [112, 115] and self-
reprogrammable [113]. The former can reconfigure itself
using external mechanisms, actuators, and reference frames,
while the latter uses autonomous mechanisms intrinsic to the
system [113]. As an example of self-programmable materials,
self-folding origami structures were developed by integrating
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Figure 6. Programmable metamaterial: (a) Polymeric structure developed [55]. Reproduced from [55]. CC BY 4.0.; (b) Possible
combinations achieved through mechanical stress [55]. Reproduced from [55]. CC BY 4.0.

wood elements with shape memory polymer [115]. At a cer-
tain temperature the structure starts self-folding, adapting to
the increase in the temperature, as illustrated in figures 7(c) and
(d). The folding dependence on the temperature increase can
be explored as a temperature sensor, although the structure was
not intentionally designed to be used in this manner. Similarly,
a programmed self-folding structure at the millimeter scale
was developed [112]. Here, a 50µm-thick aluminum substrate
was combined with 18µm-thick shape memory polyolefin,
as the active material; and a 2.5µm-thick polyester, as the
flexural layer; was employed to devise a composite mater-
ial. The external temperature around 130◦ triggers the poly-
olefin material, causing the structure to adapt to the high tem-
perature by folding the composite and changing its geometry
(figures 7(e) and (f)).

3. Designing mechanical metamaterials

The unique properties of mechanical metamaterials are real-
ized through well-defined lattices and unit cells [17, 65, 78,
116], which manifest in various unique shapes and designs,
such as re-entrant [11, 17, 19, 117, 118], semi re-entrant [19],
chiral [13, 21], origami and kirigami-based [14, 18, 22, 54],
and missing rib approaches [59], providing the materials with
their unique properties. Each design approach brings unique
strengths and tradeoffs [17], enabling fine-tuning of a metama-
terial’s behavior to match specific application requirements.

The design of metamaterials-supported or metamaterial-
integrated sensors is typically carried out following the for-
ward and inverse design methodologies, as demonstrated in
figure 8. They enable the precise engineering of structures
allowing for the manipulation of properties such as stiffness,
energy absorption, and even counterintuitive behaviors like
negative Poisson’s ratios or NTE (section 2). This precise
control creates opportunities for signal amplification [12, 16,
17] and innovative sensing modalities [16, 21, 60], leading to
attractive applications in sensor systems [11–19, 21–23, 59,
60]. This section presents how these design methodologies
facilitate the creation of unique material properties, enhancing
the functionality and sensitivity of sensors.

3.1. Forward design methodology

The most commonmethod for designing metamaterials, either
metamaterial-integrated or metamaterial-supported, is the for-
ward design methodology [66]. In this approach, designers
leverage their knowledge and creativity to conceptualize struc-
tures that can achieve specific properties, such as NPR and
NTE (section 2). Biomimetic approaches [119], mathematical
control [120, 121], and even basic geometric manipulations
[122, 123] are all tools employed at this stage, although
the role of design experience is often more pronounced [66,
68]. The designer’s familiarity with successful metamaterial
architectures and their properties significantly guides the
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Figure 7. Reprogrammable metamaterials and self-programmable materials: (a) Origami reprogrammable design [114]. Reproduced from
[114]. CC BY 4.0.; (b) Origami reprogrammable structure [114]. Reproduced from [114]. CC BY 4.0.; (c) Self-folding flower [115].
Reproduced from [115]. © IOP Publishing Ltd All rights reserved.; (d) Self-folding icosahedron [115]. Reproduced from [115]. © IOP
Publishing Ltd All rights reserved.; (e) Self-folding five-bar linkage [112]. © [2014] IEEE. Reprinted, with permission, from [112].; (f)
Self-folding cube [112]. © [2014] IEEE. Reprinted, with permission, from [112].

Figure 8. Forward and inverse design methodologies for designing metamaterials.

initial conceptualization and tool selection. After a struc-
ture is developed, techniques such as finite element ana-
lysis simulations (FEA) or mechanical testing are employed

to assess its performance. Designers often rely on well-
established structural patterns and internal arrangements to
achieve desirable properties (section 2), which are important

9

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


J. Phys. D: Appl. Phys. 58 (2025) 133002 Topical Review

Figure 9. Negative Poisson’s ratio structures: (a) Re-entrant unit-cells ; (b) Rotating polygonal units; (c) Chiral structures; (d)Rotating
square units embedded with sensors [22] John Wiley & Sons. [© 2022 Wiley-VCH GmbH].; (e) Chiral structure for temperature
and density measurement [21]. Reprinted from [21], Copyright (2024), with permission from Elsevier.; (f) Origami structure for
mechanoelectrical multistability applications [54]. Reprinted with permission from [54]. Copyright (2023) American Chemical Society.; (g)
Missing-rib structure for soft actuator adaptability [59]. Reproduced from [59]. CC BY 4.0.

in the design of sensor-based metamaterials. Figure 8 sum-
marizes the design process of the forward design method-
ology. This section will showcase and discuss some of the
main explored unit cells and structures to realizemetamaterial-
integrated and supported sensor design in the forward design
methodology.

3.1.1. Re-entrant structures. Re-entrant structures are the
most basic configuration for unit cells to present NPR or ZPR
behavior (section 2.1). The unit cell geometry contains nodes
and connecting ribs oriented inwardly [51]. Figure 9(a) shows
some of the most explored designs. This structure encom-
passes various unit cell topologies, such as re-entrant [17, 60,
124–126] and semi-re-entrant [19] honeycombs, mixed hon-
eycombs [19, 80, 127–130], struts [116], arrowhead [131],
peanut [132], sinusoidal [46], and star shaped designs [133].
These configurations are highly anisotropic, offering increased
transverse Young’s and shear moduli [78]. When the struc-
ture is deformed, the auxetic behavior of re-entrant struc-
tures takes place due to the reconfiguration of nodes and
ribs [65].

The integration of re-entrant structures in the design
of deformable sensors is essential for enhancing their
performance by leveraging the unique properties of NPR
or ZPR materials (section 2.1). When these materials are
deformed, the inward orientation of the nodes and connect-
ing ribs in re-entrant configurations allows the structure to
expand laterally when stretched or to shrink when compressed
[11, 17], contrary to the behavior of conventional materials.
This characteristic expansion or shrinking can be utilized to
increase the number of electrical contact points within the
sensor material, significantly enhancing its ability to detect
changes in pressure or strain [11, 12, 17, 56]. Increasing con-
tact points is important for maintaining the sensor’s sensitiv-
ity and accuracy under deformation. Consequently, re-entrant
structured materials are particularly effective for applications
that require high sensitivity and can endure large deformations
[11, 17, 19]. Additionally, re-entrant structures can also be util-
ized to protect and support the sensing materials, not necessar-
ily being part of them, thus providing structural stability and
extending the functional lifespan of the sensors [15, 19, 118].
Such design flexibility not only supports a wide range ofmech-
anical properties but also enables the creation of sensors that
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can reliably operate under various operational conditions [15,
17, 19, 22, 118].

3.1.2. Rotating polygonal rigid units. Rotating polygonal
rigid unit cells refer to polygonal components within the
metamaterial that can rotate relative to each other without
deforming [134]. This structure was one of the earliest designs
to show the NPR mechanical property [135, 136] and was
first proposed by Grima et al [137]. A variety of config-
urations have been explored, such as rotating squares, rect-
angles [138], rhombi, triangles [139], parallelograms, and
combined geometries [136, 140]. Figure 9(b) shows the
examples of unit cells normally employed in the design of rota-
tion polygonal rigid units.

As an example of a rotating rigid with sensing capabilit-
ies, a kirigami structure was developed following the design
concept of rotation polygonal units [22]. Here, the flexibility
and bendability of the polymeric substrate were enhanced by
the cutting patterns, allowing to deform significantly, as shown
in figure 9(d).

3.1.3. Chiral configuration. The concept of chirality was
introduced by Lord Kelvin in 1904 [68] and describes a geo-
metric property in which an object cannot be superimposed
onto its mirror image through simple rotations and transla-
tions [141, 142]. The design of metamaterials often lever-
ages this concept to create structures with unusual proper-
ties, such as NPR and NTE. Chiral-based metamaterials are
characterized by their unique mechanical properties, such as
the compression-twisting effect, where compression induces
shearing and a twisting behavior [142]. The design and applic-
ation of chiral mechanical metamaterials take advantage of
the unique deformation features of node rotation and ligament
bending in the unit cells [141]. The structure can transform
linear deformation into rotation at the unit cell scale [143].
Moreover, chiral geometry exhibits a deterministic handed-
ness, which results in a very stable Poisson’s ratio, making
them less susceptible to manufacturing errors across small and
large deformations [17].While asymmetric lattices inmetama-
terials typically lead to anisotropic behavior, chiral lattice pat-
terns can result in isotropic properties. Despite their inher-
ent asymmetry, these chiral patterns can distribute properties
uniformly in all directions [144]. Chiral-based metamateri-
als can be classified into chiral [143], anti-chiral [31], and
meta-chiral categories [141]. They are noteworthy for their
multi-functional properties, including vibration attenuation
and bandgap features [145], impact energy absorption [68],
and a negative coefficient of thermal expansion [141, 146,
147]. These properties make chiral-based unit cells attractive
for applications where control over mechanical and thermal
responses is critical. Figure 9(c) shows some designs for chiral
unit cells explored in the design of mechanical metamaterials.

To illustrate the use of chiral design in the development of
sensors, a chiral syndiotactic unit cell—which was composed
of two chiral sub-cells and with inclined rods attached to

octagonal plates—was employed as a temperature sensor
for water, exploring the Fano resonance [21], as shown in
figure 9(e).

3.1.4. Origami and Kirigami structures. The exploration of
origami and kirigami in the development of auxetic metama-
terials has emerged as a significant approach in the fabrication
of mechanical metamaterials [4, 14, 18, 22, 114, 148–155].
They are particularly effective in realizing NPR structures due
to their efficient design, fabrication, and reconfigurability of
mechanical properties [48], which is particularly valuable in
applications requiring materials that exhibit large deforma-
tions without failure.

The origami-inspired metamaterials are primarily con-
structed by folding thin sheets along carefully predefined
creases [85], resulting in intricate structures that can be used
in diverse applications, ranging from mechanical vibration
attenuation [114, 156–158] to stents for biomedical applic-
ations [159]. Meanwhile, the kirigami technique involves
cutting and folding thin and sheet-like materials to create
structures [160]. This technique allows for the manufactur-
ing of metamaterials with unique mechanical properties, such
as a high strength-to-weight ratio, and has been applied in
applications ranging from energy harvesting [161–163] to
healthcare [164–166]. For instance, the origami structure was
used to create a mechanically responsive substrate that could
undergo controlled deformations and maintain multistable
mechanical states [54]. These structures, consisting of octa-
gonal, hexagonal, and conical origami units, were important
in enabling the effectively trigger triboelectric pairs integrated
into their design (figure 9(f)). It was integrated into a self-
detectable speed bump designed to monitor vehicle speeds,
showcasing their application in a practical, real-world setting.

3.1.5. Missing rib structures. The missing rib design is
a specific pattern explored to induce or enhance the negat-
ive Poisson’s ratio of mechanical metamaterials [167]. This
design approach involves creating patterns or structures within
the material that unfold or expand in unconventional ways. It
consists of removing selected ribs from the designed struc-
ture [168] and is particularly relevant in the development of
expandable [59], flexible [78], or adaptable structures [169],
often verified in metamaterials.

