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ABSTRACT: Optical metasurfaces, capable of manipulating the
properties of light with a thickness at the subwavelength scale, have
been the subject of extensive investigation in recent decades. This
research has been mainly driven by their potential to overcome the
limitations of traditional, bulky optical devices. However, most
existing optical metasurfaces are confined to planar and rigid designs,
functions, and technologies, which greatly impede their evolution
toward practical applications that often involve complex surfaces. The
disconnect between two-dimensional (2D) planar structures and
three-dimensional (3D) curved surfaces is becoming increasingly
pronounced. In the past two decades, the emergence of flexible
electronics has ushered in an emerging era for metasurfaces. This
review delves into this cutting-edge field, with a focus on both flexible
and conformal design and fabrication techniques. Initially, we reflect on the milestones and trajectories in modern research of
optical metasurfaces, complemented by a brief overview of their theoretical underpinnings and primary classifications. We
then showcase four advanced applications of optical metasurfaces, emphasizing their promising prospects and relevance in
areas such as imaging, biosensing, cloaking, and multifunctionality. Subsequently, we explore three key trends in optical
metasurfaces, including mechanically reconfigurable metasurfaces, digitally controlled metasurfaces, and conformal
metasurfaces. Finally, we summarize our insights on the ongoing challenges and opportunities in this field.
KEYWORDS: metasurfaces, nanophotonics, optics, metamaterials, curved surfaces, flexible electronics, conformal designs, smart skins,
multifunctional interfaces

1. INTRODUCTION
Flexible, wearable, and conformal electronics are one of the
fastest-growing trends in devices today, and they are
revolutionizing people’s way of life. These electronics,
especially prominent in bioelectronics and healthcare, boast a
variety of applications. They can be mounted on the skin,
attached to clothes, or even implanted into the body. Examples
include epidermal,1−9 wearable,10−19 and implantable bioelec-
tronics.20−24 These devices enable continuous, noninvasive
monitoring of vital physiological signals in real time,
comfortably providing clinically relevant information for
disease diagnosis, preventive healthcare, and rehabilita-
tion.25−36 These devices are particularly promising for
managing chronic diseases like cardiovascular issues, metabolic
disorders, and diabetes, which are of significant in an aging
population.37−45 During health crises like the COVID-19
pandemic, they can reduce the need for hospital visits and
readmissions.46 Beyond bioelectronics, the versatility of flexible
electronics extends to wearable energy harvesters,47−56 robotic

skins for haptic interfaces,57−62 and smart skins for aircraft to
measure aerodynamic parameters in situ.63−65 The trend
towards flexible electronics is also evident in fields like
photonics,66 acoustics,67,68 metamaterials,69 and etc. These
devices are ultrathin, low-modulus, and lightweight, making
them “mechanically invisible” when applied to objects with
arbitrary surfaces.70−79 Propelled by advancements in materials
and manufacturing technologies, we are making significant
strides in this era of flexible, wearable, and conformal devices.
Metasurfaces are two-dimensional metamaterials that exhibit

extraordinary physical properties (such as optical, acoustic,
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mechanical, and thermal ) not due to the chemical
composition of materials but rather from their internally
engineered structures. Unlike traditional materials, the concept
of metasurfaces is versatile, encompassing a range of
fields.80−83 This includes optical,80 elastic,81 and acoustic
metasurfaces,82 which manipulate of electromagnetic, elastic,
and acoustic waves, respectively. Recently, metasurfaces have
captured increasing attention due to their advantages over 3D
metamaterials, such as reduced losses, simplified design, and
nanofabrication, and enhanced practicality.80,84 Here, we
mainly focus on optical metasurfaces. By using the
subwavelength-sized meta-atoms artificially arranged at the
2D interface, optical metasurfaces based on either reflection or
refraction can realize sufficient phase modulation without the
long distance required for light propagation, thus leading to
higher efficiency with much less attenuation. Therefore, at this
stage, metasurfaces are better carriers for realizing amazing
optical phenomena.
Conventional metasurfaces are mostly planar and rigid,

which greatly limits their application since the world is
curvaceous, complex, and dynamic. Such a mismatch has
spurred many efforts toward flexible metasurfaces.85−89 On the
other hand, flexibility enables an additional dimension of
possibility to control the light−matter interaction. During the
past few years, this emerging field has experienced rapid
development and advancement. There are many reviews from
different perspectives,80,84,90−94 but most of them focus on the
interesting physical phenomena and academic merits. A state-
of-the-art review from the perspective of versatile and

innovative applications, together with deep insights about
practical conformal challenges, is still highly desired to benefit
the community. Certainly, the realization of the potential of
flexible optical metasurfaces necessitates interdisciplinary
research in areas such as optics, materials, and mechanics.
The goal of this review is to arouse wide interest from different
disciplines in the research of flexible optical metasurfaces. For
this purpose, we start with a succinct overview of optical
metasurfaces to show what they are and how they work,
including the latest advances, underlying mechanisms, and
basic classification. Then, several representative and advanced
application scenarios are presented, followed by a summary of
prevailing branches, to showcase what they can do. Special
attention is given to the conformal challenges on complex
curved surfaces to answer what we need to do at present.
Finally, we close with an outline of the future directions and
challenges of flexible optical metasurfaces.

2. RECENT ADVANCES OF OPTICAL METASURFACES
The research into optical metasurfaces has a storied history,
but their real systematization and popularity occurred mainly
in the past decade, after a breakthrough in theories, advanced
materials, and modern micro/nanofabrication techniques.95−98

Therefore, we will mainly discuss the progress since 2011. A
brief chronology outlining some of the impressive milestones
in this period is given in Figure 1. A pioneer work was reported
in 2011, in which generalized laws of reflection and refraction
that enable light propagation with phase discontinuities were

Figure 1. A brief chronology of the evolution of modern optical metasurfaces. 2011: Generalized Snell’s law of refraction. Reproduced with
permission.99 Copyright 2011, AAAS. 2012: Plasmonic metasurface for nanoantenna interface. Reproduced with permission.100 Copyright
2012, AAAS. 2014: Digitally coding metasurface. Reproduced with permission.101 Copyright 2014, Springer Nature. 2015: Ultrathin
cloaking metasurface. Reproduced with permission.102 Copyright 2015, AAAS. 2016: Conformal dielectric metasurface. Adapted with
permission under a Creative Commons CC BY license from ref 103. Copyright 2016, Springer Nature. 2017: Origami-based mechanically
reconfigurable metasurface. Reproduced with permission.104 Copyright 2017, Wiley-VCH. 2018: Different modeling methods for free-form
conformal metasurface. Adapted with permission under a Creative Commons CC BY license from ref 105. Copyright 2018, Springer Nature.
2019: Textile-metasurface-based wireless body sensor network. Reproduced with permission.88 Copyright 2019, Springer Nature. 2020:
Deep-learning-enabled self-adaptive metasurface. Reproduced with permission.106 Copyright 2020, Springer Nature. 2021: Epidermal
sensing metasurface. Adapted with permission under a Creative Commons CC BY license from ref 86. Copyright 2021, AAAS. 2021: Textile-
metasurface-based near-field multibody area network. Reproduced with permission.89 Copyright 2021, Springer Nature. 2022: Deep-neural-
network-based programmable metasurface. Reproduced with permission.107 Copyright 2022, Springer Nature. 2022: Intelligent
metasurfaces. Adapted with permission under a Creative Commons CC BY license from ref 93. Copyright 2022, Springer Nature.
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established.99 Beyond the conventional counterparts which
depend on gradual phase shifts accumulated during light
propagation, phase discontinuities provide extra degrees of
freedom and great flexibility in designing the bending of light
beams over the scale of the wavelength. Before that, the phase
change was limited by the optical properties of the materials,
and an appreciable change often required a comparable or
larger propagation length than the wavelength. Moreover, the
properties still rely on the material parameters as they are
governed by the conventional Snell’s law. A plasmonic
interface, consisting of an array of V-antennas, has been
fabricated to confirm the generalized version of Snell’s law.
Subsequently, in 2012, Ni et al. extended such a plasmonic
nanoantenna interface (∼30 nm) and presented wavefront
control in a broadband wavelength range of 1.0 to 1.9 μm.100

