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Recently, multifarious deformation approaches in nature have promoted dynamic manipulation for electromag-
netic (EM) waves in metamaterials, and those representative strategies are mainly focused on the modulation of
spectral parameters. Several works have also achieved tunable phase-gradient meta-devices. Here, to broaden the
modulation freedom of mechanical deformation, we initially propose two reconfigurable metamaterials consisting
of mirrored S-shaped meta-atoms selectively bonded on biaxially pre-stretched substrates. Planar meta-atoms
with spin-insensitive transmittance are buckled into 3D morphologies to break residual symmetries by releasing
the stress and to facilitate spin-dependent transmittance under circularly polarized incidence. Owing to the geo-
metric anisotropy of S-shaped meta-atoms along the x and y axes, 3D chiral meta-atoms exhibit discriminate
circularly cross-polarized transmittance under opposite spins. The underlying physical mechanism reveals that
EM resonance originates from the excitation of electric dipoles and magnetic dipoles, and their cross coupling
finally triggers the chiral effects of 3D meta-atoms. By introducing the gradient-phase design that keeps un-
changed under various strains, two types of meta-atoms with specified orientations are interleaved to design
a double-foci metalens, and its 2D-to-3D morphology transformation shortens the focusing length and facilitates
the intensity change of two foci. Our approach in designing reconfigurable EM metamaterials with 2D-to-3D
buckling transformability can be further extended toward terahertz even optical wavebands, and it may assist with
deriving more applicable multi-functionalities in the aspects of imaging, sensing, and holograms. ©2023Chinese
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1. INTRODUCTION

Arbitrary manipulation of electromagnetic (EM) waves has re-
ceived widespread and long-standing concerns from researchers
since the arise of Maxwell’s equation. By now, versatile func-
tional components have been developed to operate from the
microwave to visible frequency; however, more applicable re-
quirements (e.g., flexibility, tunability, conformability) have
arisen to challenge the upper limits of conventional compo-
nents. As an artificial engineered structure, metamaterial has
been widely investigated to manipulate EM waves with extraor-
dinary design flexibility, so as to facilitate numerous function-
alities such as vortex beam generation [1,2], multi-foci imaging
[3], beam steering [4], and information encoding [5,6]. The
majority of existing EM metamaterials belongs to passive
structures, and their EM manipulation capabilities cannot be
changed once fabricated. Recently, several approaches have

emerged using 2D materials [7–9], phase-transition materials
[10–12], semimetals [13–15], and active elements [16–18]
to achieve the tunability of EM metamaterials by changing
the effective physical parameters of internal constituents under
external stimulus. Except for the bulk active elements, other
tunable pathways are preferably adopted to integrate with sub-
millimeter-scale units at terahertz frequencies. For example,
Chen et al. [19] have proposed an electrically programmable
terahertz metamaterial consisting of 8 × 8 pixels to modulate
the amplitude, and a single pixel is composed of 10 × 10 units
embedded with vanadium dioxide material. At microwave
frequencies, the active elements are incorporated with designed
units to encode expected multi-functionalities in the aspects of
diffractive deep neural network [20], wireless communication
[21,22], orbital angular momentum generation [23], etc. The
active material/element-enabled metamaterials indeed provide
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reliable platforms to achieve EMmulti-functionalities; however,
the complicated structural composition and external processing
modules face great challenges on the miniaturization.