As an example, the missing rib structure was explored in a
soft actuator to create a deformable system that can maintain
its functionality under expansion and contraction [59]. This
structure enabled the actuator to exhibit enhanced mechan-
ical properties, such as increased stretchability and resilience,
necessary for soft robotics applications that require robust per-
formance in varying physical conditions figure 9(g). The integ-
ration of this auxetic pattern within the actuator allowed for the
seamless embedding of sensors that could continuously mon-
itor deformation, thereby providing real-time feedback crucial
for adaptive control systems in robotics.
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3.2. Inverse design methodology

Inverse design offers a contrasting approach to the traditional
forward design methodology [170]. Unlike forward design’s
focus on the initial fabrication of a structure, inverse design
prioritizes specific properties of the structure [171–174]. This
method begins by defining the target properties, such as high
strength or specific Poisson’s ratio [175, 176]. Subsequently,
optimization algorithms are used to search a vast design space
and identify structures that achieve predefined goals. The
main optimization techniques in the design of mechanical
metamaterials are gradient-based optimization [177], evolu-
tionary algorithms [178, 179], topology optimization [180,
181], machine learning-based optimization [66, 170, 178, 179,
182–185], bayesian optimization [184], simulated annealing
[186], and surrogate modeling [170, 171, 187]. A significant
challenge in inverse design is balancing the optimal structure
with the feasibility of manufacturing it [32, 79, 188]. The nat-
urally inspired forms that emerge from this process are fre-
quently complex and challenging to fabricate (section 4), lim-
iting their application primarily to conceptual levels [86, 189].
Figure 8 summarizes the design process of the inverse design
methodology.

To illustrate the adoption of inverse design, topology optim-
ization was employed in the design of a chiral-based metama-
terial to increase the mechanical energy absorption [68]. A
generic chiral structure was used as a starting point for the
optimization. The main goal was to maximize the elements
Dijkl of the matrixD, which is related to the material stress and
the chirality of the structure. The structure was tested by hav-
ing Fiber Bragg Grating pressure sensor that was attached to
the structure to monitor the change in the output pressure dur-
ing the impact on the metamaterial. The topology and para-
metric optimization resulted in a structure that could absorb
63% more impact energy than the initial generic structure.
Figure 10(a) depicts the designed structure.

As an example of machine learning and bayesian optim-
ization, a non-invasive continuous blood pressure meter con-
sisting of a piezoelectric metamaterial-based structure was
enhanced using machine learning and Bayesian optimization
techniques [184]. Initially, different unit-cell-based metama-
terials were compared to a normal square-shaped piezoelectric
element in terms of generating electric potential. Afterward, a
Bayesian optimization was used to achieve the optimal design
of the proposed piezoelectric metamaterial blood pressure
sensor. Then, machine learning algorithms were employed to
reveal the effect of design parameters on the output voltage
through regression models to simulate and visualize relevant
parameters. The structure suggested by the Bayesian optimiz-
ation could produce an electric potential more than two times
greater than that of a conventional square-shaped piezoelectric
element achieving 936 mVwhen subjected to a blood pressure
of 100 mmHg. Figure 10(b) shows the obtained structure after
the optimization process.

Inspired by human skin, neural networks—core building
blocks in machine learning—were implemented to develop a
heterogeneous multi-layered structure for soft tactile sensors
for multiple sensitivities across force sensing ranges [185].

The structure was composed of an array of blocks, where each
block consists of stacked unit cells forming layers, as verified
in figure 10(c). Here, each unit cell has a design space t, θ, and
h, for each set of depth D, height H, and width W. Magnetic
transduction method was chosen to translate the displacement
of the metamaterial into an electrical signal. Due to the mul-
tiple design parameters that influence the sensitivity and the
force sensing range, the minimization of a cost function resul-
ted in the desired stiffness values of each layer and sensitivity.
The parameters obtained in the optimization process resulted
in a sensitivity of 0.26 N−1, 0.08 N−1, and 0.03 N−1 for each
unit cell of the stacked structure.

3.3. Finite element analysis

Finite element analysis (FEA) is one of the most explored
tools that facilitates the design of metamaterials through both
forward and inverse design methodologies [15, 17–19, 190–
193]. Its importance lies in bridging the gap between con-
ceptualizing these structures and realizing their desired prop-
erties. While FEA can be used to analyze some traditional
materials, it becomes essential for predicting the behavior of
mechanical metamaterials [144, 191], especially because of
the complex geometries and inner arrangements [194]. FEA
allows for testing under various loading conditions, analyzing
factors such as stress distribution, deformation, and potential
failure points, which is invaluable for optimizing the design
of metamaterials [15, 17–19, 144, 190–192, 194]. By iter-
atively refining the structure based on the FEA results, the
desired mechanical properties can be realized, such as negat-
ive Poisson’s ratio, high strength-to-weight ratios, or tailored
stiffness profiles (section 2), without the need for extensive and
time-consuming physical prototyping.

To illustrate the use of FEA in the design of metamateri-
als, finite element simulations were conducted in a kirigami-
based strain sensor embedded with an array of wireless
microwave resonators to identify the rotation angle of the
structure’s hinges under axial tension [18], as demonstrated
in figure 11(a). The base material used to fabricate the struc-
ture was cellulose acetate with a density of 1300 kg m−3,
modulus of elasticity 2.4 GPa, and Poisson’s ratio of 0.38.
The simulations revealed a dominant out-of-plane rotation of
the kirigami structure occuring at the hinges, although the
metamaterial also experienced in-plane and plastic deforma-
tion. Three patterns were simulated (figure AA), showing an
out of plane rotation varying from [θ∆L/L]−1 = 3.2% to 3.9%
for a deformation of ∆L/L< 8%.

FEA is also attractive in the process of estimating the
mechanical properties of metamaterials. As an example, FEA
was utilized to estimate the Poisson’s ratio of a hybrid ZPR
metamaterial consisting of the superposition of PPR and NPR
structures [15]. Figure 11(b) shows the longitudinal deform-
ation contour under 20% transverse tensile strain. The simu-
lations showed some discrepancy in the Poisson’s ratio when
compared to the experiments, which was attributed to diffi-
culties in accurately controlling the dimensions during fabric-
ation processes and the different material properties.
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Figure 10. Optimization processes in inverse design methodology: (a) Unit cell generation process through topology optmization [68].
Reproduced from [68]. CC BY 4.0.; (b) Structure obtained through Bayesian optimization [184]. Reprinted with permission from [184].
Copyright (2023) American Chemical Society.; (c) Heterogeneous multi-layered structure for soft tactile sensors developed through FEA.
[185]. Reproduced from [185]. CC BY 4.0.

Figure 11. Finite element analysis in the development of metamaterial-based sensors: (a) Simulation of kirigami hinges in a strain sensor
[18]. Reprinted with permission from [18]. Copyright (2020) American Chemical Society.; (b) Finite element analysis of a hybrid ZPR
metamaterial [15]. Reproduced from [15]. CC BY 4.0.; (c) Simulation of a stretchable strain sensor with a re-entrant structure [17]. [17]
John Wiley & Sons. [© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].

Similarly, FEA was also employed in the development of
a re-entrant structure in a stretchable strain sensor composed
of conductive single-wall carbon nanotube (SWCNT) network
on polydimethylsiloxane (PDMS) thin film, with a PDMS
auxetic frame [17]. Here, the simulations allowed insights
into the auxetic/nonauxetic frames, revealing the regulatory
effects of strain redistribution and concentration at a 15%nom-
inal strain and a gauge factor (GF) of ≈ 835, as verified in
figure 11(c).

4. Fabrication technologies and materials

The incorporation of mechanical metamaterials with sensors
involvesmany fabrication technologies. Themetamaterials are
normally fabricated using additive manufacturing [17, 19, 23,
195–198], traditional molding methods [12, 16, 17, 22], or
patterned cutting [15, 18, 60, 115] either for metamaterial-
supported or metamaterial-integrated sensors. Several mater-
ials can be explored in the fabrication process of the struc-
tures, providing mechanical resistance, adequate electrical
pathways, and longevity.

The sensitive and functional materials are normally fab-
ricated through microfabrication technologies, including,
evaporation [60], sputtering [15, 199], and pulsed laser depos-
ition (PLD) [200], as they allow the creation of small compon-
ents and thin-film layers, which are very important to realize
unobtrusive and imperceptible electronics and sensors [201,

202]. This section will present the materials commonly used in
the fabrication of metamaterial-integrated and metamaterial-
supported sensors, along with the main fabrication techniques
employed in their fabrication.

4.1. Materials

The materials used in the fabrication of metamaterials for
sensor applications constitute a critical component of their
design and functional capabilities. These materials are typ-
ically chosen to enhance and preserve the sensitivity of the
sensors and to withstand mechanical deformations [15, 17,
19, 46, 60]. When combined with metamaterial designs, these
materials lead to performances that are unattainable with con-
ventional approaches [11, 12, 17, 19]. Functional materials
such as conductive polymers, carbon nanotubes, and metal-
lic nanostructures are frequently employed to harness their
superior electrical conductivity and mechanical flexibility.
Additionally, the integration of these materials within poly-
meric matrices allows for the exploitation of both the intrinsic
properties of the materials and the geometric innovations
provided by metamaterial designs (section 3.1).

4.1.1. Metamaterial-integrated sensors. The materials typ-
ically used for fabricating metamaterial-integrated sensors can
be categorized as either composites, formed through the com-
bination of structures fabricated separately and subsequently
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Figure 12. Examples of functional materials integrated in the metamaterial structures. (a) MWCNT integrated in a gyroid-based
structure [23]. [23] John Wiley & Sons. [© 2023 Wiley-VCH GmbH].; (b) Mxene mixed in a porous material to make it conductive [11].
Reprinted from [11], Copyright (2022), with permission from Elsevier.; (c) Graphene oxide uniformily absorbed by the structure of the
sensor [12]. © [2023] IEEE. Reprinted, with permission, from [12].

joined [17], or as mixtures of different materials aimed
at realizing the metamaterial, which constitutes the sensit-
ive part of the sensor. Several conductive materials have
been mixed with polymeric materials to realize metamaterial-
integrated sensors. These conductive materials include single-
walled carbon nanotubes (SWCNT) [11, 17, 23], multi-
walled carbon nanotube (MWCNT) [16], titanium carbide
(MXene) [11], silver nanowire (SNW) [11, 17, 59], poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
[11], aluminum (Al) [14], copper Cu [54], gold Au [13, 60],
chromium Cr [60], titanium Ti [13], graphene oxide [12], and
silver microflakes [55].

Carbon nanotubes are mostly employed to facilitate con-
ductive pathways, enhancing the sensitivity and mechanical
stability of the sensors [11, 17, 23]. Titanium carbide (MXene)
provides high electrical conductivity, enabling the sensors
to endure deformations without losing functionality, which
is attractive for the detection of physiological signals [11].
Silver nanowires (SNW) can enhance electrical conductivity
due to their ability to maintain high electrical conductivity
even under repetitive stretch or compression without losing
functionality [11]. Unlike SNW, silver microflakes typically
exhibit a flat and planar structure that can create a dense, over-
lapping network when dispersed in a polymeric matrix. This
planar orientation tends to form conductive paths more easily
across two dimensions [55]. Conductive polymers have also
been explored to realize metamaterial-integrated sensors. For
example, poly(3,4-ethylenedioxythiophene) polystyrene sulf-
onate (PEDOT:PSS) offers high electrical conductivity com-
bined with good flexibility and stretchability [11]. Figure 12
show examples of functional materials on parts of the sensors.
Figure 12(a) show the deposition of MWCNT on a 3D printed
gyroid-based stucture. Figure 12(b) shows a Mxene material
mixed with the structure of a auxetic-based pressure sensor.
Figure 12(c) shows graphene oxide completely absorbed by a
foam material that is integrated with an auxetic structure.

These conductive materials are combined with poly-
meric materials that are shaped to explore mechanical
metamaterial properties (section 2) through specific designs
(section 3.1). Several polymeric materials are employed,
including Polyvinylidene fluoride or polyvinylidene difluoride

(PVDF) [14], Fluorinated Ethylene Propylene [54], vulcan-
ized silicone [59], TPUs [16, 23, 55], PDMS [12], silic-
one rubber [12], urethane-based rubber [55], shape memory
polymers [14], polyvinylpyrrolidone (PVP) [16].

