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Introduction
 Metamaterials are artificial materials that possess unique electromagnetic properties 
well exceeding those of naturally occurring materials, such as the ability to achieve a 
negative index of refraction for cloaking applications. In 1968, Veselago first conceived 
and experimentally demonstrated the possibility of negative permittivity and negative 
permeability, previously considered impossible in natural materials [1]. In 1999, Pen-
dry et  al. proposed using a regularly structured split ring resonator (SRR) in order to 
achieve negative permeability and negative permittivity simultaneously [2] in the micro-
wave regime. The viability of Pendry’s idea was subsequently confirmed in 2000 by Smith 
et al., who successfully experimentally demonstrated [3] verified the negative refractive 
index for the first time [4].

The two-dimensional form of metamaterial is termed metasurface. Due to its planar 
nature and ease of fabrication, it possesses unique optical properties that contribute to 
the mechanical flexibility and thus great potential of wearable devices. In recent years, 
metasurfaces have been the focus of intense research and study due to their potential for 
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applications in various fields such as state-of-the-art optical, microwave, and plasmonic 
devices. In addition, the ability to manipulate the phase and amplitude of light at the sub-
wavelength scale, as well as the compatibility with conventional semiconductor and inte-
grated circuit fabrication techniques, have made metasurfaces ideal candidates for the 
development of novel optical components and devices. For example, some metasurfaces 
may exhibit strong scattering effects due to the patterning of meta-particles [5]. Namely, 
by embedding metal in the substrate, a tunable and reconfigurable photonic metasur-
face can be realized [6]. All of the above principles have been translated into practical 
applications. As for the applications of metasurfaces, there are many similar research 
areas, such as the Frequency Selective Surface (FSS) introduced by Munk’s team in 1974 
[7], wavefront modulation engineering based on the special electromagnetic properties 
[8–10], perfect absorbers [11–13], electromagnetic invisibility cloaks [14–18], perfect 
lenses, metalens and superlenses [19–23]. Due to these special structures and unique 
properties, metamaterials and metasurfaces are widely used in various kinds of practical 
applications such as biosensing [24, 25], cancer detection [26], immunoassay [27, 28], 
imaging [29] especially bioimaging [30–32], communication and electromagnetic wave 
control [33–39].

In fact, major applications of metamaterials and metasurfaces have been focusing on 
devices functioning in terahertz regime, such as metamaterial perfect absorbers, from an 
electromagnetic and mechanical perspective. Tao et al. presented a metamaterial perfect 
absorber with strong resonance at terahertz frequencies in 2008 [40], and then built the 
impressive stand-up metamaterial in 2011 [41], which paved the ways for many potential 
reconfigurable metamaterial applications. In 2016, Ee et al. built a tunable metasurface 
on a stretchable substrate [6]. In the subsequent year, they implemented this research to 
develop practical metasurface holography [42]. Alternative typical tuning mechanisms 
include utilizing 2D materials [43–46], vanadium dioxide [47–50], and topological mate-
rials [51–55] for precise modulation of terahertz waves. Indeed, diverse applications 
exhibit unique characteristics; nevertheless, the demand for enhanced flexibility, recon-
figurability, or stretchability has propelled remarkable advancements in these domains in 
recent years.

With the development of materials science and advances in fabrication techniques, 
people have developed higher demands on the performance of metamaterials, such as 
more biocompatible, flexible, stretchable, biocompatible and wearable, which drive the 
innovative development in the field of metasurfaces. To meet these increasing demands 
for flexibility and scalability, many novel devices have been creatively designed and fabri-
cated over the past decades. For example, the “island-bridge” strategy that interconnects 
discrete rigid devices with knots introduces stretchability and scalability; the auxetic 
stretchable electronics with designed pattern and structure that allows native material 
to achieve negative Poisson’s ratio; the origami/kirigami structure [24, 34–36, 56–59] 
inspired by traditional Asian paper folding and cutting art, the bionic structure inspired 
by animals[60], the tunable structure such as MEMS-driven metasurfaces [61–63], the 
epidermal electronics system [64].

There have already been many excellent reviews on the specific areas such as electro-
magnetic wave perfect absorbers [65, 66], electromagnetic [67–69], bioimaging [70], 
the classification and applications of metamaterials [71–74], the fundamental principle 
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[75, 76] and reviews focusing on the flexible and reconfigurable metasurfaces [77–81]. 
In this Review, we provide a comprehensive overview of the mechanism of metasurface 
reconfiguration, the development of related fabrication techniques and some innovative 
points in future trends of metamaterials and their applications. Also, we highlight the 
challenges and future directions in this rapidly growing field.

Tuning mechanisms of flexible metasurfaces
In their early stages, metamaterials operate mostly in the microwave range [2, 4, 82]. 
As the operating frequency of the metasurfaces rises into the terahertz regime, the cor-
responding subatomic wavelengths become shorter. The structures of metasurfaces thus 
become more refined and miniaturized than before, and the actuation mechanism for 
the reconfiguration of metasurfaces also becomes more diverse and complicate. In addi-
tion, reconfigurable metasurfaces have made many breakthroughs compared to ordinary 
metasurfaces, such as combining multiple functions in a single device and achieving 
dynamic tunability of working parameters [37, 83, 84].

To meet the need for flexibility and stretchability in practical applications, many dif-
ferent structures based on different mechanisms have been proposed. There are many 
different types of common mechanical tuning mechanisms, such as micro-electro-mech-
anism systems (MEMS) [62, 63, 85–87], origami/kirigami and chiral structures [56–59, 
88–91]. In addition, some novel tuning mechanisms such as photoactuation[92–95], 
electroactuation [9, 96] and magnetoactuation [97, 98] also play important roles in the 
tuning function of metasurfaces. Different tuning mechanisms have their own charac-
teristics in the achieving of the tuning and reconfiguration function of metasurfaces, 
such as exploiting the physical properties of the material itself, exploiting the special 
properties of the artificially designed structure, and so on. It is worth mentioning that 
the operating frequency range can be further extended to infrared and even visible light, 
which also have numerous applications, similar to the reconfigurable and tunable meta-
materials. The optical response of metasurfaces is in most cases strongly influenced by 
the deformation of the substrate due to its flexible or tunable properties. The realiza-
tion of the flexibility and stretchability of reconfigurable metasurfaces is partly due to 
the wide application of flexible substrates.