Recently, the geometric deformation has been demonstrated
to play important roles in dynamically engineering EM re-
sponses in metamaterials. Among previously engineered recon-
figurable metamaterials, origami/kirigami-enabled supportive
structures have been extensively adopted to facilitate the in-
plane or 2D-to-3D transformation of metamaterial and exhibit
dynamic EM responses such as chirality [24,25], toroidal
dipolar resonance [26], magnetic polaritons [27], and colorful
encryption [28]. Notably, the kirigami reconfiguration mecha-
nism exhibits inimitable advantages not only in modulation
capabilities but also in wideband operating frequencies from
microwave to optics. For example, a three-layered nano-kiri-
gami metamaterial is reconfigured between 2D and 3D mor-
phology by controlling attractive electrostatic forces between
the top gold nanostructure and bottom silicon substrate via ap-
plying external voltages, which promotes the chiral reconfigura-
tion and controllable circular dichroism at optical frequencies
[29]. Moreover, by arming the meta-atoms with micromotors,
mechanically programmable EM metamaterials have been en-
gineered to modulate the reflection phases of meta-atoms by
altering the orientations, and various gradient-phase designs
can be implemented to achieve multi-functionalities (e.g., ar-
bitrary reflection [30], multiple vortex beam generation, multi-
ple holographic imaging [31]) at microwave frequencies.
Despite the versatile functionalities, these programmable meta-
materials cannot develop transmissive applications owing to the
wave prohibition of bulk motors, and it is also difficult to over-
come the fabrication challenges to extend such a mechanism
toward terahertz even optics band. Recent advances in flexible
electronics have inspired a 2D-to-3D assembly technique to
construct versatile 3D structures with micrometer-scale or
millimeter-scale size [32–35]. Such a reconfiguration mecha-
nism proposes to transform the 2D precursors selectively
bonded on a pre-stretched substrate into 3D morphologies
by releasing the substrate stress. In combination with the
assembly technique, several reconfigurable EM metamaterials
have been proposed to acquire stable microwave frequency se-
lection [36], controllable terahertz chirality [37,38], and tun-
able optical scattering [39]. Compared with most kirigami-
enabled metamaterials usually possessing four resonators in
one meta-atom, the assembly-based metamaterial concentrates
on the 3D deformation of an individual resonant structure with
a large tunable degree of freedom. It should be noted that these
above mechanical modulation strategies possess slow responsive
speed under the external actuating compared with the electri-
cally tunable metamaterials. However, the mechanical methods
possess flexibility, stretchability, and even conformability,
which can intrigue functional applications in the aspects of
sensing [40] and wearable electronics [41]. For the 2D-to-
3D assembly strategy, the versatile deformation modes of the
assembly mechanism have large application potential to inspire
more prospects for EM multi-functionalities.

In this work, we propose and experimentally demonstrate
two novel reconfigurable metamaterials in which the S-shaped
meta-atoms can repeatedly transform between 2D and 3D chiral

morphologies, which is accompanied with gradient-phase de-
sign to enable a double-foci metalens with tunable focusing in-
tensity. Initially, an S-shaped meta-atom array selectively bonded
on a biaxially pre-stretched substrate is transformed into 3D
chiral morphologies under the stress release, and its transmit-
tance exhibits spin-dependent co- and cross-polarized transmit-
tance components under circularly polarized incidence. The
fabricated samples with favorable mechanical flexibility and
EM transmittance spectra validate the practicality of the pro-
posed reconfiguration mechanism. The multipolar scattering
analysis together with surface current distribution in S-shaped
meta-atom indicates that EM resonance originates from the ex-
citation of electric dipoles and magnetic dipoles, and the spin-
dependent effects are essentially attributed to cross coupling of
these two dipoles. By altering the orientations of meta-atoms,
the cross-polarized transmittance phases exhibit a nearly linear
increase trend, and the 3D buckling deformation cannot change
the robustness of designed gradient-phases. To broaden the dy-
namic manipulation capabilities of 2D-to-3D buckling transfor-
mation in EMmetamaterials, meta-atoms with mirrored S-shape
are interleaved to construct a transversely double-foci metalens
to achieve the tunable focusing length and intensity. These re-
sults have validated the feasibility of 2D-to-3D buckling trans-
formation in tunable functional EM metamaterials, and the
reconfiguration mechanism supplies new branches for flexible
and multifunctional EM meta-devices.