4.1.2. Metamaterial-supported sensors. In the develop-
ment of metamaterials to support sensors, polymeric mater-
ials are often explored due to their flexibility and increased
elongation before breakage, high impact resistance, and elec-
trical insulation [201, 203], as well as high tensile strength and
chemical resistance [22]. Thesematerials are utilized in fabric-
ation processes including molding [12, 15, 16] and patterned
cutting [18, 60] (sections 4.4 and 4.5).

Commonly employed materials include PDMS [15], pho-
topolymer resins suitable for flexible 3D printing [19], and
silicone rubber [22]. In the fabrication of structures utiliz-
ing sheet-like materials, techniques such as patterned cut-
ting are applied to materials like rubber sheets [60], polyim-
ide (PI) [22], and transparent cellulose acetate sheets [18].
After the fabrication of the structure, the sensors are either
fabricated separately [18, 19, 54] — and later embedded in
the metamaterial structure—or are fabricated on top of the
metamaterial structure [22, 60] by different fabrications pro-
cess (sections 4.3 and 4.6).

4.2. Additive manufacturing techniques

Additive manufacturing, also known as 3D printing, has
become an important tool in the design and fabrication of
mechanical metamaterials. Its ability to produce complex
shapes with precision provides extensive flexibility in geo-
metric design. Several 3D printing techniques are commonly
used for mechanical metamaterials, including fuse deposition
modeling (FDM) [204–209], stereolithography (SLA) [34,
210–214], digital light process (DLP) [215–219], masked
stereolithography (MSLA) [220–222], direct inking writing
(DIW) [223–226], and polyjet [227–229]. 3D printing offers
the advantages of rapid prototyping, enabling the creation
of complex geometries that would be challenging or unat-
tainable with traditional manufacturing methods [109, 230].
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This flexibility facilitates customization, on-demand produc-
tion [34, 204, 216, 222], rapid prototyping, and iterative design
processes [34, 196, 230–233]. However, 3D printing also
present some limitations. Print speed can be slow, particularly
for high-resolution parts, and material selection may be lim-
ited compared to conventional processes. Additionally, prin-
ted objects often display anisotropic properties, meaning their
mechanical properties might vary depending on the direction
of applied stress, a result of the layer-by-layer printing process.

4.2.1. Fused deposition modeling. The Fused Deposition
Modeling (FDM) technique is noted for its ability to print
mechanically resistant and precise structures [204–206].
However, FDM-printed mechanical metamaterials often suf-
fer from the stair stepping effect [234–236], often resulting in
a rough surface finish. This effect is caused by the layer-by-
layer deposition of the filament material, which creates visible
tracks on the surface [234]. To overcome this issue, various
strategies have been explored to improve the surface quality
of FDM printed objects, such as post-processing techniques
and optimization of printing parameters [237–242]. It has been
used to fabricate structures for a variety applications, including
devices for mechanical vibrations mitigation [243–246] and
auxetic structures [206, 207, 209, 247, 248]. Overall, the use
of FDM for mechanical metamaterials offers unique advant-
ages in terms of design flexibility, customization, and rapid
prototyping.

For example, the FDM technique was essential in fabric-
ating a pressure sensor exploring a gyroid-based configura-
tion [23] (figure 13(a)). The printed structure was coated with
functional to form the sensitive part of the sensor. The fabric-
ated structure exhibited a Young’s modulus ranging from 0.32
mPa at 30% relative density to 3.61 mPa at 80% relative dens-
ity. Additionally, the sensor achieved a high sensitivity of 2.68
mPa−1 and a wide sensing range up to 1.45 mPa.

4.2.2. Stereolithography. Stereolithography (SLA) stands
out for its high-resolution capabilities [34, 204]. This tech-
nique uses a liquid resin that is cured layer by layer using
ultra-violet (UV) light to create solid objects with good detail-
ing [205, 249, 250]. SLA-printed structures normally exhib-
its smooth surface finishes and high precision, making them
suitable for applications requiring fine details and tight tol-
erances [29, 249, 250]. However, the disadvantages of SLA
technology include average resistance to mechanical loads
when compared to other 3D printing process [204–206],
reduced durability over time, susceptibility to damage from
long exposure to the Sun, and the need for troublesome post-
processing operations involving potentially hazardous chem-
icals, and relatively slow printing processes due to low photo-
polymerization rates during printing [249, 251].

As an example of the use of SLA in the fabrication
of metamaterials, ultrasoft bioinspired metamaterials that
combined natural fiber-inspired frameworks with graphene-
inspired parent structures was engineered [195], as shown in
figure 13(b). Here, SLA enabled the precise creation of a
layered design, significantly reducing dynamic compressive

strength by 86% and increased energy absorption for applica-
tions requiring high-impact resistance and durability. SLAwas
also important in fabricating 3D and conformal metamaterial
structures [196]. The high precision allowed for the creation of
3D orthogonal split-ring resonator (SRR) metamaterials with
unit cell sizes of 1.25 mm, ring radii of 500 µm, and split
gaps of 300 µm. Figure 13(c) illustrates one of the fabricated
structures.

4.2.3. Digital light processing. The DLP technique is sim-
ilar to the SLA [222]. However, it relies on a continuous liquid
interface production. It means that the object is built layer by
layer from a liquid resin that is cured using UV light. This
method is especially effective in creating complex microstruc-
tures, like pneumatic robots [215]. Its cost-effectiveness and
high throughput make DLP an attractive option for large-scale
applications [216]. The DLP technique’s ability to fabricate
structures without supporting materials is also attractive [216],
offering the advantage of fabricating complex designs faster.
The use of DLP for fabricating mechanical metamaterials
offers similar advantages to SLA, such as high-resolution cap-
abilities and the ability to create complex geometries with
intricate details [216]. However, this technique has increased
costs [252], complexity in fabricating large structures, and lim-
ited availability of printing materials.

To exemplify the use of DLP in fabricating complex
metamaterials, this technique was used in the fabrication of
a piezoelectric microphone (figure 13(d)), as it enabled the
exploration of a resin mixed with functional materials to cre-
ate a structure precision and functional customization [197].
Specifically, the printer achieved layer resolutions of 27 µm to
integrate a 35µmfinely-tuned acousticmembranes.Moreover,
DLP allowed for the embedding of conductive and piezoelec-
tric layers within a single build, facilitating the creation of
a complete electro-mechanical system within the structural
polymer matrix.

4.2.4. Masked stereolithography. The MSLA technique
represents a significant advancement in 3D printing, offering
the ability to create graded structures with tunable mechan-
ical properties [222]. MSLA’s use of digital masks allows for
controlled curing of photopolymers, enabling the fabrication
of materials with varying softness [220, 221]. This capability
is essential for producing metamaterials with specific mechan-
ical properties and functional gradients. Differently from the
SLA and DLP, MSLA does not require dynamic mirrors or
a continuous liquid interface, as it works through a stationary
mask pattern that selectively cures the resin. In terms of fabric-
ation of mechanical metamaterials, MSLA offers the advant-
age of greater control over the mechanical properties of the
printed structures while maintaining high resolution and fine
details.

The MSLA technique was important in the fabrication
of a ZPR auxetic structure to house pressure sensors. The
layer thickness of 50 µm [19]. Here, the 3D printing tech-
nique allowed for the integration of complex geometrical fea-
tures such as hinges and encapsulation structures critical for
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Figure 13. Printing technologies in the development of mechanical metamaterials: (a) A gyroid-based pressure sensor structure showcasing
the layering and material functionality typical of FDM processes [23]. [23] John Wiley & Sons. [© 2023 Wiley-VCH GmbH].; (b) Ultrasoft
bioinspired metamaterial achieved through SLA [195]. Reprinted from [Gao et al], Copyright (2024), with permission from Elsevier. ; (c)
Detailed view of 3D orthogonal split-ring resonator metamaterials obtained with SLA [196]. [Zhang et al] John Wiley & Sons. [© 2021
Wiley-VCH GmbH].; (d) DLP printing of a supporting strucutre of a piezoelectric microphone component [197]. Reproduced from [197].
CC BY 4.0.; (e) Encapsulating part of a ZPR structure printed through MSLA [19]. © [2022] IEEE. Reprinted, with permission, from [19].;
(f) DIW printed sample with customized with controlled mechanical properties [198]. Reproduced from [Shi et al]. © IOP Publishing Ltd
All rights reserved.

the mechanical flexibility and functionality of the structure,
demonstrating the capability of the structure to withstand up to
15% stretch and shear deformations without mechanical fail-
ure. This precision and design flexibility were essential for the
high performance and durability required in flexible electron-
ics applications. Figure 13(e) shows the encapsulating part that
was designed to support and house pressure sensors.

4.2.5. Direct inking writing. DIW is another method for
printing multimaterials, particularly metamaterials and soft
robots [223]. While DIW has lower resolution when compared
to SLA or MSLA, its utility in multimaterial applications is
significant, especially in fields requiring a combination of dif-
ferent material properties within a single structure [223]. DIW
technique was essential in fabricating the four-layer gradient
woodpile metamaterial absorbing structure [198]. The flexibil-
ity and conformability of the printed structure were enabled by
the printing process. Figure 13(f) shows one of the fabricated
samples.

4.2.6. Polyjet printing. Polyjet 3D printing, similar to SLA
and DLP, allows for the fabrication of complex geometries
with high precision [34, 228, 253, 254]. Its utility in creat-
ing customized and unique designs, particularly in the rapid
prototyping phase, makes it an important tool in the devel-
opment of mechanical metamaterials [227–229]. The main
advantage of this technique is the ability to print with multiple
materials simultaneously, allowing for the creation of mech-
anically heterogeneous structures with precise control over

material properties [228, 253]. In the fabrication ofmetamater-
ials, Polyjet is used to create structures with elaborated internal
architectures and variable density, allowing for control over
mechanical properties such as stiffness and elasticity [17, 255].
This technique was explored in the fabrication of stretchable
strain sensors enhanced by auxetic mechanical metamateri-
als [17]. This approach utilized a 3D printing-assisted molding
method to create molds for PDMS casting, leveraging the fine
resolution of PolyJet (16 µm) to precisely control the auxetic
structures’ fine geometries.

4.3. Transfer techniques

The integration or embedding of sensors on metamaterial
structures can be carried out through transfer techniques, in
which the electronics and sensors are fabricated in separate
steps and then transferred to a final surface. This is import-
ant because in some metamaterials, the surface might not
be compatible with the fabrication process of the sensors,
either because it cannot meet the handling and the fabrica-
tion setup requirements, or it is unable to endure the chemical
and the temperature conditions during the fabrication of the
electronics [256, 257]. As a result, transfer methods have been
developed to transfer the electronics from a donor substrate,
which can withstand all the fabrication processes to a target
substrate.

The transfer methods normally involve bypassing the
incompatibilities of the receiver substrate through separated
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Figure 14. Transfer techniques that can be used to develop metamaterial-based sensors: (a) Water transfer process (WTP) [266]. [266] John
Wiley & Sons. [© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].; (b) Substrate-free transfer process (SFT) [257].
Reproduced from [257]. CC BY 4.0.; (c) Liquid transfer process (LTP) [268]. Reproduced from [268]. CC BY 4.0.

fabrication steps using a donor substrate, which is compat-
ible with all the fabrication processes [257]. They enable the
exploration of unconventional properties of the target sub-
strates, such as flexibility [258], low cost [259], biocompat-
ibility [260], and biodegradation [261].