Thereafter, the breakthrough of basic principles ushered the
research of optical metasurfaces into an emerging era. Many
creative concepts, designs, and applications have been
achieved, such as digitally coding metasurfaces,101 ultrathin
cloaking metasurfaces,102 conformal dielectric metasurfaces,103

mechanically reconfigurable metasurfaces,104 modeling meth-
ods for free-form conformal metasurfaces,105 textile-metasur-
face-based wireless body sensor network,88 deep-learning-
enabled self-adaptive metasurfaces,106 wearable sensing meta-
surfaces,86 textile-metasurface-based near-field multibody area
network,89 deep-neural-network-based programmable meta-
surfaces,107 and intelligent metasurfaces.93 It is foreseeable that
optical metasurfaces will be one of the most dazzling unicorns
in the scientific community.

3. FUNDAMENTALS OF OPTICAL METASURFACES
3.1. The Underlying Mechanisms of Optical Meta-

surfaces. The different underlying mechanisms of optical
metasurfaces are shown in Figure 2, using the multipole
expansion of scattering spectra (Figure 2a). This expansion can
be observed in a 100 nm-radius silicon (Si) nanosphere and a
100 nm-radius gold (Au) nanosphere (Figure 2b). In

plasmonic resonances, the total radiation pattern is dominated
by the electric dipole (ED). However, in Mie resonances, the
total radiation pattern is produced by the ED, magnetic dipole
(MD), electric quadrupole (EQ), and magnetic quadrupole
(MQ) modes. This difference exemplifies the fundamental
distinction between the two, as metasurfaces’ unparalleled
control of light originates from the localized interaction
between light and meta-atoms. Since surface-plasmon inter-
action is the most common approach to support subwave-
length-sized localization of light, early metasurfaces are all
plasmonic metasurfaces made of noble metallic nanostruc-
tures.90 When exposed to an external electrical field, electrons
of metallic particles are released from their equilibrium
positions, and polarization occurs. Concomitantly, an internal
depolarizing field for restoring the electrons is also aroused.
When the external electrical field becomes time-harmonic, a
collective oscillation with a phase shift of π over the spectral
width of the resonance is induced. This phenomenon has led
to a significant focus on plasmonic metasurfaces, resulting in
many inspiring results.86,108 However, some limitations are also
obvious, such as being low-efficient due to high resistive loss,
the high cost of noble metals, and incompatibility with current
semiconductor processes.
Recently, to overcome the limitations of plasmonic

metasurfaces, an alternative mechanism of light localization,
known as Mie resonances,109−112 has emerged to design
optical metasurfaces. This method involves using purely high-
index dielectric materials to substitute for noble metals. In
contrast to the use of ohmic currents in plasmonic
metasurfaces, the strong optical response in Mie resonances
is offered by displacement currents, greatly reducing dissipative
losses. Moreover, the displacement currents can support
additional magnetic response, in contrast to the plasmonics
with only electric response, resulting in a stronger total
scattering efficiency. Besides, transparent dielectric materials
often have advantages in reducing resistive loss and are
compatible with the current semiconductor processes, etc.

Figure 2. Different underlying mechanisms of optical metasurfaces. The multipole expansion of scattering spectra shows (a) in a 100 nm-
radius Si nanosphere and (b) in a 100 nm-radius Au nanosphere. (a) In Mie resonances, the total radiation pattern is produced by electric
dipole (ED), magnetic dipole (MD), electric quadrupole (EQ), and magnetic quadrupole (MQ) modes. The ED contribution shows the
asymmetric pattern of a Fano resonance. (b) In plasmonic resonances, the total radiation pattern is dominated by ED. Adapted with
permission under a Creative Commons CC BY license from ref 112. Copyright 2020, De Gruyter.
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Thus, dielectric metasurfaces are excellent complements to,
and even potential replacements for, plasmonic metasurfaces.
Nevertheless, considering that the stability of noble metals is
not matched by the currently available dielectric materials,
plasmonic metasurfaces are still of significance, especially for
applications under complex conditions like aircraft
stealth.90,113,114

Apart from plasmonic and Mie resonances, the asymmetric
sharp Fano resonance is another mechanism to enable
metasurfaces.115 It is a coupled resonance that arises from
the interference between broad nonresonant and narrow
discrete resonant modes. Fano resonance is generally described
as a physical phenomenon in a discrete localized state (weakly
damping oscillator) that destructively interferes with a
continuum of states (strongly damping oscillator), accompany-
ing a π-phase shift at the resonance of discrete state (Lorentz
oscillator model) and producing an asymmetrical spectral line
shape.112 Fano resonances can be observed both in plasmonic
and dielectric systems, and the two main differences are as
follows.80 (i) Lower losses of dielectric particles allow Fano
resonances in many geometries while plasmonic particles are
often too large for Fano resonances due to metallic losses. (ii)
Magnetic resonances of individual dielectric particles play a
crucial role in Fano resonances. Therefore, Fano resonances
show another possibility in high-efficiency, active, and
nonlinear optical metasurfaces. On the other hand, thanks to
the inherent interference between two or more resonances,
Fano resonances are extremely sensitive to changes in
geometry or local environment: slight perturbations can lead
to dramatic shifts. This sensitivity makes Fano metasurfaces
particularly attractive for chemical, molecular, and biological
sensors.116−118

3.2. Classification of Optical Metasurfaces. In the
above discussion, according to the underlying mechanisms,
optical metasurfaces can be mainly divided into two categories:
plasmonic and dielectric metasurfaces.90 However, they only
explained the different nucleation mechanisms of a π phase

modulation. In fact, a 2π phase modulation is required to
achieve full control of the wavefront. Thus, plasmonic and
dielectric metasurfaces can be further classified into sub-
categories based on their physics for realizing a full 2π phase
modulation. As of the current date, plasmonic metasurfaces
mainly include multiresonance metasurfaces,99,100 gap-plasmon
metasurfaces,119,120 hyperbolic metasurfaces,121−123 etc. These
metasurfaces typically work in reflective modes due to the low
transmission efficiency of metals. Dielectric metasurfaces
mainly include Huygens’ metasurfaces,124−126 high-contrast
metasurfaces,127,128 etc. In contrast, these metasurfaces rely on
transmissive modes because of the high transmission of
dielectric materials.
Multiresonance metasurfaces employ V-shaped nanoanten-

nas to produce the phase modulation of 0−2π (Figure 3a).100

The V-shaped nanoantennas can support two resonant modes:
a symmetric mode and an antisymmetric mode. The
superposition of these two resonance modes realizes the
required phase coverage. Yet, the weak cross-polarization
conversion and resultant low efficiency severely limit its
application. Gap-plasmon metasurfaces use a metal−insulator−
metal sandwich configuration, specifically a dielectric spacer
sandwiched between a metallic array and metallic background,
to obtain a 2π phase modulation. This spacer allows strong
near-field coupling between the metallic components. Gap-
plasmon metasurfaces have advantages in high efficiency and
strong copolarization conversion but are limited to reflective
applications.119 Figure 3b shows a typical, albeit dual-band
gap-plasmon metasurface using multiple gap-surface plasmon
resonances.120 Another important branch of plasmonic
metasurfaces is hyperbolic metasurfaces. Within the hyperbolic
regime, a metasurface exhibits metal-like properties in one
direction and dielectric-like behaviors in the other, allowing the
propagation of surface plasmon polaritons at the interface
between them.123 The significant benefits of hyperbolic
metasurfaces include strong local field confinement and control
of desired directions. The experimental demonstration of