2. MATERIALS AND METHODS

As shown in Fig. 1(a), our proposed reconfigurable metamate-
rial is composed of periodically arranged S-shaped meta-atoms,
which can be transformed together from 2D precursors into 3D
morphologies. Specifically, the meta-atoms are attached to a
temperature release tape (TRT) sheet to preserve the periodic
array, and their circle ends are applied with adhesive to be
bonded with biaxially pre-stretched substrate. With the biaxial
stress release, all meta-atoms undergo large upward displace-
ment while the selective bonding regions at the circle ends
hardly possess z-directional deformation, and the metamaterial
is successfully endowed with 2D-to-3D transformability. For
our design, the silicone is selected as the constituent material
of the substrate, and circularly polarized waves are employed to
illuminate the metamaterial in various deformed states. To
avoid the plastic deformation during the transforming process,
flexible polyimide (PI) is incorporated downward with the cop-
per to construct the S-shaped resonators. Also, the 3D-to-2D
deformation of metamaterial can be reversibly achieved by biax-
ially stretching the hyper-elastic substrate. Here, we have pro-
posed two meta-atoms with mirrored S-shape [classified as A
and B shown in Fig. 1(b)] to investigate the effectiveness of
the 2D-to-3D buckling reconfiguration mechanism. The
periodic constant is P � 12.6 mm for the planar metamaterial
with the tensile pre-strain εpre � 40% and evolves into 9 mm
as the strain is entirely released. The thicknesses of the free sub-
strate and copper/PI layer are optimized as 2 mm and 12 μm/
25 μm, respectively. The other geometric parameters of the
meta-atom are as follows: the diameter of the circle ends d �
2 mm, the central distance of the ends l � 7 mm, the width
w � 0.6 mm, the inner radius of S-shape r � 1.46 mm, and
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the y-directional central distance between circle end and S-
shape arc m � 0.2 mm.

In such a reconfiguration design, the selective bonding of S-
shaped meta-atom determines the 2D-to-3D morphological
transformation. To quantitatively investigate mechanical char-
acteristics of the proposed metamaterial, the overall deforma-
tion process in Fig. 1(a) is calculated by finite element
analysis (FEA) in ABAQUS software. In the calculation, a sin-
gle meta-atom is representatively considered to simulate the de-
formation process owing to the metamaterial periodicity. The
substrate meshed with hybrid hexahedron elements is first
stretched to the strain 40%, and the following deformation
stage of the meta-atom is established by importing the meshes
and nodal stresses of deformed substrate as initial state. The
planar meta-atom is selectively tied on the substrate and finally
transformed into 3D morphologies by releasing the substrate
pre-strain. The hyper-elastic constitutive relation of silicone
material is described by the Mooney–Rivlin model (C10 �
−0.1152 MPa, C01 � 0.8989 MPa, D1 � 0) according to
the tensile test of silicone material. The elastic modulus of the
copper and PI is 119 GPa and 2.5 GPa, respectively, and their
corresponding Poisson’s ratio is 0.34. To verify the morphologi-
cal reconfiguration modulated EM responses, full-wave simu-
lations are adopted to calculate spectral responses and monitor
spatial electric fields in CST software. The deformed morphol-
ogies of meta-atoms in ABAQUS are imported into CST to
establish the geometric model, and circularly polarized waves
are adopted to illuminate the metamaterials toward the z
direction. The electric conductivity of the copper is set as
5.96 × 107 S=m, and the complex permittivity of the silicone
and PI is 3.1�1� i0.005� and 3.5�1� i0.0027�, respectively.
To imitate the infinite boundary of metamaterial, the unit
cell boundary condition and open boundary condition are

applied on the x-o-y plane and along the propagation direction,
respectively.

3. RESULTS AND DISCUSSION

Figure 2(a) illustrates the schematic deformation process of
single meta-atoms A and B and their FEA simulated stress dis-
tributions in deformed states. Initially, the designed planar
meta-atoms possess an asymmetry on the x-o-y plane while
maintaining the symmetry along the z-direction. When the
planar meta-atoms are buckled into 3D morphologies after
the stress release, the upward displacement facilitates the break-
age of residual symmetries along the z direction to enhance the
structural chirality. The 3D chiral meta-atoms A and B are mir-
rored on the x-o-y plane; in other words, their structural chi-
rality will be opposite. The FEA simulations indicate that the
stress is primarily accumulated on the S-shaped arm, and the
minor deformation of bonding regions is owed to the 4 orders
of magnitude difference between the elastic modulus of copper
and silicone. Also, the structural transformation from the chi-
rality to non-chirality is available by stretching the substrate.