In this section, we summarize how the reconfigurable metasurfaces with different 
functions are actuated using different tuning mechanisms, and representative examples 
are listed in Fig. 1 to illustrate this point. 

Mechanical tuning

There are several traditional mechanical tuning methods for reconfiguration. Micro-
electro-mechanical systems (MEMS), with their advantages of compact structure, low 
power consumption and efficient performance, have been widely used for metasur-
face tuning in various fields [136–138]. Microscale MEMS devices are typically made 
for sensing, control, and actuation. The use of MEMS devices could ultimately achieve 
the purposes such as achieving motion, flexibility or tunability at macroscopic level. 
Researchers have also proposed many mature solutions for both in-plane and out-of-
plane metasurface reconfiguration using mature MEMS technology, ultimately lead-
ing to many different types of reconfigurable metasurface devices [139]. The use of 



Page 4 of 28Tian and Cao ﻿PhotoniX             (2024) 5:2 

MEMS-actuated metasurfaces enables simple and efficient implementation of the tun-
ing and reconfigurable functions. Over the past decades, researchers have used MEMS 
to build many reconfigurable devices in different wavelengths such as microwave and 
terahertz fields, to achieve functions such as perfect absorbers [12, 140], sensors [138], 
modulators and filters [62], and detectors [141].

After presenting their research of terahertz metamaterial absorber [40], Tao et al. 
showed the mechanism of how MEMS based technology actuate the metasurfaces 
with tight configurability in 2009 [142]. This presented their discovery of reconfigur-
able terahertz metamaterials, which have the potential to realize novel electromag-
netic functionalities such as reconfigurable cloaks, absorbers, and thermal detectors. 
They use different materials to build the basic pattern, the split resonator rings and 
the microcantilevers. Due to the different coefficients of thermal expansion of dif-
ferent materials, once the above metasurfaces are treated by rapid thermal anneal-
ing (RTA), the different out-of-plane angles produced by the two materials will cause 

Fig. 1  Schematic diagram of metamaterials and metasurfaces from the negative refraction theory to their 
applications (Stretchable absorber, e-skins, immunoassay, bioimaging, cancer detection, metalens and 
cloaking) [6, 19, 26, 99–104]. Copyright 2004, Taylor & Francis. Copyright 2020, John Wiley and Sons. Copyright 
2015, Springer Nature. Copyright 2015, John Wiley and Sons. Copyright 2017, Springer Nature. Copyright 
2021, De Gruyter. Copyright American Chemical Society, 2016. Copyright 2021, Optica Publishing Group. 
Copyright 2020, MDPI
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the cantilever to tilt. Researchers often achieve the desired functionality by flexibly 
changing the angles, which will be discussed later. Many advances have been made 
in the field of mechanical tuning and the use of MEMS cantilevers. For example, in 
2014, Pitchappa et al. doubled the tunable range and greatly improved the switching 
contrast in the terahertz region by adjusting the structure and number of cantilevers 
[143]. Then, in 2015, Pitchappa et al. demonstrated their subwavelength MEMS can-
tilevers for dynamic manipulation of terahertz waves [136]. Their design can achieve 
different modulation depths depending on the length and the out-of-plane angle of 
the microcantilevers. The actual effect is very close to the simulation. Later in 2017, 
Pitchappa et al. performed experiments on thermal tuning of cantilevers [144]. Unlike 
the previous designs, the new design optimizes the mechanical and thermal proper-
ties, allowing bidirectional reconfiguration in the temperature range of 77 to 400 K. 
Common mechanical tuning devices are shown in Fig. 2.

Fig. 2  Mechanical tuning devices. a Single-material kirigami structure sheet under biaxial tension. 
Reproduced with permission from [105], copyright John Wiley and Sons, 2022. b Miura-ori chiral 
metamaterials with split-ring resonators. Reproduced with permission from [106], copyright John Wiley and 
Sons, 2017. c Reconfigurable SRR structure based on kirigami and its cantilevers structure. Reproduced with 
permission from [107], copyright Springer Nature, 2018. d Metasurface on stretched polydimethylsiloxane 
(PDMS) substrate. Reproduced with permission from [6], copyright American Chemical Society, 2016. e 
Illustrations of the stretchable device while applying a biaxial stretching force. Reproduced with permission 
from [108], copyright John Wiley and Sons, 2019. f Diagram of a bilayer metasurface covered with Al-PI. 
Reproduced with permission from [100], copyright John Wiley and Sons, 2020
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Additionally, Tao et al. successfully fabricated and demonstrated their MEMS-based 
reconfigurable metamaterials at the terahertz frequencies in 2011 [85]. They designed 
some more complicated materials that allow some meta-atoms to stay remain while 
allowing others to move in orthogonal directions. They offer a novel design for tuna-
ble or reconfigurable metasurfaces since their design is principally realized by adjust-
ing the cantilever beams structure or the distribution of meta-atoms. Similarly, Han 
et al. conceived, and fabricated two different types of MEMS based tunable recon-
figurable metamaterials [62, 137] with different parameters and properties in 2014. 
They designed efficient tunable terahertz filter and modulator with a simple struc-
ture. By adjusting the SRR arm-gap and air-gap, the proposed metamaterials can 
accomplish the goal of obtaining variable transmission coefficients under various 
voltage-controlled switching ON or OFF states. Alves et al. built terahertz sensor in 
a different approach. In addition to the ultra-high absorbance at terahertz band, they 
also achieved the function of converting terahertz to infrared by fabricating double 
metasurface on a common ground [138]. Alves used thermal insulating legs instead 
of the bi-material legs in order to meet different requirements for thermal functions, 
while simplifying the fabrication processes. In addition, Manjappa et al. developed 
a multiple-input-output (MIO) state with voltage-controlled ON and OFF states for 
logic operations at terahertz frequencies based on reconfigurable MEMS metasur-
faces [63]. The new structure of the MIO state shows the possibility and potential 
of reconfigurable metasurface development in the digital and computing field in the 
future.