Figure 3. Plasmonic metasurfaces. (a) Multiresonance metasurface, a plasmonic nanoantenna array consisting of V-shaped gold antennas.
(b) Gap-plasmon metasurface. A dual-band metasurface based on multiple gap-surface plasmon resonances. (c) Hyperbolic metasurface. (d)
Visible-frequency hyperbolic metasurface. (c) Negative refraction of surface waves on the plane boundary of an Ag hyperbolic metasurface,
and (d) it changes from normal refraction at λ = 640 nm to negative refraction at λ = 540 nm. (a) Reproduced with permission.100 Copyright
2012, AAAS. (b) Reproduced with permission.120 Copyright 2020, ACS. (c, d) Reproduced with permission.121 Copyright 2015, Springer
Nature.
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hyperbolic metasurfaces was reported by High et al. in 2015,
utilizing silver (Ag) grating nanostructures (Figure 3c).121 The
propagation direction of surface plasmons changes from
normal refraction at λ = 640 nm to negative refraction at λ
= 540 nm (Figure 3d).
Dielectric Huygens’ metasurfaces, well-known dielectric

metasurfaces, use the surface equivalence principle to realize
a 2π phase modulation. Here, the spectrally overlapping
electric and magnetic dipole resonances are orthogonal and
comparable. This type of optical metasurface offers high
transmission efficiencies in the microwave and near-infrared
regimes but deteriorates rapidly at visible frequencies. Decker
et al. experimentally demonstrated a high-efficiency dielectric
Huygens’ metasurface operating at near-IR frequencies in
2015.124 Recently, Yang et al. introduced a concept of Mie-
resonant membrane Huygens’ metasurfaces (Figure 4a).125

High-contrast metasurfaces, another type of dielectric meta-
surfaces,128 allow quadrupoles and higher-order multipoles due
to high refractive-index contrast. Unlike Huygens’ metasurfaces
dominated only by electric and magnetic dipole resonances,
high-contrast metasurfaces with high refractive-index contrast
enable quadrupoles and higher-order multipoles. The dielectric
nanostructures in these metasurfaces act as truncated wave-
guides, thereby strongly confining light energy. High-contrast
dielectric metasurfaces often exhibit superiority over their low-
contrast counterparts in various aspects, such as improved
efficiency, broadband performance, enhanced phase shifts,
reduced scattering losses, and sharper resonances.127,128

However, currently available high-contrast metasurfaces are
mostly confined to limited materials. A seminal progress in
high-contrast metasurfaces was conducted by Arbabi et al. in
2015 (Figure 4b),127 where complete control of phase and

polarization, with subwavelength spatial resolution and
efficiency ranging from 72−97%, was achieved.
Pancharatnam−Berry metasurfaces, a special class of optical

metasurfaces, exploit the Pancharatnam−Berry (PB) phase to
achieve a 2π phase modulation.84 The PB phase is a geometric
phase that arises when a polarized light beam undergoes a
cyclic evolution in its polarization state. This phase is
associated with the geometric arrangement of the optical
elements encountered by the light. With the nanoresonators
rotating from 0° to 180°, the phase can be continuously
modulated from 0 to 2π. The phase modulation is purely
geometric and independent of dispersive resonance, and thus
possesses a broad operational bandwidth. Moreover, due to the
simple oriented replication of an identical nanoresonator, PB
metasurfaces are both easy to design and have high tolerance.
In the context of optical applications, PB metasurfaces are
harnessed to design ultrathin devices capable of manipulating
the polarization of incident light with high efficiency. Figure 4c
shows a representative 3-bit Pancharatnam−Berry coding
metasurface.129 So far, the fundamentals of optical meta-
surfaces have been briefly presented. In the following section,
we introduce various metasurface-based advanced applications.

4. ADVANCED APPLICATIONS OF OPTICAL
METASURFACES
4.1. Imaging. Optical metasurfaces have found widespread

use in the field of imaging, such as chiral imaging, super-
resolution imaging, and computational intelligent imaging.
Notable contributions include Khorasaninejad et al.’s work on
compact and multispectral chiral imaging, which can
simultaneously form two images with opposite helicity of an

Figure 4. Dielectric metasurfaces. (a) Mie-Resonant membrane Huygens’ metasurface. (b) High-contrast metasurface for complete control
of phase and polarization. (c) 3-bit Pancharatnam−Berry coding metasurface and coding particles. (a) Reproduced with permission.124

Copyright 2020, Wiley-VCH. (b) Reproduced with permission.127 Copyright 2015, Springer Nature. (c) Reproduced with permission.129

Copyright 2019, RSC.
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object within the same field-of-view.130 Li et al. leveraged
metasurfaces’ nearly dispersionless feature of phase modu-
lations to achieve broadband super-resolution imaging.131

Zheng et al. demonstrated metasurface-based computational
imaging encryption, utilizing a dual-channel Malus metasurface
to encode different target images,132 following the principle of
single-pixel imaging. Moreover, optical metasurfaces have been
seamlessly integrated into current optical systems, including
two-photon microscopes, confocal microscopes, and optical
coherence tomography (OCT) systems. Arbabi et al.
experimentally demonstrated a compact two-photon micro-
scope using a thin double-wavelength metasurface lens, with
comparable performance to current systems based on graded-
index lenses.133 Chen et al. presented a metasurface-integrated
confocal microscope with improved imaging capabilities,
achieving an imaging spatial resolution of approximately 200
nm.134 Additionally, Pahlevaninezhad et al. reported a
metalens-implemented OCT system capable of obtaining
clear and high-quality endoscopic imaging in vivo and ex
vivo.135

Bioimaging stands out as a prominent area where optical
metasurfaces have found wide applications and commercializa-
tion as fluorescence imaging or noninvasive bioimaging tools
for diagnosis and observation. One early example is the
enhancement of magnetic resonance imaging (MRI) with
metasurfaces. Placing a metasurface consisting of an array of 14
× 2 wires inside the MRI scanner increases the RF magnetic
field and the signal-to-noise ratio (SNR) locally, thereby
improving the MRI scanning efficiency. The SNR shows a 2-
fold increase over the case without the metasurface.136

Shchelokova et al. also achieved similar SNR enhancement,
showing a 3.3-fold increase for in vivo imaging at 1.5 T.137

Additionally, to adapt to the curved profile of the human body,
flexible and compact optical metasurfaces have been
developed, as shown in Figure 5a, enabling in vivo human
brain imaging in an ultrahigh commercial 7 T MRI system.138