The implementation of such a reconfiguration mechanism
essentially aims to achieve dynamic EM responses of metama-
terials. We have simulated the circularly polarized transmit-
tance components T ij, where the subscript i and j refer to
the polarization state of transmitted and incident wave, respec-
tively. Herein, the characters “−” and “+” represent the left-
(LCP) and right-circular polarization (RCP), respectively. As
shown in Fig. 2(b), the planar metamaterials without chirality
possess overlapped co- (T −− and T��) and cross-polarized
(T�− and T −�) transmittance for both meta-atoms A and
B, and there exists a resonance at 8.6 GHz. As the tensile strain
40% is entirely released in metamaterial A, both co- and

Fig. 1. Schematic illustration of the proposed reconfigurable metamaterial and its constituent meta-atom. (a) 3D reconfiguration mechanism and
incidence polarization states of electromagnetic metamaterial. (b) Structural composition and geometrical parameters of the proposed meta-atoms
A and B.
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cross-polarized components exhibit the transmittance differ-
ence between LCP and RCP incidence in Fig. 2(c). For the
co-polarized incidence, 3D metamaterial A presents higher res-
onant amplitudes (T�� � 0.68) at 8.3 GHz under RCP than
that (T −− � 0.26) at 8.5 GHz under LCP. Compared to these
chiral metamaterials merely possessing co-polarized transmit-
tance difference [42,43], T�− and T −� components possess
maximum amplitude 0.48 at 8.6 GHz and 0.38 at 8.5 GHz
in 3Dmetamaterial A, respectively. Such a phenomenon should
satisfy the condition that the complex co-polarized transmit-
tance must be different under x- and y-polarized incidence
(see Appendix B for detailed derivation). For the deformed
meta-atom A, the geometric anisotropy along x and y axes de-
termines different linearly co-polarized transmittance ampli-
tude and phase [see Figs. 8(a) and 8(b) in Appendix B].
More importantly, by comparing the profile in Figs. 2(c)
and 2(d), it can be observed that the transmittance components
of 3D chiral metamaterials A and B exhibit opposite spin-
dependent EM responses. To further characterize the spin-
dependent transmittance, we have plotted the transmittance
difference for co-polarization jT��j2 − jT −−j2 and cross-
polarization jT −�j2 − jT�−j2 in Fig. 2(e), where the profiles
for meta-atoms A and B are mirrored. Additionally, the maxi-
mum transmittance difference for meta-atom A (or B) can
reach 0.42 (or −0.42) under the co-polarization and −0.09
(or 0.09) under the cross-polarization, respectively. The above
analysis reveals that 2D-to-3D transformation of the proposed
S-shape metamaterials provides a reliable strategy for spin-de-
pendent co- and cross-polarized transmittance.

To verify the practical feasibility of proposed mechanical
modulation principle, we have fabricated two reconfigurable
chiral metamaterial samples consisting of 22 × 22 S-shaped

meta-atoms. As expected, all meta-atoms are transformed into
an ensemble of 3D morphologies, and the overall sample
exhibits excellent periodicity, as shown in the left subplot of
Fig. 3(a). The fabricated sample also possesses conformal
capability to the cylinder surface in the right subplot of
Fig. 3(a). Figure 3(b) displays the 2D and 3D metamaterial
samples consisting of meta-atoms A and B after several cycles
of release and stretching, and the sample still maintains accor-
dance with expected morphologies. To characterize the spectral
responses of two samples, a far-field measurement system is
adopted to measure the linearly polarized transmittance com-
ponents that can be transferred to circularly polarized transmit-
tance by the Jones matrix. For the measurement system
[Fig. 3(c)], an emitting horn antenna with linear polarization
is placed on the top to illuminate the sample, and another linear
horn antenna is placed under the sample to receive the trans-
mitted waves. Two antennas are connected to two ports of a
vector network analyzer to obtain the transmittance amplitude
and phase (see more details in Appendix A).

