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concept of metamaterials has enabled 
many novel electromagnetic and optical 
properties and applications, ranging 
from negative refractive indices[3,4] and 
giant chirality[5] to superlens,[6] invisibility 
cloaking,[7] and wireless energy transfer.[8] 
Very recently, metasurfaces, the two-
dimensional (2D) counterpart of meta-
materials, provide an alternative scheme 
to steer the flow of electromagnetic waves 
by arranging artificial structures on a flat 
interface to engineer the phase profile, 
polarization, and trajectory of electromag-
netic waves.[9–12] Compared with three-
dimensional (3D) metamaterials, planar 
metasurfaces exhibit relatively low loss 
and deep subwavelength thickness, and 
therefore they are highly suitable for on-

chip integration.[13,14] However, structural modification is gen-
erally very challenging once metamaterials and metasurfaces 
are fabricated, rendering them nonreconfigurable.

Substantial efforts have been devoted to achieve the dynam-
ical control over the functionalities of electromagnetic and 
optical devices,[15] by means of external stimuli including 
heat,[16,17] mechanic stretching,[18] electrostatic and magnetic 
forces,[19–21] and gas pressure.[22] Phase-change materials, 
whose complex refractive indices are different between their 
amorphous and crystalline states, have also been applied to 
realize reconfigurable devices.[23,24] All these approaches can be 
generally categorized into two groups: modulating the optical 
parameters of materials or changing the structural shapes. For 
the latter strategy, the shape-changing capability over three 
dimensions is extremely important for metamaterial structures, 
because some optical phenomena, such as the intrinsic chirop-
tical effect, can only exist in 3D structures. In particular, the 
continuous transformation among arbitrary shapes promises 
an unprecedented opportunity for ultrawide dynamical tuning 
range in reconfigurable metadevices.

One very promising technique to implementing reconfigur-
able metamaterials is origami, the ancient art of folding a sheet 
of paper into complex and elaborate 3D objects. Origami exists 
in a variety of nature systems such as insect wings,[25] leaves,[26] 
and embryonic intestines.[27,28] In recent years, origami has 
attracted significant interest of scientists and engineers because 
of its ability of creating various shape-changing materials.[29,30] 
This design principle has stimulated many applications, 
ranging from solar arrays,[31] deformable electronics,[32] and self-
folding machines[33] to mechanical metamaterials.[34–37] Among 

Origami is the art of folding two-dimensional (2D) materials, such as a flat 
sheet of paper, into complex and elaborate three-dimensional (3D) objects. 
This study reports origami-based metamaterials whose electromagnetic 
responses are dynamically controllable via switching the folding state of  
Miura-ori split-ring resonators. The deformation of the Miura-ori unit along the 
third dimension induces net electric and magnetic dipoles of split-ring resona-
tors parallel or anti-parallel to each other, leading to the strong chiral responses. 
Circular dichroism as high as 0.6 is experimentally observed while the chirality 
switching is realized by controlling the deformation direction and kinematics. In 
addition, the relative density of the origami metamaterials can be dramatically 
reduced to only 2% of that of the unfolded structure. These results open a new 
avenue toward lightweight, reconfigurable, and deployable metadevices with 
simultaneously customized electromagnetic and mechanical properties.

Metamaterials

Over the past decade, metamaterials have become an important 
research area due to their exotic material properties, which are 
primarily determined by the physical structures of the subwave-
length building blocks rather than the chemical constitutions 
that the metamaterials are made of.[1,2] The transformative 
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different classes of origami patterns, Miura-
ori is a special case of rigid origami in which 
rigid panels (facets) are connected through 
perfect hinges, leading to dynamically and 
continuously alterable shapes. The structure 
mechanics of Miura-ori tessellated fold pat-
tern are dominated by the kinematics of the 
folding, which only depends on the geometry 
and therefore is scale-independent.[34] Study 
on deformation kinematics shows that the 
in-plane and out-of-plane Poisson’s ratios of 
a Miura-ori structure are equal in magnitude 
but opposite in signs.[35] Bistability and multi-
stability in the origami patterns have been 
used to create functional materials with alter-
able compressive modulus.[36–38] In addition, 
low relative density with preserved folding 
kinematics can be achieved by stacking indi-
vidual Miura-ori sheets together,[34] while 
increased stiffness with only one deformation 
mode is realized in assembly of origami tube 
structures.[39] The richness of mathematics in 
origami, together with its unique mechanical 
features, provides a versatile platform to create origami-based 
deployable and reconfigurable devices. However, the research 
of tailoring other material properties by the concept of origami 
is still in infancy.