Moving toward more advanced applications, active biosensing
with intelligent metasurfaces has emerged. Gollub et al.
employed a frequency-diverse metasurface, comprising 24
transmit and 72 receive panels, to realize computational
imaging and enable human-scale scene reconstruction and
security checks (Figure 5b).139 In 2019, Cui’s group pioneered
the concept and implementation of intelligent metasurface
imagers.140,141 Figure 5c and 5d illustrate the machine-learning
reprogrammable metasurface imager140 and deep-learning
programmable metasurface imager and recognizer,141 respec-
tively. The former imager, after training, produces real-time
high-quality imaging and high-accuracy object recognition
directly from the imager, without the need for time-consuming
image reconstruction (Figure 5c). The latter imager enables
remote, economical, and instantaneous in situ full-scene
imaging and adaptive recognition of complicated human
behaviors (Figure 5d). These notable demonstrations confirm
that optical metasurfaces have evolved into an emerging and
powerful platform for imaging.
4.2. Biosensing. Recently, optical-metasurface-based

healthcare has drawn a lot of attention, owing to its distinct
capability to control electromagnetic fields in the vicinity of the
human body.87 This innovative approach provides compelling
potential for healthcare monitoring compared to conventional
bioelectronic interfaces. Figure 6a gives a schematic illustration
of the fundamental mechanism underlying light-based
biosensing,142 which involves detecting modified (absorbed
and scattered) photons after photophysical interaction to

Figure 5. Metasurfaces-based bioimaging. (a) Metasurface-based ultrahigh field in vivo magnetic resonance imaging. (b) Metasurface-based
least-squares image reconstruction of a mannequin. (c) Machine-learning-enabled metasurface-based reprogrammable imager for human
body imaging. (d) In situ imaging results using the intelligent metasurface with an active microwave. (a) Adapted with permission under a
Creative Commons CC BY license from ref 138. Copyright 2017, Springer Nature. (b) Adapted with permission under a Creative Commons
CC BY license from ref 139. Copyright 2017, Springer Nature. (c) Adapted with permission under a Creative Commons CC BY license from
ref 141. Copyright 2019, Springer Nature. (d) Adapted with permission under a Creative Commons CC BY license from ref 140. Copyright
2019, Springer Nature.
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obtain biometric information from biological tissues. In
compared to conventional electrical biosensing mechanisms,
light-based biosensing can overcome the drawbacks of signal
hysteresis, power consumption, and electromagnetic interfer-
ence. Metasurface-based sensing, in essence, is a resonance
sensing mechanism that converts the target signals into
electromagnetic resonance responses. This process involves
quantifying the variation of the local electromagnetic field
distribution, typically characterized by resonance frequency.
For example, the pulse can be remotely collected and
demodulated by the shift and intensity change of resonance
frequency through the metasurface-based wireless and passive
biosensing mechanism.98 The metasurface-based approach
offers various advantages, including high sensitivity due to
the strong local confinement of electromagnetic fields, wide
range achieved by free manipulation of wavefront phase,
amplitude, and polarization, high efficiency through the control
of desired directions, high accuracy by enhancing light−matter
interactions at the deep subwavelength scale, large capacity for

multiplexing, real-time and in situ detection, and wireless,
passive, noninvasive, and anti-interference features. All these
salient traits make metasurface-based biosensing a thought-
provoking and groundbreaking approach to overcome the
limitations of current bioelectronic interfaces.
Following the successes of electronic skin during the past

two decades, the concept of photonic skin that can be directly
mounted onto the skin is an important direction for
metasurface-based healthcare applications. In contrast to its
electronic analog with complex electrical components and
interconnection, photonic skin realizes wireless communica-
tion with an ultrafast data exchange rate and provides real-time
feedback on healthcare status. The unit cell of optical
metasurface reminisces about resonant wireless biosensors.
Before metasurface-based biosensing, passive arrays of
resonant biosensors have been used for continuous, wireless,
and real-time pressure monitoring and mapping inside the
body, as well as in vivo intracranial pressure in proof-of-concept
mice studies.143 A multifunctional array of hydrogel-interlayer

Figure 6. Metasurface-based biosensing. (a) Schematic of the fundamental mechanism underlying light-based biosensing. (b) Wearable
plasmonic-metasurface sensor for noninvasive molecular sensitivity. (c) SERS sensing principle of an ordered silver nanocube metafilm. (d)
Nicotine detection on human skin using a wearable plasmonic-metasurface sensor with sweat extraction. (e) SERS responses of the sensor in
different buffers (pH 4.0−6.5). (f) Concept of artificial photonic skin system based on organic microlaser array. (g) Working principle of
flexible mechanical sensors for gesture recognition. (a) Reproduced with permission.142 Copyright 2020, Springer Nature. (b, c, d, e)
Adapted with permission under a Creative Commons CC BY license from ref 86. Copyright 2021, AAAS. (f, g) Adapted with permission
under a Creative Commons CC BY license from ref 145. Copyright 2021, AAAS.
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resonant biosensors has also been used to wirelessly and
passively monitor pressure, sweat, and temperature simulta-
neously by radio frequency or near-field communication.144

Recently, Wang et al. proposed an interesting plasmonic-
metasurface sensor capable of noninvasive and universal
molecular recognition ability inside the body (Figure 6b).86

Plasmonic metasurface with surface-enhanced Raman scatter-
ing (SERS) was introduced to solve the challenge of tracking
multiple internal analytes simultaneously (Figure 6c). Real-
time monitoring of nicotine (Figure 6d) and different buffers
(Figure 6e) verified the effectiveness. Afterward, Zhang et al.
presented a photonic skin based on flexible organic microlaser
arrays (Figure 6f).145 The outcoupling of organic microcavity
lasers depends on substrate deformation, and the 2D array of
these mechanical sensors on a flexible chip enables spatially
resolved detection of local deformations like gesture
recognition (Figure 6g). Although it is not strictly a
metasurface-based photonic skin, such photonic skin has
high scalability for further metasurface-based functionality
expansions due to the same light-based biosensing mechanism
and 2D arrayed form.
Metasurface-based wireless body sensor network that can be

integrated into clothing is another significant achievement. Its
advantages are mainly reflected in the following aspects. First,
metasurface-based textiles are contactless to the body and can

circumvent the challenges of breathability, conformability,
comfortability, replacement, and so on. Second, current
wireless communications typically rely on radio frequency
techniques that result in bulky and energy-consuming systems,
but subwavelength metasurfaces can overcome these limi-
tations. Third, the human body is a lossy, heterogeneous, and
dispersive medium, and metasurfaces can enhance the light−
matter interaction. Fourth, the human body is dynamic, and its
demand greatly varies between individuals, so metasurfaces can
be customized. Fifth, in contrast to conventional radiative
approaches, metasurface-based localized surface transmissions
can greatly improve efficiency, security, and anti-interference.
In 2019, Tian et al. realized a fascinating wireless body sensor
network based on metasurface-based textiles (Figure 7a).88

Instead of typical radiative radio-wave communications, a
special surface-plasmon-like communication around the
metasurface-based textiles was used to obtain more energy-
efficient and secure performance. The transmission efficiency
can be increased by over 3 orders of magnitude (>30 dB), and
the wireless communication can be localized within 10 cm of
the body. After that, in 2021, Hajiaghajani et al. reported a
near-field multibody area network by metasurface-based
textiles (Figure 7b).89 Flexible anisotropic magneto-inductive
elements composed of discrete, planar, and flexible micro-
electronics-free loops were used to empower tunability,