Various methods have been developed to transfer the elec-
tronics and sensors. For example, the exploration of elasto-
meric tapes (ET) and stamps have been widely adopted for
transferring electronics to planar surfaces [261–265]. For 3D
metamaterials with complex large-area surfaces, water trans-
fer printing (WTP) is another technique that has can explored
to transfer electronics [266, 267]. Figure 14(a) shows metallic
layers transferred to 3D surfaces. When it comes to avoiding
damage and deformation in the electronics during the trans-
ferring, the liquid transfer printing (LTP) method has shown
attractive results with receiver substrates of different mater-
ials, patterns, and sizes [268]. Figure 14(b) shows delicate
metallic layers transferred to a target substrate. Additionally,
a substrate-free technique (SFT) that eliminates intermediate
layers between the electronics and the target substrate has also
been developed, exhibiting a better conformability of the elec-
tronics to uneven receiver substrates, adequate electrical con-
tact, and increased thermal contact conductance between the
electronics and the target surface [257]. Figure 14(c) shows
the method’s versatility with a metallic layer transferred onto
a leaf.

4.4. Molding and casting

Molding is a technique typically employed to reproduce com-
plex geometries and structures. It is a simple and com-
mon method for preparing mechanical metamaterials [269].
Normally, it involves pouring an uncured material, such as sil-
icone rubber [270], Ecoflex, or PDMS [201, 271] onto a mold,
allowing it to cure, and obtaining the desired shape [269].
This technique has been used to fabricate complex struc-
tures, such as soft robots [272–274], and mechanical parts,
in which elaborated details and surface quality are relev-
ant. Although these characteristics are essential in develop-
ing mechanical metamaterials, this technology is not fully
explored because of its limitations [275]. For example, it is
unsuitable for micro-molding and complex structures with
greater levels of customization [275, 276], for which additive

manufacturing technologies can bemore suitable (section 4.2).
The molding technique can be either used to fabricate the
metamaterial-supported [17, 22], or metamaterial-integrated
sensors [12, 16, 55].

To illustrate the use of molding in the fabrication of
metamaterials-supported sensors, a strain sensor exploring a
ZPR structure fabricatedwith PDMSwas designed [15]. Here,
the molds were exmployed to achieve specific geometric pat-
terns that modulated the Poisson’s ratio. The fabricated struc-
ture had a thickness 200 µm, an elastic modulus of 1.62 mPa,
and a Poisson’s ratio of 0.49. This approach enabled the fab-
rication of sensors that could detect independent multiaxial
mechanical deformation without interference. Figure 15(a)
shows the fabrication process of the structure.

As an example of metamaterials-integrated sensors,
an auxetic structure for stretchable strain sensors was
developed [17]. The technique facilitated the precise cast-
ing of PDMS, shaping auxetic structures with a defined
frame thickness of 1 mm and thin film thickness of 201 µm.
Figure 15(b) shows the molding process of the auxetic struc-
ture. Similarly, the molding technique was employed in the
of an anisotropic cellular foam with a negative Poisson’s ratio
for high-performance piezoresistive sensors [16]. In this case,
through an ambilateral convergent directional freeze casting
technique, the process was able to control pore orientation by
varying freezing directions and speeds precisely. This method
enabled the production of foams with controlled density and
porosity levels adjustable by the concentration of the func-
tional material. In another example, the molding technique
was important in the fabrication of a flexible pressure sensor
utilizing a mixture of elastomeric and functional materials
embedded with a NPR structure [12]. By employing a sac-
rificial sugar template method, sugar cubes embedded with
PDMS were molded and subsequently dissolved to create a
porous matrix within the silicone rubber, ensuring uniform
and controlled porosity.

4.5. Patterned cutting techniques

Cutting techniques are important tools in the fabrication pro-
cess of metamaterial-based sensors. They allow for the cre-
ation of fine details that would be difficult or even impossible
to achieve manually. These techniques can rapidly produce
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Figure 15. Molding techniques leveraged in the fabrication of metamaterial-based sensors: (a) Fabrication of a metamaterial-supported
strain sensor [15]. Reproduced from [15]. CC BY 4.0.; (b) Fabrication of a metamaterial-integrated strain sensor [17]. [17] John Wiley &
Sons. [© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].

Figure 16. Patterned cutting. (a) Plotter cutting to fabricate an auxetic structure for a stretching sensor [60]. Reprinted from [60], Copyright
(2021), with permission from Elsevier. (b) Laser cutting for developing a self-folding structure [115]. Reproduced from [115]. © IOP
Publishing Ltd All rights reserved.

multiple identical pieces, which is essential for projects requir-
ing numerous components or consistent reproduction. They
enable high customization, as designs can be altered on the
fly and quickly tested, which encourages experimentation and
iteration during the fabrication process. For flat or sheet-based
structures, cutting techniques are often significantly faster than
molding or 3D printing, as there’s no need for mold creation
or layer-by-layer printing. Additionally, cutting techniques can
be more cost-effective, especially for smaller batches or when
using readily available materials. They also tend to be more
accessible and affordable for hobbyists and small-scalemakers
compared to industrial-grade molding or 3D printing systems.
In the fabrication steps of mechanical metamaterials-based
sensors, plotter cutting [18, 60] and laser cutting [15, 115] are
the most explored tools. Figures 16(a) and (b) show examples
of patterned cutting being used to realize sensors.

To exemplify the use of laser cutting tools in the fabric-
ation process of a metamaterial-based sensor, a highly com-
pliant structure inspired by kirigami patterns was developed

[15]. The laser cutting allowed for precise geometric cuts
on a 200 µm-thick PDMS substrate, ensuring uniformity and
enabling strain concentration in specific parts of the metama-
terial structure. Laser cutting was also employed in the fabrica-
tion of self-folding structures from shape memory composites
[115], as demosntrated in figure 16(b). The precise cut patterns
guided the folding behavior by creating predefined gaps ran-
ging from 0.25 mm to 12 mm, directly influencing the fold
angles achieved, which were essential for the formation of
complex 3D shapes.

The plotter cutting was fundamental in the fabrication of
the kirigami-enabled microwave resonator arrays for wire-
less, flexible, passive strain sensing [18]. The kirigami pat-
terns were fabricated from transparent cellulose acetate sheets
with a thickness of 0.127 mm. The cuts enabled the kirigami
sheets to undergo large deformations without plastic damage.
In another application, this technique was employed to fab-
ricate an auxetic pattern on a Dragon Skin film [60], achiev-
ing a unit cell size of 4 mm, resulting in a structure that could
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Figure 17. Physical vapor deposition. (a) Evaporation of gold on top of an auxetic structure [60]. Reprinted from [60], Copyright (2021),
with permission from Elsevier.; (b) Copper deposited on a porous structure through sputtering [283]. © [2023] IEEE. Reprinted, with
permission, from [de Souza Oliveira et al].; (c) ZnO grown by PLD at 600◦—100 Pa [200].

undergo bending-dominated deformations with minimal stiff-
ness. Figure 16(a) shows an illustration of the plotter cutting
after fabrication of the substrate.

4.6. Physical vapor deposition

Physical vapor deposition (PVD) is a technique that can be
used to fabricate thin-films and coatings on different sub-
strates. It allows for the deposition of a variety of materials,
including metals, ceramics, glass, and polymers [277–279].
PVD is characterized by a process in which the material trans-
itions from a condensed phase to a vapor phase, by energetic
means, with a subsequent deposition of the atoms onto the tar-
get substrate, resulting in a physical coating on the substrate
[277, 278, 280, 281]. Various deposition methods have been
used to develop electronics and sensors, such as thermal evap-
oration (TE), electron-beam (E-beam) evaporation, physical
sputtering, and PLD [277, 279, 282].

4.6.1. Evaporation. In evaporation processes, the material
to be deposited, referred to as the source material, is heated
beyond its melting point within a vacuum chamber, using a
specific heating source. Due to the reduced pressure in the
chamber, the evaporated atoms travel in straight lines without
collisions and subsequently condense on the substrate [279,
280]. The primary techniques of evaporation include TE and
electron beam (E-beam) evaporation.

In TE, the source material is placed in a conductive cru-
cible and melted using either inductive heating or a resist-
ive heater. Within the vacuum chamber, the heated crucible
allows the material to evaporate and subsequently deposit onto
the substrate [280]. In E-beam evaporation, an electron beam
is used to melt the material, facilitating the evaporation of
particles. A magnetic field then directs the accelerated elec-
trons onto the source material, causing the released particles
to deposit onto the substrate through the plasma present in the
chamber [280–282].

Evaporation processes result in highly pure thin films; how-
ever, controlling the properties of these films is challenging,
and their adhesion is often poor. The primary advantage of TE
and E-beam techniques is the ability to achieve high deposition
rates [281].

For instance, this technique was used in the fabrication of
a strain sensor based on mechanical metamaterials, where Cr
and Au films were deposited at thicknesses of 10 and 100
nm, respectively [60]. This method enabled the creation of a
light-blocking film that exhibited superior uniformity and high
reflectance. Figure 17 shows the deposited layer of gold. In the
case of an E-beam evaporator, Ti and Au were deposited with
thicknesses of 3 and 10 nm, respectively. These layers played
an important role in the functionality of a hydrogel metama-
terial within their device [13]. The metamaterial was function-
alized with antibodies to detect specific biomarkers present on
extracellular vesicles [13].

4.6.2. Sputtering. Sputtering operates through the creation
of Argon plasma (Ar) via glow discharge. Ar ions are then
accelerated towards the target material. Through momentum
transfer, atoms from the target are ejected and transported
through the plasma to the substrate. Upon reaching the sub-
strate, these atoms condense to form solid films. The target can
be powered either by direct current (DC) or radio frequency,
adding flexibility to the process. Notably, sputtering allows for
a top-down deposition approach, which is not feasible with TE
[284–287].

In microelectronics, sputtering is the predominant PVD
technique due to its ability to deposit complex alloy com-
positions and high-temperature, refractory metals such as
Tungsten and Molybdenum [285, 288]. This method achieves
well-controlled and uniform depositions, even on large depos-
ition areas. The main advantages include its low-temperature
processability (often at room temperature), excellent adhesion,
smooth film quality, the ability to tailor the properties of the
layers by adjusting the power, and the large availability of
sputtering tools [285].

To demonstrate the application of sputtering in sensor tech-
nology, gold (Au) was sputtered onto PDMS during the fabric-
ation of ZPR flexible sensors [15]. In another example, sputter-
ing was employed to deposit titanium nitride oxide (TiNxOy)
and silver (Ag) films onto a BK7 glass substrate for the cre-
ation of a surface plasmon resonance (SPR) sensing device. In
this case, the DCmagnetron sputtering technique was utilized.
The final structure of the device featured a multilayer compos-
ition of TiNxOy/Ag/TiNxOy/Ag [199].
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Figure 17(b) exemplifies the use of the sputtering technique
to develop sensors. Copper and IGZOwere sputtered on a por-
ous material, realizing a permeable thermistor that was also
sensitive to moisture variations.

4.6.3. Pulsed laser deposition. PLD begins with the abla-
tion of the target material using a high-power laser pulse. This
pulse vaporizes the material into a plasma plume which is then
deposited onto the substrate. This process can occur either in
the presence of a background gas or under ultra-high vacuum
conditions, offering flexibility in the deposition environment
[289, 290].

The properties of thin films produced by PLD can be
optimized by adjusting various parameters, such as laser
wavelength, the distance between target and substrate, and
the pressure within the deposition environment [289]. A key
advantage of this technique is its ability to deposit complex
compositions, including multi-elemental materials, with con-
trolled stoichiometry [289]. PLD can be utilized to deposit a
diverse range of materials, such as high-temperature supercon-
ductors, semiconductors, oxides, nitrides, diamond-like car-
bons, polymers, and more [291]. However, the technique’s
main drawback is its difficulty in covering large areas, mak-
ing it less suitable for producing large-sized samples [291].

PLD was used to deposit ZnO films in the fabrication of
optical gas sensing platforms [200]. The films were deposited
on Si substrates by either KrF (248 nm) or ArF (193 nm) laser
ablation. Smooth and rough films, as well as nanostructures,
were obtained, by changing the substrate temperature in the
range of 500 ◦C–700◦C and the oxygen pressure in the range
of 1 Pa–100 Pa [200]. Indeed, they studied how the morpho-
logy of the thin films (ZnO nanostructures) affected the sens-
ing properties for the detection of NO2 [200]. Figure 17(c)
show one of the morphologies obtained through the technique.