Here, we propose and demonstrate an origami-based recon-
figurable metamaterial, whose electromagnetic response can 
be switched between nonchiral and chiral states at dual-band 
wavelengths. Split-ring resonators[40,41] are printed on rigid 
Miura-ori patterns to realize periodically arranged meta-
atoms, and the control over the handedness of the structure is 
achieved by the Miura-ori deformation. Numerical and experi-
mental results show that the resonant modes exhibit gradually 
enhanced chiroptical responses when transforming the 2D 
metasurface into 3D origami metamaterials. The underlying 
mechanism is the breaking of mirror symmetry of the folded 
3D origami metamaterials, which is confirmed by detailed 
analyses of the excited electrical and magnetic dipoles and their 
relative orientations. Circular dichroism (CD) as high as 0.6 is 
experimentally observed while the chirality switching is real-
ized by controlling the deformation direction and kinematics. 
Furthermore, the relative density of the 3D Miura-ori metama-
terial is reduced to as small as 2% of that of the unfolded planar 
metasurface, thus providing a very promising method to con-
struct lightweight reconfigurable metamaterials.

The concept of origami-based reconfigurable metamaterial 
is shown in Figure 1. First, split-ring resonators, one of the 
widely studied metamaterial structures, are printed on a flat 
sheet to construct an achiral metasurface. The achiral feature 
originates from the mirror symmetry with respect to the xy- and 
xz -planes. Next, the 2D metasurface is transformed into 3D 
geometries following the folding principle of the Miura-ori pat-
tern.[34] The Miura-ori unit in our design is composed of four 
identical parallelograms that are connected by convex moun-
tain and concave valley creases (i.e., the folding lines). Vertices 
are formed when four creases intersect and each parallelogram 
is preserved as a rigid facet in the folding process. In order to 

break the mirror symmetry of the Miura-ori pattern for the pur-
pose of strong chirality, two neighboring split-ring resonators 
are orientated along the opposite directions. It is noticeable 
that such Miura-ori metasurface can be folded into two kinds 
of chiral enantiomers, labeled as A and B, which are mirror 
images of each other about the yz-plane. The folding angle θ is 
defined as the dihedral angle between the folded facets and the 
xy-plane (more details can be found in the Supporting Informa-
tion). A positive (negative) sign of θ corresponds to the motion 
of the center vertex (the red spot in Figure 1) of each unit cell 
toward the + z (−z) direction. In this context, we assume the 
Miura-ori pattern is folded from an ideal material with infinite 
stretching modulus and therefore it has only one degree of 
freedom described by the folding angle θ.

A proof-of-principle origami metamaterial is designed in the 
microwave region with the geometric parameters illustrated in 
Figure 2a. For simplicity, each parallelogram has the same edge 
length of a = b = 10 mm and a vertex angle of γ = 60°. Four split-
ring resonators are located at the centers of the parallelograms 
with identical dimensions yet different orientations. The inner 
and outer radii of each split-ring are r1 = 3 mm and r2 = 3.5 mm, 
respectively, while the gap size is g = 1 mm. The solid (dashed) 
lines correspond to the mountain (valley) creases of enantiomer 
A (B). This unfolded metasurface has mirror symmetries about 
both the xy- and xz-planes, and hence does not exhibit intrinsic 
chirality, although extrinsic chirality can be achieved from 2D 
structures subjected to oblique illumination.[42,43] Since the 
gaps of split-ring resonators are all oriented along the + y or − y 
directions, the 2D metasurface exhibits anisotropic responses. 
The electromagnetic response of a planar metasurface can be  