In addition to the mature MEMS technique, there are two widely used techniques 
called origami and kirigami. These techniques are derived from the traditional Asian 
paper folding and cutting art. There are already many novel structure designs of 
stretchable reconfigurable metasurfaces and metamaterials inspired by origami [145] 
or kirigami [146, 147].

Origami and Kirigami are actually very different from each other in that they have 
different structures, working principles, and energy storage mechanisms. In contrast, 
kirigami achieves its stretchable and reconfigurable functions mostly by cutting apart 
parts connected by knots. In 2021, Jiang’s team investigated mechanical metamateri-
als based on origami and kirigami. In addition, they classified the mechanical meta-
materials into three categories based on the method of folding or cutting the thin film 
materials: origami only, kirigami only, and origami and kirigami combination [59].

In order to improve the stretchability and reconfigurability of metamaterials and 
metasurfaces to meet the novel requirements of practical devices, origami/kirigami-
based structures have been widely used in many fields [56, 58]. There are many appli-
cation areas for stretchable and reconfigurable metasurfaces and metamaterials, such 
as flexible sensors and detectors, reconfigurable antenna [23, 25, 32], etc.

Using origami/kirigami structures, Liu et al. fabricated a novel capacity pressure 
sensor with wide sensing range based on the origami [14] in 2021. In addition to the 
different structure, they experimented with mixing different types and dose of dielec-
tric materials, such as carbon nanotubes (CNTs) and BaTiO3(BTO), into the polydi-
methylsiloxane (PDMS) substrate. Eventually, they found the right combination that 
allowed them to achieve a wide range of pressure and reconfiguration function.
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In addition to designing structures using origami/kirigami alone, researchers have 
created a variety of unique devices that combine various devices with such structures 
to improve performance or achieve novel functions. For example, Zhu et al. proposed 
their design of a complex micro-origami structure that can be controlled and rapidly 
deformed in 2020 [113]. They combine the device with MEMS functionality, elastic-
plastic materials, and origami structures to achieve functions that cannot be achieved 
by ordinary origami structures alone. Recently, Zheng et al. break the limitation of the 
unidirectional shortcoming of traditional origami with the proposed bidirectional 3D 
origami metasurface [148], which has more degrees of freedom and provides a highly 
efficient approach to 3D photonic devices.

It is worth mentioning that the Miura origami [149], a widely used origami structure 
introduced by Miura in 1980, provides new design ideas for reconfigurable structures 
due to its negative Poisson’s ratio and multiple degrees of freedom. In 2012, Nishiyama 
showed how to make the Miura structure and early applications of the Miura structure 
in the field of mapping and space exploration [150]. In addition, the Miura Origami 
structure has been widely used in the field of electromagnetic control for decades. By 
taking advantage of its reconfigurable and deployable characteristics, it can achieve the 
flexible tuning of electromagnetic devices and other functions. For example, Wang et al. 
proposed a reconfigurable metamaterial for tunable chirality by folding the plate with 
SRRs into different enantiomers [106]. Similarly, Zhang et  al. designed and fabricated 
a metasurface to reduce the radar cross section based on different origami structures 
including the Miura-origami [151].

Kirigami has several applications in a wide range of industries. In order to apply the 
metasurfaces to conformal devices, kirigami structures are used to improve the stretcha-
bility and reconfigurability of the metasurfaces. To illustrate, Jing et al. used the kirigami 
approach to transform the two-dimensional metasurface structure into a three-dimen-
sional structure with better reconfigurable properties [107]. Jiang et  al. designed an 
adaptive conformal electronic skin inspired by snake skin and kirigami structure, which 
can well exploit the stretchability, flexibility and conformability of kirigami structure 
[105].

We believe that mechanical tuning mechanisms such as MEMS and origami/kirigami 
will continue to play an important role in the disciplines of stretchable and reconfig-
urable metasurfaces. The potential of metasurfaces will be realized by merging metas-
urface design with more specially designed origami structures, such as Miura origami. 
For instance, frequency tunable FSS or perfect absorbers in the field of electromagnetic 
waves, or the tunable antenna [34–36, 57] in the field of communications.

Photoactuated tuning

By virtue of its capacity to transmit both information and energy, light has found wide-
ranging applications in the fields of communication and energy conversion. Over the 
past few years, a growing number of researchers have turned their attention to light-
driven tunable and reconfigurable metasurfaces, owing to their distinctive modes of 
actuation and tremendous potential in the realms of electromagnetic and communi-
cation engineering. The light-driven tunable mechanism confers upon these metasur-
faces the ability to exhibit diverse performance parameters or functions in response to a 
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variety of control beams and other stimuli. The photon-based control methods employed 
typically operate on distinct principles. Figure 3 offers some examples of photoactuated 
tuning devices.

First, light can serve as a means to manipulate specifically-engineered material struc-
tures in order to achieve controlled switching states or targeted deformation patterns 
within the device. In this way, these devices exhibit photon-driven tunable function-
alities. For example, reconfigurable deformation of a bilayer material can be achieved 
using thermal energy transferred by infrared light [94]. Similarly, Pau et al. proposed the 
reconfigurable artificial iris based on flexible metamaterial has achieved ultra-broadband 
optical absorption [109].

Second, in addition to the aforementioned devices, the performance characteristics 
of existing metasurfaces or metamaterials can also be adjusted to specific wavelengths 
of light beam transmission, absorption, or polarization, through the utilization of pho-
toactuated tuning and apparent deformation structures. By exploiting the ability of sap-
phire-based metamaterials to change their transmission coefficient for terahertz waves 
with infrared light for this attribute [152], Gu et al. developed a new function for tunable 
transparency. Shcherbakov et  al. proposed their optical metasurfaces that can realize 
ultrafast all-optical tuning through the specific structure and material design, which has 
great potential for the active control of light propagation [153].