PLD was used to deposit MoO3 thin-films (0.5 mm) [292].
The deposition was carried out using different parameters,
such as temperature ranging from 300◦ to 400◦ and substrate
to target distance in a range of 3 cm–4 cm. These thin films
were then exploited for gas sensing applications, exhibiting
good sensitivity towards ammonia [292].

5. Incorporation of metamaterials in the design of
sensors

As discussed in previous sections, sensors that incorporate
metamaterials can be categorized based on the role of the
metamaterial. Whenmetamaterials provide structural benefits,
the sensors are termed metamaterial-supported. Alternatively,
whenmetamaterials form the core sensing element, the sensors
are described as metamaterial-integrated. This incorpora-
tion enables the realization of diverse sensor types, such as
temperature [20, 21], strain [15, 17, 18, 59, 60], and pressure
[11, 12, 14, 19, 16, 22, 23, 54] exploring common sensing prin-
ciples, including resistance [11, 17, 19], capacitance [22], and
piezoelectricity [14, 54], alongside less common, such as res-
onant frequency [21] andmicrowave variation [18]. The realiz-
ation of these sensors normally involves several steps, utilizing

different fabrication processes (section 4). Table 2 summarizes
a selection of sensors developed using various metamaterial
characteristics, categorized by their sensing principle, fabrica-
tion techniques employed, and their performance. This section
will show the development of the main types of sensors found
in the literature and discuss some of the main issues related to
the integration of metamaterials and sensors.

5.1. Requirements for integration with sensors

Effective integration of mechanical metamaterials with
sensors requires careful consideration of several key factors.
These aspects include addressing the mismatch of mechanical
properties, ensuring fabrication process compatibility, precise
sensor positioning, establishing robust electrical connections
and wiring, and considering stability and lifetime expecta-
tions. Neglecting these factors may result in sensors with
unreliable mechanical and electrical behavior and a shortened
operational lifespan.

5.1.1. Mismatch of mechanical properties. In the design
ofmetamaterial-supported ormetamaterial-integrated sensors,
careful attention to material compatibility is necessary [90].
This is important because these sensors are often fabricated by
exploring polymeric materials through 3D printing and mold-
ing techniques. A significant challenge lies in integrating func-
tional materials with these polymers due to potential adhesion
issues arising from mismatched mechanical properties, which
can compromise the integrity and functionality of the sensors
[19, 293].

Polymeric materials typically exhibit mechanical proper-
ties that differ significantly from those of functional materials
(section 4.1), such as conductive and semiconductivematerials
[201]. When functional materials are combined with poly-
meric substrates using processes such as PVD (section 4.6),
there is a considerable potential for a mismatch in mech-
anical properties. This difference means that under mech-
anical stress, the metamaterials may undergo deformations
exceeding the tolerable limits of the functional materials. Such
excessive deformation can lead to cracking and eventualmech-
anical failure of the functional materials.

The approaches to reducing the mismatch include fabric-
ating functional materials with mechanical properties close
to the one exhibited by the polymeric materials [16, 55,
294]; exploring stiff islands designs [58, 295–299], where the
functional materials are protected from excessive strain; and
designing the metamaterials to keep the tension and strain on
the functional materials at levels lower than the mechanical
failure levels [297].

To illustrate the fabrication of functional materials whose
mechanical properties align closely with those of poly-
meric metamaterials, a composite ink was developed [55].
It consists of a mixture of 35% silver microflakes and
65% TPU by volume. The resulting mixture forms a flex-
ible conductive material that was deposited into pre-defined
channels of a urethane-based rubber metamaterial. This
configuration enabled the material to undergo significant
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Table 2. Summary of Metamaterial-Based Sensor Applications, Characteristics, and Performance Metrics.

Application
Type of
Incorporation

Metamaterial
Characteristic Type of Sensor

Sensing
Principle

Main Fabrication
Technology Performance Reference

Protect
pressure sensor

Metamaterial
Supported

ZPR, Semi
re-entrant
structures

Pressure Piezoresistive Masked
Stereolithigraphy
(MSLA)

ν= 0.061, Shear def. of
15%,Strech def. of 15%

[19]

Monitoring
deformation

Metamaterial
Integrated

Re-entrant unit
cells

Strain Piezoresistive Molding ν= 0.0061, gauge factor
of (GF)≈ 835

[17]

Monitoring
health status

Metamaterial
Integrated

Re-entrant unit
cells

Pressure Piezoresistive Molding and
directional
freeze-drying

Max. com. strain of
-80%, Min. ν =−0.48,
Sensitivity of
990.4 kPa−1

[11]

Protect flexible
electronics

Metamaterial
Supported

NPR, Rotating
polygonal unit
cells, Kirigami

Pressure Capacitive Patterned cutting Out of plane sens. of
4.86 N−1 in-plane
loading sens. of 0.1 N−1

[22]

Temperature
and density
Monitoring

Metamaterial
Integrated

Chiral unit
cells

Temperature Resonant
frequency

Simulations Sens. of 100 Hz m−3 [21]

Monitoring
walking/
running

Metamaterial
Integrated

Origami Pressure Piezoelectric Fused Deposition
Modeling (FDM)

Sens. of 4.68 V N−1,
max. power density of
77 nW cm−2

[14]

Monitoring
vehicle speed

Metamaterial
Supported

Origami Pressure Piezoelectric 3D printing,
bonding, folding

Max. power density of
0.96 µW cm−2

[54]

Tempetature
and Moisture
monitoring

Metamaterial
Integrated

NTE Temperature — Only designed,
but not tested

— [20]

Structural
health
monitoring

Metamaterial
Integrated

Kirigami Strain Microwaves Patterned cutting,
assembling

Gauge factor of
GF= 15.51

[18]

Monitoring soft
actuator

Metamaterial
Integrated

Missing ribs Strain Capacitive 3D printing Conductivity of
102 S cm−1, capacitance
variation of 66%

[59]

Robotic tactile
monitoring

Metamaterial
Supported

NR, PPR, ZPR Strain Piezoresistive Molding,
Sputtering

ν = 0.07 [15]

Monitoring
light
transmittance

Metamaterial
Integrated

Rotating
polygonal unit
cells

Strain Optical Patterned cutting,
thermal
evaporation

Gauge factor of
GF≈ 10.5

[60]

Health
monitoring

Metamaterial
Integrated

NPR Pressure Piezoresistive Molding, freezing ν =−4.2%, sensitivity
of -5.4 kPa−1

[16]

Wearable
device

Metamaterial
Integrated

NPR,
Re-entrant unit
cells

Pressure Piezoresistive Molding,
assembling

ν = 0.18, sensitivity of
7.08 kPa−1

[12]

Monitoring
force

Metamaterial
Integrated

NPR Pressure Piezoresistive Fused Deposition
Modelling
(FDM), Vacuum
infiltration

Sensitivity of 2.68 Mpa−1 [23]

Monitoring
deformation

Metamaterial
Integrated

Rotating
polygonal unit
cells

Strain Electrical
contact closing

Molding, Ink
application

Logic gates (AND,
NAND, OR, XOR, and
XNOR)

[55]

deformation without failure, as demonstrated in figure 18(a).
In another example, capacitive-based deformation sensors
were developed using 3D printed functional materials integ-
rated into a similarly 3D printed structure [294]. Here, a
copper-based conductive filament was printed alongside a
non-conductive TPU, both materials exhibiting comparable
elasticity. This design approach minimized the likelihood
of breakage at the intersection of these two materials after

repeated use. Figure 18(b) illustrates the developed structure
featuring the two conductive materials.

The exploration of stiff island designs is attractive for
providing localized areas of rigidity within the flexible mat-
rix. Electronics, such as thin-film transistors or sensors, can be
assembled on these islands, ensuring that themechanical stress
experienced by these devices is minimized during bending,
stretching, or twisting [19, 58]. To exemplify it, mesa-shaped
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Figure 18. Solutions for mismatch of mechanical properties: (a) Use of composite ink with Ag microflakes mixed with TPU [55].
Reproduced from [55]. CC BY 4.0.; (b) Combination of conductive TPU with noncoductive TPU [294]. Reproduced with permission from
[294]. [Copyright © 2021 ACM.].; (c) Stiff-island based PDMS substrate for TFT [58]. [58] John Wiley & Sons. [© 2018 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim].; (d) Stiff-island structure for electrochemical sensors [296]. [296] John Wiley & Sons. [© 2020
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].

elastomeric substrates were developed using PDMS [58].
Amorphous indium-gallium-zinc-oxide InGaZnO thin-film
transistors TFTs were directly fabricated on these stiff islands.
The TFTs showed stable electrical performance even when
subjected to bending to a radius of 6mm, stretching up to 20%,
and twisting to 180◦, as demonstrated in figure 18(c). The stiff
island design was also explored in the fabrication of a struc-
ture that could conform to the dynamic, non-flat surfaces of
the human body without losing functionality [296]. The struc-
ture had electrochemical sensors fabricated on it and endured
extreme mechanical deformations up to 250%, with a min-
imal influence on the performance of the sensors figure 18(d).
Although not metamaterial-based, the design and application
show good potential for metamaterial-supported applications.

When stiff island designs cannot be explored to protect
the functional materials, the structure of the polymeric mater-
ial can be engineered to ensure that its maximum strain does
not exceed the maximum tolerable strain of the functional
materials. For example, a metamaterial substrate exploring the
rotation polygonal units was designed and analyzed through
FEA to ensure that the areas experiencing maximum strain
could withstand the deformation without causing breaks or
delamination in the deposited gold Au layer [60]. Similarly,
by employing an auxetic pattern and utilizing materials such
as Dragon Skin silicone, the structure facilitated deformation
up to 50%, effectively distributing strain and reducing the risk
of mechanical failure in the gold layer. This approach was
also explored in a ZPR structure [15], providing a distribu-
tion of the mechanical stress more evenly across the functional
material—gold layers deposited to be stretched in two differ-
ent orientations—allowing for a material strain up to of 20%.

This design minimized stress concentration, thereby reducing
the risk of mechanical failure under strain.

5.1.2. Fabrication process compatibility. In the develop-
ment of sensors involving 3D printed or even molded struc-
tures, compatibility issues between the fabrication steps and
the employed materials often arise. This issue is more evid-
ent in functional materials being deposited through PVD tech-
niques (section 4.6). For example, the sputter deposition on
polymeric FDM 3D printed structures (section 4.2) resulted
in the delamination of the object’s printed layers [300]. This
problem arised due to the low pressures—around 1.5× 10−2

mbar—used during the PVD deposition process (section 4.6).
It means that layer-by-layer printed structures tend to release
air bubbles trapped within in fabrication processes that require
low pressures, common in PVD processes, which not only
degrades the mechanical properties of the structure but also
leads to defects in the functional deposited material, resulting
in non-uniform layer deposition. One alternative is to separate
the fabrication of the sensors and later transfer them through,
for example, transferring techniques (section 4.3).

5.1.3. Sensor positioning. Precision in the positioning of
sensor components is essential for the successful incorpor-
ation of metamaterials into sensor design. The functional-
ity of these sensors is dependent on how their components
interact. For example, in thermistor sensors, performance is
based on the precise patterning and connection of a semi-
conductive functional material to conductive materials [283].
Any inaccuracies in the positioning of these materials can
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significantly impair performance, leading to suboptimal out-
comes or complete sensor failure. In incorporating metama-
terials into sensor design, several strategies for positioning
functional materials can be explored, including depositing
[15, 17, 56, 60], patterning [201, 283, 301–303], and
transferring [257, 261–268].