As shown in Figs. 3(d) and 3(f ), two planar samples possess
overlapped co- and cross-polarized transmittance curves, and
their resonant frequency is around 8.6 GHz, which is in accor-
dance with simulated results. For the co-polarization transmit-
tance of deformed metamaterial A, the resonant amplitude
(T�� � 0.66) at 8.0 GHz under RCP is higher than that
(T −− � 0.34) at 8.3 GHz under LCP, as shown in Fig. 3(e).
Compared with simulated result, the frequency deviation
∼0.3 GHz and the amplitude deviation ∼0.1 are attributed
to geometric difference between the FEA simulated structure
and fabricated sample. The cross-polarized transmittance differ-
ence (T�− > T −�) can also be observed for the deformed
metamaterial A sample. As mentioned in the simulation

Fig. 2. Simulated deformation and transmittance of the proposed reconfigurable metamaterials. (a) Schematic reconfiguration of meta-atoms and
their stress distributions calculated by FEA. Transmittance components of (b) planar metamaterial consisting of meta-atom A or B, and (c), (d) 3D
deformed (ε � 40%) metamaterial consisting of meta-atoms A and B under circularly polarized incidence. (e) Circularly co- and cross-polarized
transmittance difference of deformed metamaterials A and B.
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analysis, the opposite spin-dependent transmittance can be ob-
served for another deformed sample in Fig. 3(g). Thus, it can be
concluded that reconfigurable metamaterials based on 2D-
to-3D buckling are practically feasible to be fabricated and
to provide excellent tunability in chiral responses.

For the above simulated and experimental spectra, it is cru-
cial to investigate the physical mechanism to unveil the origi-
nation of chiral responses. As shown in Fig. 4(a), the LCP and
RCP incident waves excite opposite surface currents accumu-
lated on the S-shaped arm of 3D meta-atom A at 8.5 GHz. The
currents on the 3D arm result in the accumulation of the neg-
ative and positive electric charges at the circular ends, which
facilitates the formation of an electric dipole (red arrow) on
the x-o-y plane. Meanwhile, two magnetic dipoles (green arrow)
are produced with equivalent components on the x-o-y plane
yet opposite z components, and the superposition dipolar vec-
tor is located on the x-o-y plane. Moreover, the LCP incidence
induces strong currents on the 3D S-shaped arm, which means
that the LCP wave interacts strongly with the meta-atom, while
the current magnitude for RCP incidence is relatively weak.
Such a comparison verifies the spin-dependent transmittance
spectra of 3D metamaterial A in Fig. 2(c). To further make

a quantitative analysis, we have simulated the surface current at
frequencies from 7 GHz to 12 GHz with an interval 0.2 GHz
and calculated the scattering power of multiple dipoles in 3D
meta-atom A under LCP and RCP incidence based on the gen-
eral multipole scattering theory [44]. Figure 4(b) exhibits the
scattering power of electric dipole (P), magnetic dipole (M ),
toroidal dipole (TD), and magnetic quadrupole (MQ) and ne-
glects other dipolar components with minor scattering magni-
tudes. Under the LCP incidence, both the x and y components
of the electric dipole and magnetic dipole dominate the scatter-
ing power, which is in accordance with the microscopic char-
acteristics of surface currents. And the scattering power of the
x component of the electric dipole is nearly 2 orders of mag-
nitude higher than that of the other three dipolar components.
By comparison, the total scattering efficiency of 3D meta-atom
A under the RCP incidence is lower than that under the LCP
incidence, which means that the interaction between the
RCP incidence and 3D meta-atom A is weak and, thus, the
RCP wave is transmitted with low loss. Essentially, the chiral-
optics originates from the cross coupling between electric di-
poles and magnetic dipoles [45]. Herein, the non-orthogonal
dipole vectors P and M in 3D meta-atom A can lead to the