Fig. 3  Photoactuation devices. a Illustration of principle for soft opto-mechanical reconfigurable device. 
Reproduced with permission from [109], copyright Elsevier, 2021. b Diagram of working principle for the 
Ge2Sb2Te5 (GST) based metasurface. Reproduced with permission from [110], copyright John Wiley and 
Sons, 2020. c Schematic of photon-induced metasurface in the silicon wafer. Reproduced with permission 
from [111], copyright John Wiley and Sons, 2019. d Diagram of holographic metasurface gas sensor platform. 
Reproduced with permission from [112], copyright AAAS, 2021
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Finally, the use of photosensitive substrates enables light-modulated planar metasur-
faces. By irradiating thin silicon wafers with femtosecond lasers, dynamic metasurfaces 
and the ability to spatially modulate them can theoretically be efficiently applied in areas 
such as streaming holograms and variable focal length lenses [152]. Many related devices 
have been used in areas such as hologram and imaging gas detection [112]. In the future, 
improving the flexibility and stretchability of these rigid metasurfaces will be a popular 
trend.

Electroactuated tuning

Similar to the MEMS based reconfigurable structures proposed by Tao et al., Ma et al. 
also used a cantilever beam composed of two materials to design a reconfigurable meta-
surface [96]. However, the latter uses voltage rather than thermal properties to adjust the 
deformation of the cantilever beam. There are also many planned electrically powered 
reconfigurable devices [154, 155].

The use of electrically-controlled deformation offers advantages of both efficiency and 
precision. Indeed, when combined with structures such as origami, electrical actuation 
permits the attainment of perfect equilibrium between external forces, deformation, and 
electrical actuation. Furthermore, in addition to its use in directly controlling the defor-
mation of structures, electrical modulation can also enable manipulation of the optical 
properties of metasurfaces [156, 157]. For example, by applying a voltage to both sides of 
the metasurface, the structure or properties of the meta-atoms themselves are changed, 
and the tuning of the optical properties of the metasurfaces becomes controllable. Some 
dielectrics, such as liquid metal or liquid crystal, can also be controlled by electrical 
methods, making these materials useful in the design of electrically controlled devices. 
For example, Bosch et al. created a varifocal lens by electrically driven tuning of the die-
lectric properties [115]. Vassos et al. achieved the dynamic phase shift with their tun-
able piezoelectrically actuated metasurfaces [158]. Kwon et al. also proposed their Nano 
Electro Mechanical System (NEMS) tunable metasurface based on voltage-controlled 
dielectric [117]. Some examples of electroactuation devices are shown in Fig. 4.

Magnetoactuated tuning

In addition to metasurfaces based on the control and regulation mechanisms mentioned 
above, there is another type of reconfigurable metasurface that is often controlled by 
magnetic fields. Magnetically actuated, or magnetoactuated tuning methods generally 
exploit the sensitivity of certain materials to magnetic fields to provide tunability for 
metasurfaces. The structure of magnetically actuated metasurfaces typically varies with 
the intensity of the electromagnet field [119, 120].

Magnetic tuning shares commonalities with several of the other conditioning 
mechanisms mentioned above. For example, during the fabricating process, metal 
materials and structures that are sensitive to magnetic fields can be appropriately 
designed so that they can be easily adjusted from within using the magnetic field in 
the device’s operating environment. In addition, it is possible to directly use a mag-
netic fluid or similar materials, whether on a macroscopic or microscopic scale, to 
achieve a function in which the shape structure, strength, and other properties of 
the material change with the change in magnetic field strength. In particular, electric 
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and magnetic fields can be combined to use Lorentz forces to produce a recoverable 
deformation of a flexible material in the desired direction and size [97].

In summary, whether it be thermal, electrical, or electromagnetic, there are numer-
ous studies, tests, and potentially mature applications. Different mechanical mecha-
nisms or other actuation methods make sense, no matter how the configuration of 
metasurfaces and metamaterials is realized. The various actuation methods have dif-
ferent specific characteristics from the point of the view of concepts and applications, 
but they also share some similarities. In practical applications, several mechanisms 
usually work together to achieve the best modulation effect. By combining differ-
ent structures or designs with different actuation mechanisms, disadvantages such 
as inefficient control or manufacturing complexity that arise when one mechanism 
is driven alone can be overcome. Here,  typical magnetoactuated tuning devices and 
schematics are listed in Fig. 5.

Fig. 4  Electroactuation devices. a Schematic of voltage-controlled cantilever. Reproduced with permission 
from [96], copyright Springer Nature, 2014. b Illustration of electrothermal micro-origami. Reproduced 
with permission from [113], copyright John Wiley and Sons, 2020. c Diagram of omega-ring metamaterial 
arrays controlled by MEMS. Reproduced with permission from [114], copyright AIP Publishing, 2014. d The 
electrically actuated varifocal lens. Reproduced with permission from [115], copyright American Chemical 
Society, 2021. e Schematic of electrically-controlled digital metasurface. Reproduced with permission from 
[116], copyright Springer Nature, 2020. f Schematic illustration of NEMS-tuning metasurface. Reproduced 
with permission from [117], copyright American Chemical Society, 2021
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Fabrication of flexible and stretchable metasurfaces
After discussing the origin and development, the working principle of metasurfaces 
and metamaterials, and the various mechanisms that make them reconfigurable, this 
section summarizes various fabrication techniques applied to different types of flex-
ible and stretchable metasurfaces.

Micro/nano fabrication technologies

When it comes to the fabrication, there are many traditional fabrication technolo-
gies such as deep-ultraviolet lithography, electron lithography, laser direct writing 
lithography and so forth. In general, fabrication technologies can be divided into two 

Fig. 5  Magnetoactuated Tuning devices. a Deformation of array under the magnetic-actuation. Reproduced 
with permission from [118], copyright John Wiley and Sons, 2020. b Illustration of electrothermal deformation 
in static magnetic field. Reproduced with permission from [97], copyright AIP Publishing, 2015. c Schematic 
illustration of 3D deformed patterns under different magnetic field actuation. Reproduced with permission 
from [119], copyright AIP Publishing, 2022. d Schematic of magnetic plasmonic metasurface. Reproduced 
with permission from [98],copyright American Chemical Society, 2020. e Deformation of MR fluid–filled 
lattice. Reproduced with permission from [120], copyright AAAS, 2018. f Schematic of magnetophotonic 
metasurface that can manipulate the light intensity. Reproduced with permission from [121], copyright 
Elsevier, 2018
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categories: subtractive manufacturing and additive manufacturing, according to the 
subtraction or addition of materials during the manufacturing processes.