described by Jones matrix =




circ

RR RL

LR LL
T

t t
t t

. Here, tRR and tLR  

are the co- and cross-polarized transmission coefficients with 
the incidence of right-handed circularly polarized (RCP) waves, 
respectively, while tLL and tRL are the counterparts for left-
handed circularly polarized (LCP) waves.
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Figure 1. Schematic of the construction of Miura-ori chiral metamaterials. Split-ring resonators 
are periodically arranged to form an achiral metasurface (middle panel). One Miura-ori unit 
cell (outlined by the white lines) consists of four split-ring resonators located at the centers of 
four identical parallelograms. The 2D metasurface can be continuously transformed into 3D 
chiral metamaterials, that is, enantiomer A (left panel) and B (right panel), following the folding 
principle of Miura-ori patterns. The chirality switching is achieved by changing the deformation 
direction of the planar metasurface.
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Full wave simulations have been performed to investigate the 
electromagnetic responses of the Miura-ori metamaterial under 
different folding states. In the simulations, the geometric mod-
eling is feasible for a planar dielectric substrate, yet it becomes 
considerably complicated when the substrate is folded to 3D 
Miura-ori shapes. To simplify the simulation process for folded 
structures, here we neglect the dielectric substrate and the 
split-ring resonators are assumed to suspend in free space. A 
dielectric substrate with ultrathin thickness only changes the 
effective capacity in the gap, and therefore slightly shifts the 
resonant frequency of a split-ring resonator. The underlying 
physics of Miura-ori chiral metamaterials will not be affected 
(Supporting Information). In the unfolded state, the Miura-
ori metasurface shows a resonant frequency at 6.9 GHz where 
the co-polarization transmission coefficient reaches its min-
imum (Figure 2b). This feature is owing to the strong electric 
resonances of the split-rings along the x-direction and thereby 
x-polarized waves are completely reflected. In its folded state 
of θ = 45°, the Miura-ori metamaterial exhibits chiral-selective 

responses around this resonant frequency 
(labeled as mode 1), and an additional reso-
nant mode (labeled as mode 2) emerges at a 
higher frequency of 7.78 GHz (Figure 2c). It 
is notable that mode 1 is a right-handed reso-
nant mode in which most of the LCP wave 
is transmitted (tLL = 0.8) while the opposite 
polarization is largely blocked (tRR = 0.18). 
In contrast, the chiral response is reversed 
for mode 2 for which the structure is more 
transparent under RCP incidence (tLL = 0.1, 
tRR = 0.7). The switching between two enanti-
omers can be obtained by folding the Miura-
ori in the opposite direction, resulting in the 
completely reversed chiroptical responses 
(Figure 2d). Nevertheless, the off-diagonal 
elements of the Jones matrices are preserved 
during the folding procedures, which rep-
resent the ability of polarization conversion 
between the two spin states. This feature 
originates from its additional rotational sym-
metry with respect to the x-axis. For a recip-
rocal medium with this type of symmetry, 
the structure is identical from both sides and 
thereby the off-diagonal elements have equal 
magnitude yet opposite signs.[44]

To better understand the performance of 
the Miura-ori metamaterial, we further inves-
tigate its CD spectra for different folding 
angles (Figure 2e). Here, the CD is calculated 
by CD = |tRR|2 − |tLL|2, which describes the 
discrepancy of two circularly polarized waves 
in transmission. The upper region (θ > 0) 
of Figure 2e represents the performance of 
enantiomer A and the lower region (θ < 0) is 
the counterpart for enantiomer B. It is clearly 
demonstrated that the chiroptical effects of 
these two enantiomers are complementary 
to each other and the chiral responses are 
significantly enhanced as the folding angle 

increases. In addition, the first resonance mode undergoes a 
redshift while the second resonance mode blueshifts, because 
the change of the periodicity influences the interactions 
between neighboring resonators. Specifically, the CD curves for 
three particular states (θ = 0°, 45°, −45°) are separately plotted 
in Figure 2f. The CD of enantiomer A with a folding angle 
θ = 45° can reach as high as 0.6 at the first resonant mode and 
−0.5 at the second resonant mode.