Figure 7. Metasurface-textile-based wireless body sensor network. (a) Metasurface textile network integrating splitters, antennas, and a ring
resonator. (b) Metasurface-textile-based near-field multibody area networks, enabling long-distance near-field communication-based
magneto-inductive waves along and between multiple objects. (a) Reproduced with permission.88 Copyright 2019, Springer Nature. (b)
Reproduced with permission.89 Copyright 2021, Springer Nature.
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compatibility, and expansibility. The plug-and-play ability of
near-field communications enables pick-and-place features that
allow wireless sensing nodes to be switched at will.
4.3. Cloaking. Arguably, cloaking represents one of the

most captivating and promising applications of optical
metasurfaces. The concept of an invisibility cloak has
fascinated humanity for millennia, but remained a dream
until the advent of metamaterials that can reconstruct the
scattering field of a targeted object. The modern invisibility
cloak traces its origins to 2006, when Pendry et al.146 and
Leonhardt147 independently proposed the fundamental theo-
ries of transformation optics (Figure 8a) and optical conformal
mapping (Figure 8b), respectively. Transformation optics
establish a relationship between space geometry and
inhomogeneous media via coordinate transformation, creating
a mathematical or geometric framework for controlling
electromagnetic waves at will. The underlying mechanism
rests on the form-invariance of Maxwell’s equations under
coordinate transformations. Conversely, optical conformal
mapping provides a generalized methodology for designing
media that can achieve perfect invisibility within the precision
of geometrical optics. These seminal works heralded an
emerging era in cloaking, leading to abundant research about
metamaterials-based cloaking. Schurig et al. presented the
practical realization of such a cloak,148 specifically, a 2D
cylindrical cloak made of split-ring resonators at microwave
frequencies (Figure 8c). The experimental performance,
however, was hampered by the cloak’s bulky, inhomogeneous,
and anisotropic compositions. In response, extensive efforts
have been undertaken to overcome these limitations, including
innovations such as quasi-conformal mapping,149 broadband

ground-plane cloak (Figure 8d),150 3D carpet cloak,151 and
active cloak (Figure 8e),152 among others.
Another significant advancement in the field of optical

metasurfaces occurred in 2015 when Ni et al. developed an
ultrathin metasurface-based optical cloak (Figure 8f).102 This
80 nm thick cloak, in contrast to its bulkier predecessors,
removed the constraint of conformability on curved surfaces.
Subsequent research in cloaking has become increasingly
practical due to the intrinsic advantages of metasurfaces. In
2016, the concept of conformal metasurfaces was employed to
uncouple the geometric shape and optical properties of
arbitrary objects.103 Metasurface-based cloaks, however, are
limited to reflection geometry. To address this issue, a hybrid
cloak functioning in transmission geometry was proposed by
incorporating transparent metasurfaces and zero-index materi-
als (Figure 8g).153 Recent innovations include a deep-learning-
enabled self-adaptive metasurface cloak (Figure 8h),106 and
applications in various fields like acoustics,154 elastodynam-
ics,155 electrics,156 hydrodynamics,157 mechanics,158,159 ther-
modynamics,160 etc. Although electromagnetic cloaks have
become more tangible with the development of optical
metasurfaces in the past decade, and many milestones have
been reached, they are yet to evolve into practical applications.
Addressing this challenge requires comprehensive and
interdisciplinary expertise.
4.4. Multifunction. As the study of optical metasurfaces

continues to evolve, multifunctionality has emerged as another
crucial trend. The integration of diverse functions can
significantly enhance adaptability to complex environments
and broaden application scopes.161−164 Figure 9 illustrates a
multifunctional smart skin for next-generation aircraft,
incorporating optical sensing and location, electromagnetic

Figure 8. Metasurfaces-based electromagnetic cloaking. (a) Transformation optics. (b) Optical conformal mapping. (c) First practical
realization of metamaterial electromagnetic cloak. (d) Experimental realization of 3D carpet cloak. (e) Active electromagnetic cloak. (f)
Ultrathin metasurface-based optical cloak. (g) Hybrid invisibility cloak based on the integration of transparent metasurfaces and zero-index
materials. (h) Deep-learning-enabled metasurface-based self-adaptive cloak. (a) Reproduced with permission.146 Copyright 2006, AAAS. (b)
Reproduced with permission.147 Copyright 2006, AAAS. (c) Reproduced with permission.148 Copyright 2006, AAAS. (d) Reproduced with
permission.150 Copyright 2009, AAAS. (e) Reproduced with permission under a Creative Commons Attribution 3.0 License from ref 152.
Copyright 2013, American Physical Society. (f) Reproduced with permission.102 Copyright 2015, AAAS. (g) Adapted with permission under
a Creative Commons CC BY license from ref 153. Copyright 2018, Springer Nature. (h) Reproduced with permission.106 Copyright 2020,
Springer Nature.
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cloaking, and aerodynamical sensing. In one application
(Figure 9a), motion-sensitive metasurfaces coupled with a
three-axis gyroscope can sense and adjust flying direction.114 In
another example (Figure 9b), the integration of cloaking with
aerodynamic sensing can greatly increase survivability and
maneuverability for future aircraft. Stealth capability that can
greatly increase survivability is the definite trend of future
aircraft. Meanwhile, unmanned aerial vehicles that can alter the
aerodynamic shape according to different flight environments
and missions are another inevitable direction. In virtue of the
in situ measurement of aerodynamical parameters (e.g., wind
pressure, fluctuating pressure, temperature, and stress),
automated systems will be able to rapidly exploit tactical
opportunities consistent with operational direction, signifi-
cantly enhancing maneuverability and sustainability.63 Thus,
electromagnetic cloaking and aerodynamical sensing supple-
ment and improve each other, which can boost the
development of the next-generation aircraft collectively.
Moreover, similar functions based on different mechanisms

can cross-verify, enhancing system robustness. The combina-
tion of different sensing technologies, like optical and
electronic sensors, creates synergies and reduces potential
failures. Also, high integration streamlines space, weight, power
consumption, and redundancy, promoting efficiency. Finally,
the merging of optical metasurfaces and flexible electronics,
facilitated by approaches like the field-programmable gate array

(FPGA), introduces a fresh perspective on “smart skin” with
extensive implications for future development.98

5. IMPORTANT TRENDS OF OPTICAL
METASURFACES
5.1. Mechanically Reconfigurable Metasurfaces. Re-

configurable metasurfaces offer dynamic control over optical
properties and have become a vital research focus. These
metasurfaces enable the switching between configurations and
induce variations of functions. It should be made clear that the
terms “reconfigurable”, “programmable”, “coding”, “digital”,
and other similar words are often used interchangeably in the
literature about metasurfaces, but in fact, they have different
meanings. Within this work, we distinguish them as follows: (i)
reconfigurable metasurfaces that involve mechanical deforma-
tion and (ii) programmable/coding/digital metasurfaces that
are specifically modulated by external stimuli (i.e., circuit and
light). Generally, strategies to achieve reconfigurable meta-
surfaces can be classified into three approaches: (a) stretchable
materials like polydimethylsiloxane (PDMS) and Ecoflex,165

(b) liquid metals,166−169 and (c) origami-based,170 and
kirigami-based flexible mechanical metamaterials.171 These
strategies hinge on precisely linking varying optical properties
with mechanical deformations. Each approach offers extra
possibilities and applications such as tunable lenses, resonators,
and reconfigurable 2D-to-3D structures.