The importance of positioning sensor elements can be high-
lighted through split ring resonators (SRRs) carefully arranged
on a kirigami substrate to maximize their effectiveness in sens-
ing strain [18]. The SRRs were mounted on the hinges of
the kirigami patterns. These hinges are the parts of the kiri-
gami structure that undergo significant mechanical deform-
ation (rotation and bending) when the material is strained.
Positioning the resonators on these hinges allows the sensor
to more effectively detect changes in strain, as these areas
experience the most significant mechanical movement. Failing
to position the SRRs accurately could result in a poor per-
formance, as the resonators needed to be aligned such that the
microwave fields interacted optimally with the resonators to
detect the changes in the electromagnetic properties caused
by the deformation. Bad positioning can also result in a pre-
mature mechanical failure of the sensor. For example, in a
metamaterial-supported sensor fabricated exploring gold lay-
ers deposited on a ZPR-designed PDMS substrate [15], the
inaccurate position in the deposition process may not align the
functional layers with the strain concentration areas, leading to
inefficient sensing and potential breakage under stress.

5.1.4. Electrical connections and wiring. The efficacy of
metamaterial-based sensors depends on the quality of the
contact interfaces between the electrical connections and the
sensing elements. Dependable contacts ensure optimal signal
transfer and enhance the sensitivity, ensuring minimal resist-
ance at the junction and reliability of the sensor [15]. Poor
contacts can result in signal attenuation, noise, and even elec-
trical failure. Thus, maintaining robust and effective contacts
is essential for the long-term stability and functionality of
metamaterial-based sensors.

In metamaterial-supported sensors, the electrical contacts
are only supported by the metamaterial structure and are
directly connected to the sensors [15, 19, 54], while in
metamaterial-integrated sensors, the electrical connections are
directly in contact with the functional materials [12, 23, 55,
56, 198, 296]. The connection can be made through several
materials, such as copper Cu wires [15, 17, 19, 54, 55, 195,
203], aluminum Al foil [14, 16], copper Cu tape [12, 59, 304],
silver coated sheets [11, 56], conductive epoxy [296], silver
Ag-based paste [19, 197], and conductive epoxy [115].

Moreover, the connection for sensor data acquisition can
be performed wirelessly [18]. For example, the data acquis-
ition from the kirigami-enabled microwave resonator arrays
was carried out using a vector network analyzer (VNA), which
measured the reflection coefficient S11 to gauge the sensor’s
response to strain. The VNA was configured with an IF band-
width of 1 kHz, an output power of 0 dBm, and it scanned
a frequency range from 2.2 GHz to 2.9 GHz. A standard
horn antenna transmitted and received microwave signals,

enabling non-contact measurement of the sensor’s electro-
magnetic response as the kirigami structure was mechanically
strained.

5.1.5. Stability and lifetime. In sensor development, a fun-
damental aspect is ensuring that the device maintains its core
functionality over its designed lifetime with no significant
variation in behavior. This requires cycling tests and design
optimization to ensure longevity and stability under oper-
ational stresses. Such performance parameters are particu-
larly important in metamaterial-integrated or metamaterial-
supported sensors, where the deformation of the unit-cell
structure can significantly impact overall performance.

For metamaterial-supported sensors, the ability to endure
repeated mechanical stress while keeping the embedded
sensors protected from excessive loads and deformations is
fundamental. The cycling tests are normally used to investig-
ate how the signal coming from the sensor will be affected over
long-term usage. For example, 10 000 cycles were applied to
a piezoelectric origami-based sensor to monitor vehicle speed
[54], revealing consistent electrical output over the testing
period. Similarly, 1000 cycles were used to analyze a kirigami
metamaterial structure used to protect flexible electronics [22],
showing minimal performance degradation.

In the case of metamaterial-integrated sensors, the focus is
on ensuring the durability of the metamaterial structure, since
it is essential to the sensor’s performance. The cycling tests can
reveal the degradation of themetamaterial structure with repet-
itive deformations over time, which can influence the perform-
ance of the sensor. To illustrate it, a strain sensor exploring re-
entrant structures endured 5000 cycles maintaining a consist-
ent behavior, demonstrating durability along with sustained
sensitivity [17]. A force sensormaintained approximately 90%
of its initial response after 5000, illustrating minimal sensit-
ivity degradation and excellent long-term applicability [23].
Additional examples highlight sensors that demonstrated min-
imal degradation in their sensing capabilities across numer-
ous cycles, ensuring their functional integrity and mechan-
ical properties are preserved for applications requiring high
reliability [11, 14, 16, 18, 60].

5.1.6. Sensor calibration and drift of signals. Calibration
and drift of signals can be critical issues in the perform-
ance of sensors, particularly those integrating mechanical
metamaterials [12, 19, 56, 198, 203]. Calibration ensures
accurate and reliable measurements from the outset. However,
even well-calibrated sensors can experience signal drift [203],
where the sensor’s output gradually changes despite constant
input conditions. This effect is especially common in sensors
with functional materials embedded in a polymeric matrix. As
thematrix deforms, such as in stretchable sensors, the conduct-
ive particles may shift from their original positions, resulting
in altered conductive pathways and different outputs [203].

Carbon-based sensors, using materials like SWCNT [17,
198], MWCNTs [16], carbon black [19], and char [203]
exemplify this issue. These sensors rely on the movement and
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alignment of carbon particles within a matrix when subjec-
ted to mechanical deformation, such as bending, stretching,
or compressing. The conductive properties of these particles
facilitate their use in resistive or capacitive sensing mechan-
isms, where their relative positioning and contact networks
change in response to external forces. However, these interac-
tions are inherently unstable over extended periods or repeated
cycles, leading to drift in the sensor’s baseline signal. The GF,
which quantifies the change in electrical resistance relative to
mechanical strain, is a critical parameter in this context. A high
GF indicates high sensitivity to strain but also underscores the
susceptibility to signal drift due to the dynamic reconfigura-
tion of conductive pathways.

6. Applications

The integration of metamaterials into sensor design has led
to a variety of innovative sensing devices with enhanced
capabilities by exploring the unique properties and attrib-
utes of metamaterials, such as negative Poisson’s ratio,
NTE, high strength-to-weight ratio, and programmability
(sections 2 and 3). This section presents many examples of
sensors, exploring how thematerials, fabrication technologies,
and design strategies presented in the previous sections were
utilized to realize the sensors.

6.1. Pressure sensors

Metamaterial-supported and integrated pressure sensors can
be fabricated by leveraging various aspects of mechanical
metamaterials. Particularly, because pressure sensors are nor-
mally subjected to mechanical deformation, properties such
as NPR, ZPR, and low relative density are highly beneficial.
These properties can enhance the sensing components by indu-
cing higher deformations and facilitating the formation of lar-
ger electrical pathways [11, 16, 23], or they can protect the
sensors from localized excessive stress [19, 22].

To leverage the unconventional transversal expansion of
NPR materials when they are subjected to longitudinal com-
pression, anisotropic cellular foams with obliquely embed-
ded hyperbolic microporous structures were explored to
realize a metamaterial-integrated sensor [16], as shown in
figure 19(a). The sensor was used for monitoring pres-
sure distribution and athlete’s gait. Here, the NPR struc-
ture explored an irregular structure instead of a well-defined
pattern (section 3) through freeze casting a mixture of car-
bon nanotubes, polyvinylpyrrolidone, and TPUs with a con-
trolled cooling rate of –1 ◦C min−1 from 0◦ to −80◦.
Figure 19(a) also shows the conceptual deformation of the
structure, enabling more conductive pathways and decreasing
the overall resistance of the foam. The configuration resulted
in a Poisson’s ratio of −4.2% at a longitudinal strain of 25%.
The sensor showed a sensitivity of −5.4 kPa−1 under lower
stresses and shifted to a sensitivity of −0.0054 kPa−1 when
subjected to higher pressures.

A kirigami metamaterial-supported pressure sensor was
developed, drawing inspiration from the rotating polygonal

units and snakeskin behavior [22]. This structure utilized a 100
µm-thick polyimide, which was enhanced in flexibility and
bendability through cutting patterns, allowing it to conform to
complex and curved surfaces as depicted in figures 19(b)–(c).
The design incorporated rigid islands linked by silicone rubber
hinges mixed with Ag microflakes, which helped to limit loc-
alized buckling, enhance conformability, and create electrical
pathways. Flexible pressure sensors, based on a cavity struc-
tural design, were integrated into these hinges. These sensors
were allocated along the longitudinal length of a tube-like
structure, making it sensitive to both internal and external pres-
sure variations, as illustrated in figure 19(d). The arrangement
provided the structure with an out-of-plane loading sensitivity
of 4.86 N−1 and an in-plane loading sensitivity of 0.1 N−1.
Additionally, the soft hinges facilitated the deployment of
electrical interconnects which is advantageous for sensors and
electronics mounted on the rigid islands, with the entire struc-
ture capable of stretching up to 25.9% without exceeding the
critical yield strain.

To exemplify the use of relative density as a central para-
meter in the design of a metamaterial-integrated pressure
sensor, a 3D-printed gyroid-structured pressure sensor was
fabricated [23]. Figure 19(e) shows the conceptual image of
the designed structure printed through FDM using a TPU fila-
ment and coated with carbon nanotubes. The sensor’s mechan-
ical and electrical properties, such as Young’s modulus, sens-
ing range, and sensitivity, can be tailored by varying the rel-
ative density of the gyroid structure. The sensor achieved a
wide sensing range of up to 1.45 mPa and a sensitivity of 2.68
Mpa−1. Regarding its lifetime span, it showed a stable and
consistent response after 1000 cycles of loading with a relative
density of 50% under a normal pressure of 200 kPa.

In another example, triboelectric materials were integrated
with origami-enabled tubular metamaterials to realize a struc-
ture that senses the speed of vehicles when they pass over
a bump [54]. This device utilizes an origami structure to
facilitate multistable force-displacement behavior, serving as
a stimulus for the triboelectric material. This arrangement
allowed for the tuning of speed and weight-sensing cap-
abilities. Optimal results were obtained with an octagonal-
based origami configuration, where the open-circuit voltage,
short-circuit current, and transferred charge reached 206.4 V,
4.66 µA, and 0.38 µC, respectively. Moreover, the maximum
instantaneous power density obtained was 0.96 µW cm−2,
achieved with a load resistance of 20 MΩ.

6.2. Biosensors

Biosensors for the precise measurement of human movements
and physiological signals can greatly benefit from mechanical
metamaterials [125]. By leveraging an auxetic configuration
in the core sensing parts, a metamaterial-integrated approach
can enhance the precision of sensors in measuring body move-
ments and accurately monitoring pressure signals associated
with various intra-body changes such as intra-ocular, intracra-
nial, and internal jugular vein pressures [11–13]. Additionally,
unit-cell configurations, such as chiral-based metamaterials,
enable the development of nanoscale sensors [14]. Further
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Figure 19. Metamaterial-based pressure sensors. (a) Anisotropic cellular foams with obliquely embedded hyperbolic microporous for
pressure sensing [16]. Reprinted from [16], Copyright (2023), with permission from Elsevier.; (b) Flexibility of a kirigami
metamaterial-supported pressure sensor [22]. [22] John Wiley & Sons. [© 2022 Wiley-VCH GmbH].; (c) Conformability of a kirigami
metamaterial-supported pressure sensor [22]. [22] John Wiley & Sons. [© 2022 Wiley-VCH GmbH].; (d) Kirigami metamaterial-supported
pressure sensors mimicking a snake behavior [22]. [22] John Wiley & Sons. [© 2022 Wiley-VCH GmbH].; (e) Gyroid-structured pressure
sensor [23]. [23] John Wiley & Sons. [© 2023 Wiley-VCH GmbH].

details on these applications are discussed in the following
paragraphs.

The negative Poisson’s ratio can be explored with por-
ous structures to realize sensors of human body move-
ments. A re-entrant PDMS elastomer structure with a negat-
ive Poisson’s ratio was embedded in a graphene-silicon rub-
ber foam composite [12], as shown in figure 20(a). The NPR
structure inside the foam helped in the formation of electrical
pathways reducing the electrical resistance of the whole sens-
itive material. The Poisson’s ratio of the whole sensitive struc-
ture reached 0.18 with a high linear sensitivity of 7.08 kPa−1

and 7.08 kPa−1 at the range of 0 kPa to 50 kPa and 50 kPa to
250 kPa, respectively.