Subtractive manufacturing

In terms of subtractive manufacturing, the most conventional micro- and nano-manu-
facturing technology is lithography. Lithography can be divided into mask lithography, 
laser direct writing lithography and so on according to the working method. Besides, 
it can be divided into ultraviolet lithography, deep ultraviolet lithography and extreme 
ultraviolet lithography according to the wavelength of ultraviolet rays. Lithography plays 
a significant role in the fabrication of metasurfaces. The corresponding lithography tech-
nology applied in the fabrication of specific metasurface is different because there are 
different specific requirements in different application fields. Usually, metasurfaces are 
composed of arrays of periodic or aperiodic arrays meta-atoms on the substrate, which 
can be rapidly fabricated using lithography technology. For example, J.-S. Park et al. suc-
cessfully fabricated 45 metalenses (Fresnel lens) at a time on a 4 in. fused-silica wafer 
with deep-ultraviolet projection lithograph [122]. Jiao et  al. fabricated passivated alu-
minum nanopillars by etch on wafer to achieve their design of flexible immunosensors 
[159]. However, lithography technologies mentioned above have difficult in the fabrica-
tion of metasurfaces consist of large-scale pattern or metasurfaces based on flexible or 
stretchable substrates.

In order to improve the fabrication efficiency of large-scale pattern metasurfaces that 
are based on flexible substrates, various novel fabrication technologies such as nanoim-
print lithography (NIL) had been proposed over the past several decades. The NIL was 
firstly introduced by SY Chou et  al. in 1996 [160]. Similar to the cupper paddle print 
technique derived from ancient China, the NIL possesses many advantages like high effi-
ciency, high resolution and relatively low costs. To date, NIL has been employed in the 
fabrication of numerous practical devices, such as sensors based on metasurface [28], 
silicon meta-lens [161] and various others [162]. Besides, NIL can be divided into three 
types according to imprint contact types: plate-to-plate (P2P) NIL [163], roll-to-plate 
(R2P) NIL [164], and roll-to-roll (R2R) NIL [165–167]. Different kinds of metasurfaces 
can be fabricated by combining different materials with different fabrication technolo-
gies. For example, NIL can transplant flexible materials to fabrication flexible or stretch-
able electronics rapidly [168, 169].

Besides the utilization of NIL technology, various other fabrication methods have been 
employed in the production of flexible metasurfaces in recent years. Z. Liu et al. fabri-
cated their design of hybrid terahertz metamaterials based on the silk substrate via water 
lithograph in 2019 [170]. Nanochannel-guided lithography (NCL) can be used to fabri-
cate nanochannels on substrate for future usage as small period gratings [171]. Both the 
water lithography based on silk or other substrates and the NCL have great inspiration 
for the design and development of flexible metasurface. Commonly used top-down fab-
rication techniques are shown in Fig. 6.

Additive manufacturing

When it comes to additive manufacturing, there already have many technologies have 
been applied in the fabrication of flexible and stretchable metasurfaces. For example, 
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Fig. 6  Top-down fabrication techniques (photolithography, e-beam lithography (EBL), nanoimprinting). 
a Schematic illustration of fabrication processes with deep ultraviolet (DUV) lithography and dry etch. 
Reproduced with permission from [122], copyright American Chemical Society, 2019. b Schematic of 
high-index dielectric metasurface. Reproduced with permission from [123], copyright John Wiley and Sons, 
2018. c Schematic diagram of the fabrication processes for flexible PDMS-based microdevices. Reproduced 
with permission from [81], copyright AIP Publishing, 2015. d Schematic illustration of the fabrication process 
for multi-scale hierarchical structure. Reproduced with permission from [124], copyright American Chemical 
Society, 2017. e Full processes of PDMS mold fabrication with direct etch and soft UV-NIL. Reproduced with 
permission from [125], copyright Elsevier, 2022
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ink-jet printing [172] and 3D printing technique [173] that can directly print the pattern 
layer-by-layer on different kinds of flexible and stretchable substrates. Dip-Pen nano-
lithography (DPN) and two-photon polymerization (2PP) that enable printing periodical 
pattern array in a quiet short time are used in the direct fabrication of micro 3D struc-
ture in large scale.

From the point of view of device structure, since metasurfaces are composed of many 
meta-atoms, this means that it is important to manufacture meta-atoms. In addition, the 
relative position of the meta-atom and substrate differs in the choice of manufacturing 
technology. For instance, the frequency selective surface needs split resonator rings in 
different size to gain the peak of absorbance at different frequency, which usually takes 
30-3000 μm to attain the regime of terahertz. Typically, a metasurface is consisted of 
periodical or non-periodical patterns array in micro- or nano-scale. It is important to 
fabricate patterns array as a whole object, which means fabricate one pattern one time 
will take extremely long time to finish a whole metasurface. As a result, the correspond-
ing subatomic wavelength becomes lower, which makes the structures are more detailed 
than previously and raises the bar for fabrication technology.

Nowadays, whether it is inkjet printing or 3D printing, the manufacturing accuracy 
has been greatly improved, and micro- and nano-scale printing can be rapidly realized 
on various materials. Kashiwagi et al. took good usage of inkjet print in fabrication of 
flexible and stackable materials working in terahertz region [172]. Ahn et al. fabricated 
their origami structures design in a planar by 3D print technique and then fold then into 
3D structures [174]. Dip-pen nanolithography was firstly carried out by Mirkin et al. in 
1999 [127]. Polymer pen lithography (PPL) was firstly conceived by Huo, F. et al. in 2008 
[126]. Both Dip-pen and PPL can fabricate large scale micro/nano pattern in a quiet 
short time. Latterly, Bunea et al. described the PPL from Configurations and Parameters 
layers [129]. Similarly, two-photon polymerization (2PP) even multi-photon polymeri-
zation technique have been widely used in large scale manufacturing of nano-structure 
because of its high efficiency. Geng et al. used 2PP to complete ultrafast 3D micro nano-
fabrication [175].