Figure 9. Multifunctional smart skin. (a) Smart metasurface integrated with gyroscope to sense the flying direction. (b) Schematic of next-
generation iFlexSense that processes dual excellent sensitivity of aerodynamic parameters and stealth ability. (a) Adapted with permission
under a Creative Commons CC BY license from ref 114. Copyright 2019, Springer Nature. (b) Reproduced with permission.98 Copyright
2022, Wiley-VCH.
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In the first strategy, reconfigurable metasurfaces are
deployed on stretchable substrates. Upon stretching the
substrate, the lattice changes, allowing continuous tuning of
the wavefront. For example, Ee and Agarwal proposed such a
metasurface with an array of gold (Au) nanorods embedded in
a thin stretchable PDMS film,165 showing tunable optics at the
visible frequency (Figure 10a). Moreover, an ultrathin flat
zoom lens was developed as a practical application, whose focal
length can be changed by stretching the substrate. The second
strategy involves liquid metals patterned and encapsulated into
earmarked channels. The liquid metals can be injected into the
microchannels and filled in the channels with controlled
pressure similar to pneumatic valves. This allows for an array of
such independently tunable elements, forming the mechanism
to build reconfigurable metasurfaces. The resonant electro-
magnetic properties can be tailored at will by dynamically
changing the filling factor of the resonators. As a paradigm,
Zhu et al. presented a flat lens with a tunable phase gradient
using a liquid metal-based reconfigurable metasurface (Figure
10b).166 Figure 10c shows the transmission amplitude and
phase as the functions of the gap openings and orientations of
the unit cell. The third strategy employs popular kirigami-
based and origami-based flexible mechanical metamaterials.
This approach greatly enriches the structural designs with
features like programmable morphability and configurable/
reconfigurable 2D-to-3D transformability. Noteworthily,
although kirigami and origami share many things in common
such as strain-isolated tessellation, kirigami is more about
auxetic stretchability based on negative Poisson’s ratio (NPR)
while origami is more about spatial freedom and reconfigur-

ability based on dynamically deterministic foldability. The
NPR can greatly improve the biaxial stretchability and then
significantly reduce the stress−concentration. The reconfigur-
ability allows the switch of different configurations and
different functionality. One of the underlying principles of
kirigami and origami is that local large but low-energy
deformations render the collective shape-shifting transforma-
tions. The debut of origami-based reconfigurable metasurface
appeared in 2017 (Figure 10d),170 with the capability to switch
electromagnetic responses between chiral and nonchiral states.
Recently, a kirigami-based reconfigurable gradient metasurface
was developed (Figure 10e).171 This 2D metasurface can be
continuously transformed into 3D structures, allowing for
tunable optical properties (Figure 10f). As a proof-of-concept,
two meta-devices including a reconfigurable metalens and
switchable anomalous refractor were experimentally verified.
5.2. Digitally Coding Metasurfaces. The concept of

coding metasurfaces emerged with the work of Cui et al. in
2014 (Figure 11a).101 These metasurfaces were composed of
only two types of unit cells, namely “0” and “1” cells, with 0
and π phase responses. The switch between “0” and “1” was
controlled via a biased diode. Moreover, the 1-bit coding can
be extended to 2-bit coding or higher. This includes the “00”,
“01”, “10”, and “11” cells corresponding to the phase responses
of 0, π/2, π, and 3π/2, respectively. By coding the binary
system with an FPGA, digital control of different function-
alities can be realized, enabling a single coding metasurface to
possess multiple functions. This epoch-making work estab-
lished a link between metasurface physics and digital
information science. Since then, the Cui group has achieved

Figure 10. Mechanically reconfigurable metasurfaces. (a) Mechanically reconfigurable metasurface based on intrinsically stretchable
materials: tunable metasurface and flat optical zoom lens on a stretchable substrate. (b) Mechanically reconfigurable metasurface based on
liquid metals: flat lens with tunable phase gradient by using liquid metals. (c) Transmission amplitude and phase as functions of the gap
openings and orientations of the unit cell. (d) Mechanically reconfigurable metasurface based on origami designs: origami-based
reconfigurable metamaterials for tunable chirality. (e) Mechanically reconfigurable metasurface based on kirigami designs: kirigami-inspired
reconfigurable metalens. (f) E-field amplitude profiles of the transmitted wave and far-field results. (a) Reproduced with permission.165

Copyright 2016, ACS. (b, c) Reproduced with permission.166 Copyright 2015, Wiley-VCH. (d) Reproduced with permission.170 Copyright
2017, Wiley-VCH. (e, f) Reproduced with permission.171 Copyright 2022, Wiley-VCH.

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.3c09310
ACS Nano 2024, 18, 2685−2707

2695

https://pubs.acs.org/doi/10.1021/acsnano.3c09310?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c09310?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c09310?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c09310?fig=fig10&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c09310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


many fantastic accomplishments in this direction, ushering in
an emerging era of light manipulation. The theoretical progress
includes diffuse scattering,172 addition theorem,173 non-
linearity,174 nonreciprocity (Figure 11b),175,176 and so on.
The encoding approach has evolved from initial 1-bit to 2-bit
(Figure 11c),101,114 then to 3-bit,177 multibit,178 deep learning
algorithms,179 deep neural networks,107 and even recent mind
control via brainwaves.180 Various controlled methods have
been introduced, such as spatial coding,181 time-domain
coding,182 frequency coding,183 space-time-coding,184 and
space-time-frequency coding.185

In addition, the objects have been expanded to allow
independent modulation of phases, amplitudes, and polar-
izations (Figure 11d),186 and to control both amplitude and
phase187 and both phase and polarization.188 Many interesting
applications have been presented including antenna,189 holo-
gram,190 Doppler,191 and DC remote cloak,192 analog signal
processing,193 topological insulators,194 wireless communica-
tion,195 wireless recognition for prosthesis,196 image recog-
nition (Figure 11e),107 and wireless power transfer.197

Moreover, innovative functional materials such as liquid
metals198 and piezoelectronics199 have been integrated into
the coding metasurfaces. Since the research of coding
metasurfaces has become popular, numerous reviews provide
in-depth discussions on specific topics. Readers interested in

exploring more details may refer to other reviews.93,200−204

Interestingly, besides the optics, the concept of coding
metasurfaces can also be applied to elastic and acoustic
metasurfaces, areas ripe for exploration. However, the currently
available coding metasurfaces are planar and rigid, which
greatly impedes their applications since the world is curved and
dynamic, consisting of various arbitrary surfaces. How to
realize conformal coding metasurfaces that can manipulate
optical properties on complex surfaces is the emphasis and
difficulty in the next research. The challenges to be faced
include but are not limited to the conformal design of arrayed
patterns, conformal fabrication, conformal circuit design and
digital control, conformal integration of numerous control
units, and so on. The shift from 2D to 3D coding metasurfaces
is an inevitable trajectory, but its true commencement is still
on the horizon.
5.3. Conformal Metasurfaces. To transcend the limi-

tations of flat and rigid structures, there is a strong demand for
conformal metasurfaces capable of operating with arbitrarily
curved shapes. Currently, the solutions to this challenging issue
can be classified into four categories: (i) flexible substrates, (ii)
multiplane approximations, (iii) kirigami and origami designs,
and (iv) nonplanar 3D fabrications. First, flexible substrates are
the most common and intuitive methods, utilizing materials
such as PDMS,103,205,206 polyimides (PI),207−210 FR4 (a class

Figure 11. Digitally coding metasurfaces. (a) Pioneer FPGA-controlled coding metasurface. (b) Coding nonreciprocal metasurface. (c) Self-
adaptive coding metasurface. (d) Polarization-controlled dual-coding metasurface. (e) Deep-neural-network-based coding metasurface. (a)
Reproduced with permission.101 Copyright 2014, Springer Nature. (b) Reproduced with permission.176 Copyright 2019, Wiley-VCH. (c)
Adapted with permission under a Creative Commons Attribution 4.0 International License from ref 114. Copyright 2019, Springer Nature.
(d) Adapted with permission under a Creative Commons CC BY license from ref 186. Copyright 2020, Wiley-VCH. (e) Reproduced with
permission.107 Copyright 2022, Springer Nature.
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of printed circuit board base material made from a flame
retardant epoxy resin and glass fabric composite),211 and
poly(vinyl chloride) (PVC).212 PDMS-based optical meta-
surfaces can actively adapt to curved surfaces by mechanically
stretching the soft substrate (Figure 12a).205 Meanwhile, due
to the plasticity of PI/FR4/PVC, their corresponding
metasurfaces can only bend and are limited to specific
developable surfaces (Figure 12b).210 Although serviceable,
this strategy makes the design of optical elements complex and
dependent on the surface geometry. To address such
challenges, a theoretical framework for free-form conformal
metasurfaces was proposed, exploiting transformation optics at
the boundaries of arbitrary geometries.213 Additionally, a
modeling scheme was developed, utilizing conformal boundary
optics and a modified finite-difference time-domain method, to
design and simulate free-form metasurfaces with various
geometries and functionalities (Figure 12c).105