Similarly, a conductive porous material based on re-entrant
structures was investigated for the design of biosensors. A
symmetric hyperbolic re-entrant pattern in the lateral parts
combined with a rhombus pattern in the central part was
developed to show NPR and high contraction in the transverse
and longitudinal directions under compression [11], as shown
in figure 20(b). The NPR varied with the compression exper-
iments in the range of -0.48 to 0.175 with a maximum com-
pressive strain of -80%. The NPR effect led to increased con-
tact points allowing for the formation of conductive pathways
and, consequently, a reduction in the electrical resistance with
an improved sensitivity of 990.4 kPa−1 under a pressure of
30 Pa.

Chiral-based metamaterials can be explored even in the
range of nanometers, as nanoscale molecular profiling struc-
ture was developed to leverage the deformation mechanism of
chiral metamaterials [13] and profile biomolecules, as shown
in figure 20(c). The chiral structure was fabricated using a

hydrogel responsive to temperature and redox activity func-
tionalized with antibodies. When exposed to the antibod-
ies, the metamaterial undergoes rapid re-organization upon
the binding of antibodies within the hydrogel, amplifying
changes in the mechanical deformation and diffraction pat-
terns of the metamaterial, as verified in figures 20(c) and (d)
illustrates the optical detection of the mechanical changes in
the structures. The system reflects a significant enhancement
in the limit of detection of approximately 1700 exosomes,
which represents a 1000-fold over the conventional ELISA
techniques [13, 305].

Exploring concepts of 4D printing, a Miura-ori-based ori-
gami structure was developed as a platform for triboelectric
piezoelectric sensing function for tracking walking/running
patterns [14], as verified in figure 20(e). The structure was
embedded in a shoe sole showing a sensitivity of 4.68 V N−1.
Under various load tests, The maximum power density was
77 nW cm−2 under 100 MΩ. The device was demonstrated to
be reliable under 10 000 loading cycles.

6.3. Strain sensor

Most applications exploring mechanical metamaterials are
related to strain measurement [15, 17, 18, 56, 59, 60].
Several combinations of properties to realize metamaterial-
integrated and metamaterial-supported strain sensors have
been developed. For example, combining PPR and NPR struc-
tures to protect sensing units [15], exploring re-entrant struc-
tures with functional materials to achieve higher sensitivity
[60], and leveraging kirigami design with an array of
microwave resonators to measure uniaxial deformation [18],
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Figure 20. Biosensors. (a) Schematic and final assembly of a metamaterial-integrated human body movement sensor [12]. © [2023] IEEE.
Reprinted, with permission, from [12].; (b) Conductive symmetric hyperbolic re-entrant pattern combined with rhombus structure to
develop a biosensor [11]. Reprinted from [11], Copyright (2022), with permission from Elsevier.; (c) Chiral-based structure for profiling
biomolecules [13]. Reproduced from [13], with permission from Springer Nature.; (d) Optical detection of mechanical change due to the
presence of biomolecules [13]. Reproduced from [13], with permission from Springer Nature.; (e) Origami structure for walking/running
patterns [14]. Reprinted from [14], Copyright (2023), with permission from Elsevier.

among others. More details on these combinations are dis-
cussed in the subsequent paragraphs.

By combining a PPR honeycomb hexagonal-based struc-
ture with a concave NPR structure, a hybrid ZPR structure was
created exploring the superposition of the two Poisson’s ratio
[15], as verified schematically in figure 21(a). The structure
achieved a Poisson’s ratio of ν = 0.07 for a uniaxial tensile
strain of 10%. Because of its unique mechanical properties,
the ZPR structure can protect the sensing units from deform-
ation along a specific axis when subjected to stimuli from a
perpendicular axis. Figure 21(a) also shows the sensors posi-
tioned in the x and y directions. This ensures the sensing units
can independently detect uniaxial stimuli.

To explore the NPR property beyond application that
enhances sensitivity, a self-powered piezo-transmittance-
based strain sensor [60] was devised exploring bending-
dominated rotation squared unit-cells, as shown in
figure 21(b). These unit cells were mainly used because of
the ultra-low stiffness they provide, which makes the target
object experience a small influence when the metamaterial
structure is used as a sensor. The structure could provide a
gauge factor GF=≈ 10.5, a hysteresis of ∼0.508%, a high
linearity of R2 > 0.997 and a long-term stability of more than
10 000 cycles without failure.

The high strength-to-weight ratio property was explored
in the design of a multifunctional ceramic/graphene metama-
terial [56], as demonstrated in figure 21(c). This structure
was realized through a hierarchical honeycombmicrostructure
assembled with arch-arch-shell-shaped multi-nanolayer cellu-
lar walls working as basic unit cells. The structure exhibited a
reversible compressibility of 80%, an electrical conductivity

of 1.02 S cm−3, a high fatigue resistance, and a thermal
insulation/flame-retardant around 0.05w m−1 K−1 perform-
ance simultaneously. Although the metamaterial was not spe-
cifically designed to be used as a sensor, it demonstrates
attractive properties for sensing strain/damage sensors, as it
exhibits a synchronously sensitive response of electromechan-
ical coupling performance by a positive piezo-resistance effect
[56].

As an example of auxetic structures improving the per-
formance of sensors, a re-entrant structure was employed
in the design of a highly sensitive stretchable sensor [17]
(figure 21(d)). This sensor comprises a one-unit auxetic
metamaterial structure that is composed of SWCNT on top of
a re-entrant structured PDMS. The stretching of the auxetic
structure causes a specific deformation of the carbon nan-
otubes, which induces micro-cracks that are elongated by the
auxetic meta-materials. The sensor was designed to work with
a Poisson’s ratio of range0.41 to 0.19 with a GF around≈ 835
for 15% of nominal strain.

Kirigamic sheets-based mechanical metamaterial made up
from a 0.127 mm-thick acetate sheets was combined with
an array of wireless microwave resonator sensors to realize
a highly sensitive, passive, wireless strain sensor [18]. The
microwave sensing system was engineered to track changes in
the S11 response of the resonators, correlating these alterations
directly with the out-of-plane rotation of the Kirigami hinges,
as shown in figure 21(e). The GF obtained was GF= 15.51 in
the deformation range of 0.6%–21.3%.

The missing rib design approach was explored to to
develop expandable structural electronics through metamater-
ial structures [59]. Here, a conductive material was developed
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Figure 21. Strain sensors. (a) PPR and NPR structures to form a biaxial strain sensors [15]. Reproduced from [15]. CC BY 4.0.; (b)
Sel-powered piezo-transmittance sensor [60]. Reprinted from [60], Copyright (2021), with permission from Elsevier.; (c) Multifunctional
graphene-based sensor [56]. [56] John Wiley & Sons. [© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].; (d) Re-etrant-based
strain sensor [17]. [17] John Wiley & Sons. [© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].; (e) Kirigami structured strain
sensor based on microwave sensing [18]. Reprinted with permission from [18]. Copyright (2020) American Chemical Society.; (f)
Expandable capacitive structure based on missing-rib design [59]. Reproduced from [59]. CC BY 4.0.

Figure 22. Temperature sensor.(a) Islamic geometric pattern for sensors design [20]. Reproduced from [20]. CC BY 4.0.; (b) Chiral
structures to realize temperature sensors [20]. Reproduced from [20]. CC BY 4.0.

and optimized using room-temperature-vulcanizing silicone
and RTV mixed with Ag (Ag-RTV). The material was 3D
printed in an auxetic pattern to form a capacitive strain sensor
(figure 21(f)), showing a variation of 66% decreasing from 6
pF to 2 pF under maximum pressure.

6.4. Temperature sensors

Temperature sensors demonstrate significant potential to bene-
fit from NTE structures, as their behavior can be correlated
with temperature changes to form metamaterial-integrated
temperature sensors [20]. Additionally, the temperature can
be precisely monitored by exploring mechanical metamater-
ial unit cells to detect changes in the resonance frequency of
the sensor due to temperature shifts in the medium [21]. The
following examples provide more details.

To investigate a metamaterial structure that can be lever-
aged as a sensor, a metamaterial inspired by an Islamic

geometrical pattern, capable of demonstrating adjustable
positive and negative hygrothermal expansion was theoretic-
ally developed [20], as shown in figure 22(a). Here the ana-
lysis demonstrated that connecting rotating rods by a pin-joint
with springs composed of two materials with different coef-
ficients of thermal expansion can result in metamaterials that
will deformwith temperature differently when the temperature
increases or decreases. Figure 22(b) shows the structure fully
closed and fully opened because of temperature differences.

To take advantage of the chiral design for developing
sensors and exploring chirality with activity, a chiral syndi-
otactic unit cell—which was composed of two chiral sub-
cells and with inclined rods attached to octagonal plates—
was employed as a temperature sensor for water, exploring the
Fano resonance [21]. The structure is fabricated with acryloni-
trile butadiene styrene (ABS) and can detect changes in the
water’s properties, such as density and viscosity, it works
by measuring the shift in the resonance frequencies of the
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material. The sensitivity is quantified by how much the res-
onance frequency shifts in response to changes in the liquid
properties. For density variation of 1%, two resonance peaks
were detected. The first peak took place at 1 kHz, with a
correspondent sensitivity of 16 Hz m−3, while the second
peak was around 3 kHz, exhibiting a higher sensitivity of
100 Hz m−3.

7. Summary and outlook

This review explores how mechanical metamaterials can
enhance the performance of various types of sensors. Two
main approaches to leveraging mechanical metamaterials
in sensor design were identified: metamaterial-supported
and metamaterial-integrated sensor designs. In metamaterial-
supported, the metamaterial structure works primarily as sup-
port or framework for sensors that are otherwise capable of
functioning independently [15, 18, 19, 22]. The metamaterial-
integrated sensor embodies a design where the functional
elements of the sensors are designed using metamaterial
structures [11, 12, 14, 16, 17, 21, 23, 54, 55, 59, 60]. These
sensors exploit the unique properties of metamaterials to
enhance or enable their sensing capabilities. Several aspects
of the design and fabrication, along with the materials neces-
sary for the fabrication of the sensors, were discussed with
examples.

Through unique properties such as negative and zero
Poisson’s ratios, negative and zero thermal expansions, and
attributes like programmability, the metamaterial structures
can deform in specific ways to protect the sensing parts of
sensors or enhance their sensitivity [11, 12, 14–19, 21–23, 54,
55, 59, 60]. Additionally, the metamaterials enable increased
energy dissipation and mechanical resilience, making them
ideal for developing lightweight and robust sensors that can
withstand physical deformations [56, 306]. Furthermore, their
ability to be engineered at varying scales, from nano to macro
[80, 81], allows for integration across a diverse array of applic-
ations, ensuring both versatility and functionality in sensor
design.

The design of metamaterial-integrated or metamaterial-
supported sensors benefits from traditional forward and
inverse design methodologies, which encompass a range of
concepts from the designer’s know-how and knowledge to
advanced optimization techniques and FEA simulations [66,
119, 170–174, 177–185, 187]. These approaches are espe-
cially utilized in the design of unit cells, such as re-entrant,
semi re-entrant [17, 60, 124–126], chiral [31, 141, 143], and
rotating polygonal units [135, 136], as well as origami and kiri-
gami designs [14, 18, 22, 114, 148–152]. These techniques and
methodologies enable the creation of complex structures that
more efficiently utilize the unique properties of metamaterials.

The fabrication of mechanical metamaterials integrated
with sensors encompasses various materials and techniques
to enhance their functionality and durability. Additive man-
ufacturing emerges as an important method, leveraging 3D

printing technologies such as FDMand SLA to create complex
structures tailored to specific applications [23, 29, 34, 195,
196, 204]. Other fabrication technologies, including molding
and patterned cutting techniques, enable rapid scaling of pro-
duction, making it possible to produce many structures and
samples [12, 15–17]. These techniques also allow for the cre-
ation of structures with fine details that are difficult to achieve
manually.