Flexible metasurfaces and metamaterials could already be quickly and accurately fab-
ricated using a variety of ways. However, which technology to choose relies on the type 
of functioning mechanism that metasurfaces or metamaterials are based on. This implies 
that different metasurfaces or metamaterials device designs in different sectors match to 
different fabrication technologies, demanding a detailed analysis of the relevant circum-
stances. Commonly used bottom-up fabrication techniques are shown in Fig. 7.

Flexible metasurfaces

Fabricating a common metasurface on a rigid substrate is similar to fabricating chips on 
a silicon wafer. The structure and pattern need to be designed in advance. Engineers can 
then select the most appropriate additive or subtractive manufacturing method based 
on the pre-designed dimensions of the structure or pattern. This enables the fabrication 
of corresponding metasurface devices on specific substrate materials. Most traditional 
metasurfaces are based on rigid substrate such as wafers or metal plates. Those devices 
are relatively easy to design and fabricate. Comprehending the operational mechanisms 
of flexible metasurfaces across diverse application domains, as well as their specific 
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composition and structure, is fundamental to comprehending their creation and fabri-
cation. Indeed, the technology employed in fabrication is closely contingent on the size 
and structure of the constituent meta-atoms comprising the metasurfaces, as well as the 
functional principles governing their operation.

Subtractive manufacturing techniques not only have been used in rigid substrates, but 
also can be devoted into the fabrication of flexible metasurfaces. Metasurfaces can be 
constructed on a variety of substrates, with the choice of substrate depending on the 
intended usage scenario. For instance, a rigid substrate such as silicon may be suitable 
for applications operating in a more typical setting, while a flexible polymer like PDMS 
may be preferred for fabricating flexible devices. Except for traditional rigid substrates 

Fig. 7  Bottom-up fabrication technologies (3D printing, self-assembly, soft lithography including Dip-Pen 
nanolithography (DPN)). a Schematic of how polymer pen lithography works. Reproduced with permission 
from [126], copyright AAAS, 2008. b Schematic of working principle of DPN. Reproduced with permission 
from [127], copyright AAAS, 1999. c Schematic of specific setup of two-photon polymerization (2PP) 
fabrication during experimental. Reproduced with permission from [128], copyright John Wiley and Sons, 
2019. d Schematic illustration of the micro structure print by two-photon polymerization. Reproduced with 
permission from [129], copyright MDPI, 2021
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such as silicon wafer or metal plates, there are many other materials can be used as 
the substrate of flexible metasurfaces, such as polyethylene terephthalate (PET), poly-
ethylene naphthalate (PEN), polyimide, and PDMS. The flexibility and stretchability of 
metal materials are commonly increased with the decreasing of the grain size, whether 
the meta-atoms made from rigid or flexible materials. The mechanical performance of 
metal materials will significantly increase, especially when they are finely processed to 
be micro- or nano-structured.

As for the corresponding fabrication technology, additively fabrication techniques 
such as 3D print, dip-pen lithograph and 2PP technology can easily fabricate patterns 
on both rigid and flexible planar substrates. Soft lithograph is another widely used tech-
nology for flexible substrate based metasurfaces and metamaterials. To illustrate, David 
et al. fabricated the metal-only modulated metasurface antennas with the help of addi-
tively manufacturing technology [176]. Dong Qin et al. summarized related techniques 
in their protocol in 2010 [177].

Intrinsically stretchable metasurfaces

The process of fabricating flexible and stretchable metasurfaces may differ across certain 
application domains. As noted previously, the fabrication of flexible metasurfaces can 
be achieved through various direct methods. However, intrinsically stretchable metas-
urfaces may require additional steps in their production. Furthermore, some flexible 
metasurfaces feature only flexible substrates, while others may incorporate dielectrics 
such as liquid metal, thus imposing diverse requirements on the underlying fabrication 
technologies.

In contrast to metasurfaces where only substrates are flexible and meta-atoms are 
rigid and those that achieve tensile properties through structure. There are inherently 
flexible metasurfaces whose substrates and conductive patterns are made of flexible or 
stretchable materials. Those intrinsically stretchable metasurfaces can be a better solu-
tion of implantable devices to reduce problems like mismatch and rejection reaction for 
patients.

For instance, Wang et al. designed an intrinsically stretchable electronic for the moni-
tion of dynamically moving organs [178]. They took styrene-ethylene-butylene-styrene 
(SEBS) elastomer as stretchable substrate, liquid metal as stretchable conductive and 
nanocomposite as the electrodes. With the natural flexibility of those basic materials, the 
proposed electronic has ultrahigh deformability, which means that this electronic can 
be completely attached to a non-planar surface. By integrating these layers together, the 
fabrication of the intrinsically stretchable electronic chip is completed. There are many 
novel designs of intrinsically stretchable metasurfaces inspired by nature or body. To 
illustrate, Fan et al. successfully created a skin-like, ultrathin metasurface in a stretchable 
structure [100]. Zhang et al. devised a flexible, all-dielectric metasurface which they fab-
ricated on a PET substrate using lithographic techniques [179].

Applications
Flexible and stretchable reconfigurable metasurfaces are typically developed based on a 
range of principles and design methodologies, including those related to electromagne-
tism and mechanisms. Consequently, these metasurfaces find applications across several 
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different, yet inherently related fields, such as bioimaging, bio-detection, and communi-
cation, among others. In the subsequent subsections, we outline several representative 
fields with examples of practical applications in everyday life.

Bioimaging

Metasurfaces have their wide usage in bio-medical field. Bioimaging is one of those 
examples. Taking advantages of the controlling ability of electromagnetic waves, meta-
surfaces could be used as the imaging devices in different scales. Through analyzing the 
metasurfaces’ transmission, reflection and scattering ratio for lights, the intensity, phase 
and polarization of lights can be obtained. Optical bioimaging can be carried out by 
using this information. Metasurfaces have improving the quality and efficiency of bio-
imaging because of those unique optical properties and optic-controlling abilities men-
tioned above.