Despite the generalization of theoretical and simulating
methods for arbitrary surfaces, most of the proof-of-concept
experiments and applications remain constrained to simple
developable surfaces. As a makeshift solution, multiplane
approximations have been introduced. The concept is akin to
the infinite approximation of integral calculus. For example,

Yang et al. used a pyramid without a top to mimic a
hemispherical surface for a full-polarization 3D metasurface
cloak (Figure 12d).113 Similarly, Xu et al. also applied
trapezoid and top-cutting pyramid platforms to approximate
arbitrary shapes (Figure 12e).214 As shown in Figures 12d and
12e, it consists of five planes. More simply, Qian et al. used a
triangular bump composed of two planes for a 3D metasurface
cloak (Figure 12f).106 Although these concepts are adaptable
to arbitrary surfaces, the experimental setups are planar, far
from the desired free-form, interfacial, and full-polarization
conformal metasurfaces for a realistic arbitrary object in
practical applications. Recently, inspired by the scale-type skin
of pangolin, Wang et al. presented a heuristic stretchable,
conformable, and microwave-invisible metascale (Figure
12g).215 The rigid electromagnetic dissipative unit cells were
rationally deployed on a stretchable substrate. It should be
noted that this design partly solves the conformal challenge.
However, its ability to conform is fundamentally dependent on
intrinsically soft materials.
Kirigami-based and origami-based conformal designs are

recently emerging research directions, especially in flexible
electronics.98 In Figures 10c and 10d, kirigami and origami are
utilized to form mechanically reconfigurable metasurfaces.

Figure 12. Conformal metasurfaces based on flexible substrates and multiplane approximations. (a) PDMS-enable conformal metasurface for
an antenna. (b) PI-enable conformal metasurface for polarization division multiplexing. (c) PDMS-enable conformal metasurface for
decoupling optical function and geometry of objects. (d) Top-cutting pyramid (5 planes) approximating arbitrary surface for full-
polarization conformal metasurface cloak. (e) Top-cutting pyramid (5 planes) approximating arbitrary surface for polarization-insensitive
conformal metasurface cloak. (f) Triangular bump composed by two planes for 3D metasurface cloak. (g) Pangolin-inspired soft-rigid-
connection strategy for conformal metasurface cloak. (a) Reproduced with permission.205 Copyright 2011, Wiley-VCH. (b) Reproduced
with permission under a Creative Commons CC BY license from ref 105. Copyright 2018, Springer Nature. (c) Reproduced with
permission.210 Copyright 2020, Wiley-VCH. (d) Reproduced with permission.113 Copyright 2016, Wiley-VCH. (e) Adapted with permission
under a Creative Commons CC BY license from ref 214. Copyright 2021, Springer Nature. (f) Reproduced with permission.106 Copyright
2020, Springer Nature. (g) Reproduced with permission.215 Copyright 2021, Wiley-VCH.
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Additionally, they can also be underlying mechanisms for
conformal metasurfaces. Their salient traits like negative
Poisson’s ratio and 2D-to-3D transformability offer interesting
ideas for the conformal challenge. Kirigami and origami can
eliminate the dependence on flexible substrates, rendering
devices made of conventional rigid, nonstretchable, and even
brittle materials (e.g., metals, silicons, and piezoelectrics)
sufficiently conformable to wrap complex curved surfaces
without failure. This is vital for conformal devices as current
soft materials, such as PDMS and Ecoflex, are often limited by
their low reliability and stability. Up to now, many paradigms
have been presented. Choi et al. proposed an interesting
generalized kirigami method under consideration of geometric
and topological constraints, enabling the resultant kirigami
tessellations to conform approximately to arbitrary prescribed
curved surfaces (Figure 13a).216 Lee et al. developed a
computational origami strategy to realize the 3D conformal

wrapping of complex curved surfaces with conventional rigid,
nonstretchable materials (Figure 13b).217 To overcome cut-
induced discontinuities, Jin et al. further proposed a multilayer
composite conformal approach.218 Creatively, Konakovic ́ et al.
merged computer graphics with 2D auxetic metasurface to
achieve 3D conformal mappings, such as a uniform triangular
lattice,219 inhomogeneous triangular lattices (Figure 13c),220

and inhomogeneous square lattice (Figure 13d).221 Though
more theoretical at present, this approach is likely to become a
significant future direction.
In kirigami-based conformal designs, our team also has some

thought-provoking attempts. The transformation of the 2D-to-
3D mapping usually requires the material to be flexible and
stretchable, which intrinsically conflicts with those devices
made of nonstretchable materials that possess robust and high
performances. We innovated by proposing a self-healing
kirigami strategy, namely a hybrid material-structure strategy

Figure 13. Kirigami-based and origami-based conformal metasurfaces. (a) Kirigami-based programming 3D surface fitting. (b) Origami-
based computational wrapping of 3D-curved surfaces with nonstretchable materials. (c) Uniform-triangular-lattice kirigami-based
computational conformability for different curved surfaces. (d) Inhomogeneous-square-lattice kirigami-based computational conformability.
(e) Self-healing kirigami assembly strategy for conformal electronics. (f) Snakeskin-inspired, soft-hinge kirigami metamaterial for self-
adaptive conformal electronic armor. (a) Reproduced with permission.216 Copyright 2019, Springer Nature. (b) Adapted with permission
under a Creative Commons CC BY license from ref 217. Copyright 2020, AAAS. (c) Reproduced with permission.220 Copyright 2016, ACM.
(d) Reproduced with permission.221 Copyright 2021, Elsevier. (e) Reproduced with permission.222 Copyright 2022, Wiley-VCH. (f)
Reproduced with permission.223 Copyright 2022, Wiley-VCH.
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(Figure 13e, left).222 Kirigami assembly was utilized to render
the nonstretchable planar sheets sufficiently conformable to
fully wrap a specific curved surface at the structural level, and
the conductive self-healing materials were used to ensure the
electrical conductivity of the functional materials to ensure
device functionalities (Figure 13e, middle). In contrast to the
previous approaches, this strategy is generically applicable to
not only stretchable but also nonstretchable materials and
assures the complete wrapping of conformal electronics with
full areal coverage. We further conducted a combined
theoretical and numerical analysis, along with experimental
measurements, to gain insights into the mechanisms of
conformal integration. Demonstrated applications in conformal
heaters and multifunctional wind sensing systems on a sphere
surface illustrate the promising application spectrum (Figure
13e, right). Besides, we described how snakeskin can serve as
bioinspiration for employing electronic armor (E-armor) as a
generic strategy to achieve flexibility, conformability, and
protectability simultaneously.223 Specifically, we developed a
concept of flexible “E-armor” as an upgrade of soft “E-skin” in
flexible electronics and soft robotics for this purpose. The soft-
hinge kirigami mechanical metamaterial design ensures (i)
protectability from rigid tiles, (ii) large areal coverage by
auxetic stretchability, (iii) full conformability by overcoming
the inherent bulking, and (iv) structural programmability
without changing the rigid tiles. On this basis, tube-like
electronic armor devices mimicking a snake swallowing prey
provide simple examples of a wide spectrum of potential
applications of this idea (Figure 13f).
Nonplanar 3D fabrications serve as the fourth approach to

facilitate conformal metasurfaces or electronics, utilizing
methods like 2D-to-3D transfer printing and conformal 3D
printing. The 2D-to-3D transfer printing transfers devices
based on planar technologies from a temporary flat substrate to
a target curved surface, including elastomeric transfer
printing,224 water transfer printing,225 multiscale transfer
printing,226 and conformal additive stamp printing.227