Materials such as PDMS, PVDF, FEP, and various poly-
meric resins are often employed due to their mechanical prop-
erties and adaptability to different manufacturing processes
[15, 19, 22, 60]. They provide the flexibility required for
mechanical metamaterials and facilitate rapid prototyping and
customization. These aspects are important for metamaterial-
supported sensors, as they typically need to withstand deform-
ation while protecting the embedded sensors from breakage
[15, 19].

The selection of functional materials for fabricating
metamaterial-integrated sensors is important for ensuring the
performance and durability of these devices. Materials such as
SWCNT, MWCNT, MXene, SNW, and conductive polymers
like PEDOT:PSS are frequently used, as they provide superior
electrical conductivity and mechanical flexibility [11, 16, 17,
23, 59]. These properties are essential for maintaining high
sensitivity and stability under mechanical stress. Together,
these material choices facilitate the development of sensors
that are not only highly functional but also adaptable to various
applications.

PVD and transfer techniques are essential fabrication in the
fabrication of the sensor’s sensitive part [13, 60], addressing
specific challenges associated with material compatibility and
structural design. PVD, which includes methods like sputter-
ing and evaporation, allows for the precise deposition of thin
films of metals and other conductive materials on a variety
of substrates. Meanwhile, transfer techniques are employed
to circumvent the limitations imposed by incompatible fab-
rication processes or substrates that cannot endure harsh con-
ditions. These methods facilitate the integration of electron-
ics fabricated on robust donor substrates onto more delicate
or flexible metamaterial bases, thus expanding the functional
scope and applicability of metamaterial-based sensors in fields
requiring advanced mechanical and electronic integration.

The integration of metamaterials with sensors demands
careful consideration ofmultiple factors, such as the compatib-
ility of mechanical properties and fabrication processes [90],
precision in sensor positioning [201, 283, 301–303], robust-
ness of electrical connections [15, 17, 19, 54, 55, 195, 203],
and stability over the sensor’s operational life [11, 14, 16,
18, 60]. Material compatibility issues, particularly the mis-
match in mechanical properties between polymers and func-
tional materials, pose significant challenges in the realization
of metamaterial-based sensors. Strategies such as the use of
composite conductive materials [55], stiff island designs [58,
295–299], and engineering the polymeric structure [15, 19] to
mitigate excessive deformation have been effective in address-
ing these challenges.
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7.1. Prospects for design and fabrication

The design and fabrication of mechanical metamaterials are
rapidly evolving due to advancements in artificial intelligence
(AI) and 3D/4D printing technologies. AI, with its ability to
analyze vast datasets and optimize complex systems, offers
promising opportunities to design sensors with enhanced per-
formance and adaptability. Simultaneously, 3D and 4D print-
ing techniques enable the creation of complex and dynamic
structures, enabling new possibilities for sensor development.
This section will briefly cover the promising opportunities
for utilizing metamaterials to make sensors even more pre-
cise, dependable, and robust through the integration of AI and
3D/4D printing technologies.

7.1.1. Artificial intelligence in the design of mechanical
metamaterial sensors. AI refers to the capability of
machines and software to perform tasks that typically require
human intelligence, such as learning from data, recognizing
patterns, making decisions, and adapting to new situations [10,
176, 182, 307, 308]. AI encompasses techniques like machine
learning [309–311], and neural networks [216], enabling sys-
tems to analyze complex information and provide valuable
insights.

AI models are trained on large datasets [10, 307, 311],
allowing them to learn patterns and relationships within the
data. During training, algorithms adjust their parameters to
minimize prediction or classification errors [10, 307, 311].
In the context of designing mechanical metamaterial-based
sensors, AI can leverage experimental and simulation data to
understand the complex behavior and interactions of metama-
terial structures and functional materials. By analyzing extens-
ive datasets, AI can identify optimal design parameters and
predict material properties under various conditions, facilitat-
ing the development of advanced sensors with enhanced per-
formance and adaptability.

AI can potentially assist in developing mechanical
metamaterial-based sensors by simultaneously considering
various physical aspects, such as mechanical [311], electrical
[312], thermal [313, 314], and electromagnetic properties.
These models process complex, multidimensional data to
optimize the interplay between these different physical
phenomena [315], ensuring optimal sensor performance under
diverse conditions. AI can determine the most effective mater-
ial compositions and structural configurations by simulat-
ing interactions among these properties. This comprehensive
approach enables the creation of highly sensitive, specific,
robust, and adaptable sensors to varying environmental and
operational demands.

Integrating AI into the design of metamaterial-supported
and metamaterial-integrated sensors has the potential to
demonstrate a significant advancement in sensor technology.
AI’s ability to analyze and optimize across multiple phys-
ical domains [315] can accelerate the development process
and enhances the overall performance and reliability of the
sensors.

7.1.2. 3D and 4D printing. A promising approach in the
development of mechanical metamaterial-based sensors is the
use of 4D printing [106, 230, 316–320]. This manufacturing
technique builds on the capabilities of 3D printing by incor-
porating time-dependent changes [106, 319]. In 4D printing,
objects are designed to change their shape, properties, or func-
tionality in response to external stimuli such as heat, light,
moisture, or magnetic fields [230, 316, 317]. This transform-
ation is achieved through smart materials that react to these
stimuli, allowing structures to evolve after fabrication.

In the context of mechanical metamaterial-based sensors,
4D printing can offer significant advantages. It enables the cre-
ation of dynamic structures that can adapt to environmental
changes, enhancing sensor functionality and versatility [106].
For example, sensors can be designed to adjust their sensitivity
or mechanical properties in real time, improving performance
under varying conditions. Furthermore, 4D printing allows for
the production of complex geometries and customized designs
that are difficult or impossible to achieve with traditional man-
ufacturingmethods [106, 230, 316–318]. This flexibilitymight
boost innovative sensor designs, leading to more efficient and
responsive mechanical metamaterial-based sensors.

7.2. Perspectives on applications

The incorporation of metamaterials into sensor design enables
numerous possibilities across a variety of fields, including
soft robotics, textiles, biomedical applications, and envir-
onmental monitoring. This section highlights several poten-
tial applications that have been underexplored but hold con-
siderable promise for development and further exploration.
Figure 23 offers an overview of the recent advancements in
metamaterial-supported and metamaterial-integrated sensors.
Sections marked with a cross highlight areas needing fur-
ther development to achieve maturity, while sections with
examples demonstrate solid achievements.

7.2.1. Soft robots. There is great interest in integrating
mechanical metamaterials with soft robotic systems [85] to
augment the structural and actuation capabilities of soft robots
[322, 323] and generate mechanically-preprogrammed (feed-
forward) control schemes [97, 324]. However, little focus
is directed toward the sensing capabilities, which are still
underdeveloped in soft robotics and are paramount to enable
feedback control. Similar to biological organisms, soft robots
require a high density of sensing elements, potentially cover-
ing the entire body to allow proprioception of their deform-
able structures. In this context, the opportunities presented by
metamaterial sensors are immense.

By embedding sensors within metamaterial structures that
conform to the robot’s flexible and compliant body, consistent
sensor performance is maintained even under variable envir-
onmental interactions. These metamaterials also provide pro-
tective housing for sensors, safeguarding them from mechan-
ical stresses and environmental conditions, which is crucial for
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Figure 23. Outlook of the mechanical metamaterials unit-cells being used to realize diverse types of sensors: Auxetic structure with
SWCNT integrated [17]; Pressure sensors with graphene oxide integrated [16]; Auxetic strucuture integrated with a foam-based material
[12]; Self-powered strain sensor based on the piezo-transmittance of a mechanical metamaterial [60]; Exploring the low-frequency dual
Fano resonances [21]; Profiling biomolecules using mechanical metamaterials [13]; Exploring origami with triboelectric materials to realize
a self-detectable speed bump [54]; Leveraging Miura ori origami for detecting walking/running patterns [14]; Exploring out-of-plane
rotating structures for strain sensing [18]; Exploring ultra-stretchable kirigami piezo-metamaterials to realize a pressure sensor [155];
Kirigami conductor of nanowire percolation Network for electronic skin applications [321]; Sensor for soft actuators [59]. [17] John Wiley
& Sons. [© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. Reprinted from [16], Copyright (2023), with permission from
Elsevier. © [2023] IEEE. Reprinted, with permission, from [12]. Reprinted from [60], Copyright (2021), with permission from Elsevier.
Reprinted from [21], Copyright (2024), with permission from Elsevier. Reproduced from [13], with permission from Springer Nature.
Reprinted with permission from [54]. Copyright (2023) American Chemical Society. Reprinted from [14], Copyright (2023), with
permission from Elsevier. Reprinted with permission from [18]. Copyright (2020) American Chemical Society. Reproduced from [Hong
et al]. CC BY 4.0. Reproduced from [321]. CC BY 4.0. Reproduced from [59]. CC BY 4.0.

maintaining sensor integrity and reliability in dynamic robotic
applications.

Metamaterial-integrated sensors offer a significant advant-
age by embodying sensor functionality directly into the pro-
grammable compliance of the metamaterials themselves. This
approach allows for the precise measurement of mechan-
ical changes within the robot’s structure, essential for real-
time feedback control. These integrated sensors capitalize on
the inherent properties of the metamaterials, such as multi-
stability and variable stiffness, to enhance the robot’s sens-
ory feedback system, thereby improving its interaction with
the environment and overall performance in autonomous
operations.

7.2.2. Textiles. Metamaterial-supported sensors can be
integrated with various textile fabrication techniques—such
as knitting [325], twisting [326], ring-spinning [327], wrap-
spinning [328], and embroidering [329] — to embed sensors
seamlessly within textiles. This integration allows the cre-
ation of textiles that are capable of enduring multiple types of

deformation while maintaining sensor functionality and integ-
rity. By leveraging these traditional textile methods alongside
advancedmetamaterial designs, sensors can be effectively pro-
tected and incorporated into fabrics that are subjected to fre-
quent and diverse mechanical stresses.

There is significant potential for incorporating functional
materials, such as threads and yarns coated with conductive or
semiconductive materials, into textiles. By leveraging specific
unit cell designs, these enhanced materials can be integrated
into the fabric to develop various types of sensors, including
temperature and strain sensors. This approach not only allows
for the creation of highly functional and adaptive textiles but
also expands the capabilities of traditional fabrics to include
sensing and interactive functionalities.

7.2.3. Biomedical devices. Metamaterial-supported
sensors are particularly advantageous for applications requir-
ing direct adherence to human body parts [296]. The unique
structure of metamaterials facilitates enhanced conformab-
ility, allowing the sensor to maintain consistent contact and
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functionality when adhered to the dynamic surface of the
human body. Additionally, these structures can be designed
to protect against deformations caused by bodily movements,
ensuring reliable performance under various physiological
conditions.

The sensing performance can be significantly enhanced
through the metamaterial-integrated design approach. This is
especially important for sensors that depend on the mechan-
ical deformation of human body parts to detect biosignals,
such as those used in measuring blood pressure. These mater-
ials enable the fabrication of sensors that are not only more
responsive to subtle deformations but also more robust and
reliable under the dynamic conditions of the human body

7.2.4. Enviromental monitoring. Environmental sensors fre-
quently operate under extreme conditions, including high
humidity, varying temperatures, and corrosive environments.
Metamaterials, with properties such as NTE (section 2), can
be utilized in metamaterial-supported sensors to enhance their
resilience. This adaptation provides crucial protection against
excessive thermal expansion, which could otherwise lead to
sensor breakage, thereby enhancing the longevity and reliab-
ility of sensors deployed in outdoor settings. Such enhance-
ments are particularly beneficial for long-term environmental
monitoring, reducing the need for frequent maintenance or
replacement and ensuring consistent data collection.
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