Metasurfaces have a long history in imaging and can be used at different scales, 
regardless of physical scale or electromagnetic spectrum. In some large-scale imaging 
fields, mature techniques such as millimeter wave, X-ray and magnetic resonance are 
widely used. Bioimaging has its wide usage in the whole spectrum from radio-frequency, 
micro-wave to terahertz, infrared frequency and optical, and bioimaging often uses fluo-
rescence, ultrasound, X-ray and magnetic resonance as imaging sources. Gollub et  al. 
demonstrated their imaging method in human-scale based on millimeter wave [103]. 
Dawood Alsaedi et al. also designed a metasurface biomedical imaging device on thin 
film working in the microwave regime in 2021 [30]. Additionally, applications of tera-
hertz and millimeter waves in imaging have been noticed by researchers for recent years 
because of their great potential for biomonitoring and imaging, etc. The main reason is 
that the wave radiation in the terahertz band is non-ionized, and it can also deeply detect 
non-metallic and other materials that are opaque to terahertz, so that it can achieve high 
resolution and other imaging effects without harming human body. Meanwhile, the 
wavelength and imaging resolution for various frequency ranges vary.

Imaging and sensing from a nanophotonics perspective are rising research fields. The 
fundamental principle is similar to a perfect absorber used for the absorbing of transmit 
waves. For example, the terahertz scale has garnered interests among researchers due 
to its high efficiency and resolution in the field of imaging, particularly in the area of 
bioimaging. Escorcia et  al. demonstrated their design of a terahertz imager [180] that 
can detect metallic objects through envelope, and the imager is temperature sensitive 
because the using of PN diode. On the basis of predecessors, Zhou et al. designed and 
manufactured a multispectral imaging array device in the terahertz frequency domain 
that can easily tune and work on multiple discrete THz bands to match different char-
acteristics of the samples to be imaged to obtain color images [181]. To improve the 
efficiency while processing large data, Zhang et al. took advantages of the principle of 
furrier transform and proposed the image processing by their reconfigurable metasur-
face [182].

In bioimaging, real-time imaging methods are frequently utilized to non-invasively 
visualize biological processes while minimizing patient contact as much as possible. In 
the practical applications of bioimaging, it is necessary to ensure that the equipment 
does not cause any uncontrollable harm to patients and operators during operation. 



Page 18 of 28Tian and Cao ﻿PhotoniX             (2024) 5:2 

For example, the intensity of the lights used during detection cannot be too large, and 
the contrast agents employed must not be harmful to human body. Many researchers 
have created matching equipment for implantable needs in addition to the detection 
and imaging tools used externally. Implantable means the devices cannot be sensitive 
and harmful to human body, and should be flexible and stretchable enough to fit in the 
soft inner body environment. For example, Tao et  al. presented their devices made of 
magnesium and silk protein that could degrade at a controlled rate and were completely 
implantable and resorbable [183].  Several applications in the field of bioimaging are 
shown in Fig. 8.

Bioimaging has made great progress for recent decades. Except for expanding the 
application scale, combining different research fields is another rising topic. To improve 
the efficiency of human body’s real-time imaging and data processing, Li et al. combined 
the machine-learning with the metasurface and fabricated the bioimager in 2019 [184]. 
A recent review by Padilla et  al. has provide a comprehensive overview of the history 
and the influence of metamaterials and metasurfaces on imaging field [185].

Immunoassay

Except for bioimaging, immunoassay is an important biomedical field. Several immuno-
assay devices have previously been developed and put to use in practical uses [186, 187]. 
Researchers have become increasingly interested in this combination of immunoassay 
and metasurfaces in recent decades. With the help of metasurfaces’ unique properties in 
electromagnetic, the efficiency and accuracy of detection in immunoassay were highly 
improved. For instance, Amin et al. proposed a graphene metasurface in sensing of virus 
in terahertz region [188]. Iwanaga designed an all-dielectric metasurface biosensor to 
detect antibody or antigen in 2020 [189]. Their biosensor highly improved the sensitivity 
and the accuracy in detection. Tightly the next year, Iwanaga et al. designed another high 
sensitivity and high throughout detection method for detection of nucleic acid target 
based on metasurface fluorescence biosensors [131]. Their novel methods are far less 
complicated than conventional spectroscopic approaches, which require frequency scan.

Fig. 8  Metamaterials and metasurfaces used in bioimaging field. a Image of beetles imaged with metalens 
multispectral chirality. Reproduced with permission from [88], copyright American Chemical Society, 2016. b 
Schematic of the tunable metamaterial for Magnetic Resonance Imaging (MRI). Reproduced with permission 
from [130], copyright John Wiley and Sons, 2022. c Schematic of human-scale computational imaging with 
metasurface. Reproduced with permission from [103], copyright Springer Nature, 2017
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Except for high sensitivity, the flexibility of detection devices has also been adhered by 
researchers. In order to make immunoassay surface flexible, researchers have developed 
a variety of methods. Z. Yu et  al. proposed a sensor design that is flexible, incredibly 
responsive and pressure-sensitive, using paper as the electrode material [190]. Jiao et al. 
fabricated passivated aluminum nanopillars by etching the wafer to achieve their design 
of flexible immunosensors [159]. Typical immunoassay applications are shown in Fig. 9.

Cancer detection

Metasurfaces also have wide usage in cancer detection [191, 192]. Early detection plays 
an important role in the prevention and treatment of cancer. Thus, in recent years, the 
control effect of metasurfaces on light at micro/nano-scales has been used by research-
ers to design and fabricate a varieties of cancer detection devices. There are many 
advances in the application of metasurfaces in cancer detection fields. Li et al. explored 
the immunodetection of tumor marks based on complementary plasmonic metasurfaces 

Fig. 9  Metasurfaces used for immunoassay (a) Schematic diagram of graphene-gold metasurface structure 
ultrasensitive plasmonic for ultrasensitive Plasmonic detection. Reproduced with permission from [102], 
copyright John Wiley and Sons, 2015. b Schematic of metasurface sensor chip for immunoassay. Reproduced 
with permission from [131], copyright MDPI, 2021. c Photograph and SEM image of large-area flexible 
metasurface for tumor markers detection. Reproduced with permission from [28], copyright Elsevier, 2020
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[27]. Patel et al. have designed a series of high efficiency metasurface sensors for cancer 
detection based on graphene [133].