Fig. 3. Fabricated reconfigurable metamaterial samples and their measured transmittance spectra. (a) Fabricated metamaterial sample and its
flexible characteristics (scale bars, 9 mm). (b) 2D and 3D morphologies of fabricated samples corresponding to meta-atoms A and B (scale bars,
18 mm). (c) Schematic and physical view of far-field measurement system. Measured transmittance components of metamaterial A in (d) planar state
and (e) 3D deformed state, and metamaterial B in (f ) planar state and (g) 3D deformed state.
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chiral responses. Differentially, the intrinsic geometric charac-
teristics of 3D meta-atom B induce the weak interaction with
the LCP wave yet strong interaction with RCP, and the current
density under LCP is smaller than that under RCP, as shown
in Fig. 4(c). There still exists a single electric dipole and two
magnetic dipoles in 3D meta-atom B, and their cross coupling
effect is also available while the P ·M value in 3D meta-atom B
is opposite of that in 3D meta-atom A. As for the calculated
scattering power of 3D meta-atom B shown in Fig. 4(d), it can
be observed that the dominant dipoles possess higher magni-
tude under RCP than that under LCP, which induces that
the LCP wave propagates through 3D meta-atom B with high
transmittance. In our proposed metamaterials, the resonance
mainly originates from the excitation of electric dipoles and
magnetic dipoles, and their cross coupling effect induces the
chiral responses in the transmittance spectra.

To further investigate applicability of 2D-to-3D buckling
transformability in EM metamaterials, we have proposed a re-
configurable metalens by interleaving geometrical phases of
meta-atoms A and B. As schematically depicted in Fig. 5(a),
meta-atoms A and B are arranged to focus the LCP incident
wave at the location x1 and x2, respectively. Before assembling
the metalens, cross-polarized transmittance phases are first
investigated by altering the orientations α of S-shaped meta-
atoms. Herein, we have swept α from 0° to 165° with an in-
terval 15° and plotted the phase in Fig. 5(b). It can be evidently
observed that geometrical phases of undeformed meta-atom A
exhibit a linearly increasing trend at any frequencies and these
gradient-phases are still robust for the deformed meta-atoms.
Notably, to design a double-foci metalens with tunable focusing
intensity by manipulating T�− amplitude, we take α � 0∘ as
an example to calculate T�− amplitude ratio of meta-atoms A
and B in 2D and 3D states. Owing to the lack of chirality, the

amplitude ratio of 2D meta-atoms A and B nearly maintains 1
over the overall frequency band [see Fig. 6(a)]. Along the fre-
quency axis, the amplitude ratios of 3D meta-atoms A and B
gradually increase while T RL amplitudes evolve into low levels
[see Fig. 6(b)]; therefore, the reference frequency is selected as
10 GHz to balance their amplitudes and ratio. Further, we have
exhibited T�− amplitude ratio of meta-atoms A and B with
various orientations at 10 GHz in Fig. 5(c) and indicate that
the amplitude ratio maintains 1 and exceeds 1.45 for any ori-
entations under ε � 0% and ε � 40%, respectively.

With the amplitude and phase analysis of reconfigurable
meta-atoms, the metalens is assembled by arranging geometri-
cal phases that are calculated according to

φi,j �
2π

λ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�xi,j − xm�2 � y2i,j � f 2

q
− f

�
, (1)

where λ is the operating wavelength, the subscripts i and j re-
present the sequence of meta-atom, and f and xm (m � 1, 2)
are the designed focusing length and locations, respectively.
In our design, the focusing locations are x1 � 50 mm and
x2 � −50 mm, and the focusing length is f � 200 mm in
the planar metalens. In light of the calculated phase distribution
shown in the left subplot of Fig. 5(d), 30 × 30 meta-atoms A
and B are interleaved to construct the designed metalens [see
right subplot of Fig. 5(d)]. To verify the influence of 2D-to-3D
buckling transformation on the controllable focusing character-
istics of the metalens, full simulations are adopted to calculate
spatial electric fields under the LCP illumination. As shown
in Fig. 5(e), the electric field for the 2D metalens indicates
that two foci with nearly equivalent intensity are located at
x1 � 50 mm and x2 � −52 mm on z1 � 200 mm plane, re-
spectively, which is in great accordance with the design. Based
on previous works [46], the substrate release can change the

Fig. 4. Physical mechanisms of the spin-dependent transmittance in the deformed meta-atoms. (a) Simulated surface current distributions and
(b) calculated scattering power corresponding to electric dipole (P), magnetic dipole (M ), toroidal dipole (TD), and magnetic quadrupole (MQ) of
3D meta-atom A under LCP and RCP incidence. (c) Simulated surface current and (d) calculated multipolar scattering power of 3D meta-atom B
under LCP and RCP incidence.
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focusing length from f to f
�1�ε�2; thus, two foci are exhibited

on the focusing plane z2 � 100 mm after releasing the strain
ε � 40%. After the strain release, the focusing locations should
be xm