However, these methods are still in their early stages, facing
issues such as fragility, complexity, and low precision. As for
conformal 3D printing, challenges are mainly concentrated on
the materials selection and localization algorithm. In fact, inkjet

printing is still strictly limited by unstable slurry-based
materials that are unable to offer comparable performance
available in conventional materials such as high conductivity
and reliability.227 On the other hand, there is significant
research dedicated to developing conformal 3D printing
algorithms. Alkadi et al. reported a conformal 3D slicing
algorithm that generates data points based on the desired
printing parameters (nozzle size, gap height, etc.).228

Kucukdeger et al. propounded a nonplanar toolpath program-
ming algorithm based on point cloud data representations of
object topology.229 Apart from that, Huang et al. put forward a
programmable, mask-free robotized “transfer-and-jet” printing
for large-area and complex-surface conformal fabrications.230

Two representative conformal metasurfaces are shown in
Figure 14. One is 3D printed embedded metasurface, which
integrates projection microstereolithography (PμSL) 3D
printing and the liquid metal filling method (Figure 14a).231

First, the 3D model with designated cavities is printed using
PμSL, then liquid metals are injected into the cavities and
subsequently sealed. This method, per se, realizes 3D
conformal metasurface through conventional planar 3D
printing, without considering the complex curved surfaces. It
bypasses the challenges associated with nonplanar 3D
fabrications and introduces a method for creating multilayer
conformal metasurfaces that could significantly extend the
operating band. Another representative conformal metasurface
is fabricated by 5-axis inkjet printing, allowing for 5 degrees of
freedom (Figure 14b). The system of structure−function
integrated spray forming process includes a spray synchronous
numerical control interpolation subsystem, a material spray
control subsystem, a data processing and path planning
subsystem, an infrared laser sintering subsystem, and a UV
curing subsystem. The final conformal metasurface has a height
of 400 mm and a max radius of 420 mm. Notably, the currently
available fabrication techniques are mainly for passive optical
metasurfaces. The techniques for actively tunable metasurfaces
are virgin land.

6. OUTLOOK
Much like the success of their electronic analogs, research in
flexible and conformal optical metasurfaces appears highly

Figure 14. Nonplanar 3D fabrications for conformal metasurfaces. (a) 3D printed embedded metasurface by integrating PμSL 3D printing
and the liquid metal filling method. (b) Conformal frequency-selective metasurface based on 5-axis 3D printing. (a) Reproduced with
permission.231 Copyright 2021, Wiley-VCH.
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promising. Fueled by the rapidly evolving advances in
theoretical breakthroughs, computing methods, and micro/
nanofabrication technologies, it has the potential to become a
revolutionary technology to change the way of human life. As
documented herein, the realization of flexible metasurfaces
necessitates interdisciplinary research rather than only optics.
The goal of this review, unlike many previous reviews of
metasurfaces focusing on optical mechanisms, applications, or
both, is to draw the attention of researchers from other
disciplines and encourage their interests. To this end, we try to
answer the questions: What are metasurfaces? Why are
metasurfaces significant? why do we need metasurfaces to be
flexible and conformal? How can we get flexible and conformal
metasurfaces? This review serves as both a layman’s guide to
flexible metasurfaces and a specialist’s insight into the wider
possibilities of metasurfaces. On the other hand, this review
shows more possibilities of metasurfaces to the specialists.
Finally, we close this discussion by identifying several
important branches for future work (Figure 15), mainly
involving conformal structures (i.e., bionics,223 conformal
geometry,232 and mechanics,233 functional materials (i.e.,
graphene234,235 and perovskite236), multifunction (i.e., AI
control and wireless), curved fabrication,230 and applications
(i.e., smart navigation, smart home,237 and smart city).
Although the quest has continued for a long time, the issue

of conformality in film-based devices has not been adequately
addressed. Many works claim their designs are conformal and
can apply to arbitrary surfaces, but the authors have not seen
any reports that can quantitatively describe the conformal

behaviors, and even the metrics defining the conformability are
still missing. Future research may focus on enhancing the
reliability and stability of intrinsically stretchable materials,
exploring kirigami-based and origami-based 2D-to-3D struc-
tural designs under the guidelines of mathematics and
computer graphics, and achieving breakthroughs in conformal
3D fabrications. Additionally, areas like bionics and topological
optimization warrant special attention. The bionic armors that
have experienced evolution and refinement over millions of
years provide great paradigms for conformal design. Histor-
ically, many great ideas in science and technology often arise
from studying nature. Topological optimization has been
proven an effective and powerful tool in structural engineering,
but it has yet to reach its full potential. Particularly, the aspect
of periodicity on curved surfaces is often overlooked and
requires more focus, as periodicity defines metamaterials.
Second, conformal coding metasurfaces have become an
inevitable trend. The current coding metasurfaces are planar
and rigid. Implementing optical property manipulation on
complex and even arbitrary surfaces could benefit many
applications. However, achieving this will necessitate over-
coming challenges such as conformal circuit design and
fabrication, multilayer interconnection and digital control,
and the integration of numerous tiny chips. Third, conformal
multifunctional metasurfaces are another main tributary. The
complementarity of different functions and mutual verification
of similar functions can greatly expand the scope of application
and improve the system’s robustness. Besides the aforemen-
tioned flexible electronics, flexible optical metasurfaces could

Figure 15. Future trends in flexible metasurfaces. Mechanics: a sheet mapping onto the surface of a torus. Reproduced with permission.233

Copyright 2012, American Physical Society. Graphene: Graphene-based metasurface. Reproduced with permission.234 Copyright 2019,
Springer Nature. Perovskite: Perovskite-based metasurface. Reproduced with permission.236 Copyright 2017, ACS. Curved printing: 3D
curved electronics on complex surfaces. Adapted with permission under a Creative Commons CC BY license from ref 230. Copyright 2021,
IOP. Smart home: Adapted with permission under a Creative Commons CC BY license from ref 237. Copyright 2020, Springer Nature.
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be integrated with other systems like energetics and
thermotics, demanding bold conceptual innovation.
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VOCABULARY
Metasurface-based sensing: A resonance sensing mechanism
that converts the target signals into electromagnetic
resonance response.
Optical-metasurface-based healthcare: Healthcare by con-
trolling electromagnetic fields in the vicinity of the human
body.
Photonic skin: Flexible optical devices that mimic some
characteristics of the skin by the light−matter interaction.
Multifunctional smart skin: Flexible devices that mimic
some characteristics of the skin and incorporate the
functions of flexible electronics, flexible optical metasurfaces,
and so on.
Surface-enhanced Raman scattering: A surface-sensitive
technique that enhances Raman scattering by molecules
supported by metal surfaces or by nanostructures.

ABBREVIATIONS
ED, electric dipole; MD, magnetic dipole; EQ, electric
quadrupole; MQ, magnetic quadrupole; SERS, surface-
enhanced Raman scattering; OCT, optical coherence tomog-
raphy; MRI, magnetic resonance imaging; SNR, signal-to-noise
ratio; FPGA, field-programmable gate array; PDMS, poly-
dimethylsiloxane; PI, polyimide; PVC, polyvinyl chloride; E-
armor, electronic armor; PμSL, projection microstereolithog-
raphy.
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