There is another kind of metasurface called plasmonic metasurface, which have been 
widely used in sensing of human tumor markers recently. For example, Zhan et al. built 
their biosensor for lung cancer cells to cut down the cost of early cancer detection and 
make it a rapid process [26]. In 2019, Zhu et al. they proposed the portable tumor bio-
sensors based on plasmonic metasurface to accomplish rapid detection of carcinoem-
bryonic antigen (CEA) [193]. Later in 2020, they designed another low-cost plasmonic 
metasurface sensor for detection of tumor markers in human serum [28] based on for-
mer work. With the inventive integration of 3D nanorods into the plasma metasurface, 
Rakhshani was able to realize the high-quality factor and sensitivity, as well as the broad 
angle perfect absorb and tunable functions [194]. Their work highly simplified the detec-
tion system and reduced the cost of detection devices. Schematic diagram of representa-
tive metasurfaces for cancer detection are shown in Fig. 10.

Electronic skin

Electronic skin has been developed for many decades, and it has led to numerous practi-
cal applications in people’s daily lives. For instance, electronic skin can be employed to 
monitor real-time physiological parameters of the human body, such as temperature and 
heart rate. The main feature of electronic skin is that it is similar to human or animal 
skin. Electronic skin should be flexible, stretchable, conformal and self-healable. Addi-
tionally, the electronic skin has many capabilities that human skins do not possess, such 

Fig. 10  Metasurfaces used for cancer detection. a Schematic of metasurface biosensor for lung cancer cells 
detection. Reproduced with permission from [26], copyright De Gruyter, 2021. b Schematic and SEM image of 
metasurfaces for label-free assays of SNPs. Reproduced with permission from [132], copyright Elsevier, 2018. 
c Different meta-atoms for metasurface-based cancer detection sensors. Reproduced with permission from 
[133], copyright Elsevier, 2022
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as electromagnetic wave emission. The main advantage of electronic skin is that it could 
be applied to patients’ skin conformally, which means the electronic skin could actually 
exist like real skin while working as a detection or monitoring device. After treating pro-
cesses, the electronic skin could be departed from the skin easily without any harming.

In certain fields, electronic skin has been integrated with flexible metasurfaces to 
exploit their capability in manipulating electromagnetic waves and achieving cloaking 
effects in visual or other specific frequency ranges. Otherwise, we noticed that the elec-
tronic skin used as tactile and prosthetics has risen researchers interests recent decades. 
The sensibility for pressure and temperature can be used in disabled people’s prosthetics 
to help them feeling. Those novel prosthetics can also integrate sensors, imaging and 
other functions for a wider usage. For example, Kim et al. designed an electrodes for a 
higher comfortable performance [195]. Electronic skin related devices and applications 
are shown in Fig. 11.

It is noteworthy to mention that there exists a type of electronic skin known as Epi-
dermal Electronic Systems (EES), which is specifically designed for applications in bio-
medical detection and bioimaging. EES comprises integrated circuits that serve various 
detection functions, and it represents a novel approach to bio-detection that is based 
on the utilization of metasurfaces. The EES is firstly proposed by Rogers’ team in 2011 
[64], they designed the metasurface which could adhere and keep conformal to patients’ 
skin, in order to dismiss the comfortable and inconvenience brought by the interface of 
conductive gels between skin and the cold electrodes. Comparing with the devices used 
in detection and imaging before, the EES takes little space and makes the same differ-
ence as them. Then in 2012, S. Wang et al. explain the mechanism of the EES [196]. In 
2013, Woon-Hong Yeo et al. proposed the EES which could be printed onto skin directly 
while integrating sensors of temperature, strain and electrophysiological signals [197]. 
The EES can even keep high efficiency on the challenging part like knees and elbows. 
Besides, the EES have commons with traditional integrated circuits and can integrate 
kinds of circuit like light-emitting diodes (LED) display and temp-sensor in a small scale. 

Fig. 11  Electronic skins related applications. a Epidermal electronics work at undeformed and stretched 
states. Reproduced with permission from [64], copyright AAAS, 2011. b Optical micrograph of flexible PCB 
and surface-mounted electronic components. Reproduced with permission from [134], copyright AAAS, 
2018. c A battery-free epidermal electronic device work in wet state. Reproduced with permission from [135], 
copyright John Wiley and Sons, 2018
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Otherwise, there are several advanced functions developed in the EES, such as self-pow-
ered sensors and highly breathable and surface-hydrophobic devices that used in long-
time monitoring. To illustrate, Zhang et  al. listed electronics that are friendly for skin 
used in real-time health and fitness monitoring in 2019 [198].

In conclusion, the past decade has witnessed significant advancements in the develop-
ment of electronic skin, which has emerged as highly integrated subject that combines 
various research fields, such as deep learning, wearable electronics, human-machine 
interfaces, and others.

Conclusions
In conclusion, the development of metasurfaces, from a fundamental concept to their 
applications in the field of medicine, shows people a typical representative and extraor-
dinary proof of scientific innovation and highly interdisciplinary cooperation. Since the 
concept of metamaterials and metasurfaces was proposed, many scientists and engi-
neers have built on them to design and manufacture new devices capable of controlling 
electromagnetic waves and other physical phenomena. In this process, the development 
of materials science and the need for practical applications have promoted the birth and 
progress of flexible reconfigurable metasurfaces. Since then, flexible metasurfaces have 
made breakthroughs in optics, communications, and other fields, and have now entered 
new fields of medical applications. With the help of flexible reconfigurable metasurfaces, 
great progress has been made in bioimaging technologies that can reduce the pain of 
patients during medical examinations, more efficient and convenient means of virus 
antibody and cancer detection, and electronic skin that can help people with disabilities 
provide more convenience in the future. Flexible reconfigurable metasurfaces have the 
potential to revolutionize the way we approach all aspects of healthcare in the future.
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