1�ε (m � 1, 2), and there exist two foci at x1 � 33 mm and
x2 � −33 mm for the simulated field of the 3D metalens.
More importantly, the meta-atoms A and B are buckled into
3D morphologies and empowered with high and low cross-
polarized transmittance amplitude, respectively; thus, the fo-
cusing intensity at x1 evolves into a higher level than that at x2.
Except for focusing regions, the electric field distribution of
the 3D metalens is stronger than that of a 2D one, which is
attributed to the high co-polarized amplitudes and low cross-
polarized amplitudes in 3D meta-atoms [see Figs. 6(c) and
6(d)]. For practical verification, we have fabricated a metalens
sample with its morphology under ε � 0% and ε � 40% in
Fig. 5(f ). As shown in Fig. 5(g), the above-mentioned sample
is measured by a near-field scanning imaging system in a
chamber, where a probe is placed on a robotic arm to detect

the transmitted electric field behind the sample with a scanning
step 7.5 mm (see Appendix A for more details). The mea-
sured electric field is depicted in the left subplots of Fig. 5(h),
where two foci of the 2D (or 3D) metalens are located
at x1 � 42.5 mm (or 27.5 mm) and x2 � −47.5 mm (or
−27.5 mm), respectively. In agreement with simulated results,
3D metalenses also perform with a large difference on the
focusing intensity at the locations x1 and x2. To further com-
pare the measured and simulated results, the electric field in-
tensity along y � 0 mm is normalized to the maximum
intensity [see the right subplots of Fig. 5(h)], and focusing
locations and bandwidth are marginally deviated, which is
originated from the fabrication tolerance and manual measure-
ment deviation. The above results successfully demonstrate the
effectiveness of 2D-to-3D buckling on the controllable cross-
polarized transmittance difference and extend such spectral
responses toward phase-gradient metamaterial design with si-
multaneous mechanical flexibility and tunable EM focusing

Fig. 5. Design and characterization of a reconfigurable metalens based on 2D-to-3D buckling. (a) Schematic illustration of structural composition
and double-foci characteristics of free metalenses. (b) Circularly cross-polarized transmittance phases of undeformed meta-atoms A with various
orientations. (c) Transmittance amplitude ratio of meta-atom A and meta-atom B at 10 GHz. (d) Calculated phase distribution on the metalens
plane and overall exhibition of designed structure. (e) Full-wave simulated electric field intensity on the focusing plane z1 � 200 mm under ε � 0%
and z2 � 100 mm under ε � 40%. (f ) 2D and 3D morphology exhibition of fabricated metalens sample. (g) Near-field scanning imaging system
for measuring spatial distribution of electric field behind the metalens sample. (h) Measured electric fields and normalized intensity (along
y � 0 mm) of 2D and 3D metalens.
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effects. Moreover, such a 3D buckling deformation strategy is
practically feasible and highly efficient to modulate the re-
sponses in terahertz and optical metamaterials, where the
Ti∕SO2 deposition [37] and the van der Waals forces [39]
are utilized to define the selective bonding sites.

4. CONCLUSION

This work has proposed 2D-to-3D buckling-based reconfigur-
able EM metamaterials, which not only possess mechanical
stretchability and flexibility but also can switch spin-dependent
co- and cross-polarized transmittance under circularly polarized
illumination. Unlike previous origami/kirigami metamaterials
where four resonators are necessarily grouped into single
meta-atoms, only a single S-shaped resonator can achieve dy-
namic manipulation for propagated waves in this work. From
the perspective of physical mechanism, EM resonance of 3D
metamaterials originates from the excitation of electric dipoles
and magnetic dipoles, and their cross coupling finally results in
the chiral effects of transmittance spectra. By introducing ori-
entation-dependent geometric phases that are robust for 2D/
3Dmeta-atoms, such a reconfiguration method has successfully
demonstrated its functionality in the tunable double-foci met-
alens beyond its dynamic manipulation of spectral responses.
The above proposed metamaterials provide several application
examples of 2D-to-3D buckling transformation in dynamic
manipulation of EM waves, and future investigation with
the design of chiral meta-atoms possessing large cross-polarized
transmittance difference is promising to achieve metalenses
with dynamic foci numbers. The design flexibilities of 2D-
to-3D transformable metamaterials can pave new avenues to-
ward reliable applications in EM/optical switching, achromatic
imaging, and information processing.

APPENDIX A

1. Fabrication
The fabrication process of the reconfigurable metamaterial pri-
marily utilizes the laser cutting, shadow mask-assisted selective
adhering, and thermal transfer technique. As shown in Fig. 7, a
bilayer sheet of Cu/PI (12 μm/25 μm) is cut into desired pat-
terns by femtosecond laser ablation (power, 16 W; scanning
rate, 0.4 mm/s). Then, a thermal release tape (TRT, release
temperature: 90°C–100°C) sheet is laminated onto the cut
Cu/PI sheet, and the residual Cu/PI parts are removed from
the TRT sheet. A PET mask (0.1 mm thickness) fabricated by
carbon dioxide laser ablation is utilized to define the selective
regions on the PI side of the S-shaped structures by applying
the adhesive (Jule J-527, China). Next, the Cu/PI array to-
gether with the TRT layer is laminated (>1 h) on a biaxially
stretched silicone substrate. To accelerate the removal of the
TRT, it is heated to 300°C. Finally, the planar S-shaped
structures are buckled into 3D morphologies under the stress
release.

2. Spectral Measurement
Two linearly polarized horn antennas are utilized to radiate EM
waves and receive the wave propagating through the metama-
terial sample, and two ports of a vector network analyzer
(VNA) are connected with two antennas. To support the flex-
ible metamaterial sample, an acrylic plate with 4 mm thick-
ness is utilized, and its transmittance T 0

ij (i, j � x, y) is first
measured. By appropriately rotating the sample and the receiv-
ing antenna with 90°, the linearly co- and cross-polarized
transmittance components can be measured as T 1

ij (i, j � x, y).
The transmittance of the sample is finally expressed as
T ij � T 1

ij∕T 0
ij, which can be transferred to circularly polarized

transmittance components via the following equation:

Fig. 6. Circularly cross-polarized transmittance of meta-atom A and B and their amplitude ratio under (a) ε � 0% and (b) ε � 40%. Co- and
cross-polarized transmittance amplitude of 3D (a) meta-atom A and (d) meta-atom B.
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3. Electric-field Scanning
The near-field scanning system is utilized to scan the spatial
distribution of electric field on the focusing plane of the metal-
ens sample. The fabricated flexible metalens is also placed on
the acrylic plate (4 mm thickness) to be fixed with sample stage.
In this system, a circularly polarized horn antenna for emitting
EM wave is placed with 1 m before the sample fixture, and the
transmitted electric-field is detected with the scanning step
7.5 mm by a probe behind the sample. Finally, the measured
x (Ex) and y directional (Ey) electric fields are utilized to iden-
tify the overall field intensity jExj2 � jEyj2.

APPENDIX B: GEOMETRIC ANISOTROPY
INDUCED CIRCULARLY CROSS-POLARIZED
TRANSMITTANCE DIFFERENCE

According to the Eq. (A1), the circularly cross-polarized trans-
mittance difference can be expressed as

jT −�j2 − jT�−j2 � �Re�T xx� −Re�T yy���Im�T xy�� Im�T yx��
− �Im�T xx� − Im�T yy���Re�T xy��Re�T yx��,

(B1)

where the Re�T ij� and Im�T ij� are the real and imaginary parts
of the complex transmittance T ij, respectively. It indicates that
jT −�j2 − jT�−j2 ≠ 0 requires the condition T xx ≠ T xx for a
meta-atom; in other words, the meta-atom should possess
various characteristics along the x and y directions. As shown
in Fig. 8, neither the amplitude nor phase of 3D metamaterial
A (or B) is overlapped for T xx and T yy, which can induce the
circularly cross-polarized transmittance difference.
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