To demonstrate the proposed reconfigurable metamaterials, 
Miura-ori patterns have been fabricated and characterized in 
the microwave region (Figure 3a). Copper split-ring resonators 
(thickness 0.035 mm) are periodically printed on a Halogen-
free frame-resistant type polyimide film (thickness 0.05 mm) 
with a permittivity of 3.5. Since the Miura-ori pattern has a 
negative Poisson’s ratio, the periodicity of the unit cell, both in 
the x- and y-directions, simultaneously decreases as the folding 
angle increases. Interestingly, the structure compresses much 
faster in the x-direction and ultimately achieves almost zero 
periodicity at its fully folded state. Such ultra-large dynamical 
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Figure 2. Dimensions and chiral responses of the Miura-ori metamaterial. a) Dimensions of 
the unit cell of Miura-ori metamaterial. Simulated transmission spectra of b) the unfolded 
achiral metasurface, c) enantiomer A and d) enantiomer B under the illumination of circularly 
polarized waves propagating along the z-axis. e) The CD spectra and f) selected CD curves of 
the Miura-ori metamaterial for different folding angles.
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range is one of the most attractive characteristics of the origami 
patterns that can hardly be implemented in other reconfigur-
able technologies.

The chiroptical response and chirality switching of the 
Miura-ori metamaterial have been experimentally investigated 
through measurements using a vector network analyzer. The 
details are described in the Experimental Section. Figure 3b 
shows the measured transmission spectra of the planar 
Miura-ori structure before folding. Compared with the planar 
metasurface suspended in free space (Figure 2b), the reso-
nant frequency of the fabricated sample undergoes a small 
redshift (from 6.9 to 6.5 GHz) because of the permittivity of 
the substrate, which increases the capacitance induced at the 
gap of each split-ring resonator (see additional discussions 
on the influence of the substrate in the Supporting Informa-
tion). When the metasurface is deformed to folded geometries, 
the mirror symmetry of the structure is broken and there-
after the chiroptical response emerges. This is demonstrated 
by the transmission dips at the two resonant frequencies in 

the transmission spectra (Figure 3c,d). At 
the first resonant frequency around 6.4 GHz, 
enantiomer A behaves as a right-handed 
metamaterial that blocks most of the RCP 
waves while enantiomer B, in contrast, is 
more transparent for this spin state. The 
situation is reversed for the second resonant 
mode at about 7.3 GHz, in which enanti-
omers A and B reverse their handedness 
of chirality. The measured CD spectra are 
plotted in Figure 3e, which clearly demon-
strates the performance of chirality switching 
at the two resonant frequencies as predicted 
by the preceding simulations (Figure 2f). In 
our experiment, a flexible material is selected 
as the substrate to reduce the difficulty in 
folding process. Therefore, the facets are not 
strictly rigid and the deformations could be 
slightly discrepant among different folded 
Miura-ori units. The inhomogeneous defor-
mation might result in unexpected resonant 
modes and some oscillations in the experi-
mental spectra. The measurement error in 
phase and the noise from the environment 
could also cause the mismatch between the 
simulation and experimental results at high 
frequencies. The chiroptical response of the 
Miura-ori metamaterials for other folding 
angles and vertex angles can be found in the 
Supporting Information.

The microscopic origin of the chiroptical 
response in our Miura-ori metamaterials 
can be understood by the dipolar analysis 
(Figure 4). Split-ring resonators produce 
effective electric and magnetic dipoles at the 
resonance. The specific combination of the 
two dipoles, that is, parallel or antiparallel 
orientations with comparable magnitude, 
can induce strong chiral responses similar to 
natural chiral molecules.[45,46] To clarify the 

behavior of each split-ring resonator, we label the four parallelo-
grams of a Miura-ori unit with particular numbers (Figure 4a). 
For the unfolded Miura-ori pattern, the normal vectors of the 
facets are given by ˆ ˆn zi =  (i = 1, 2, 3, 4). The surface current 
distribution at the resonant frequency of 6.9 GHz is plotted 
in Figure 4b, when the electric field of the incident wave is 
polarized along the x-axis. The induced electric and magnetic 
dipoles of the four split-ring resonators can be expressed as 

ˆp p xi i=  and ˆm m zi i= , respectively. The two dipole moments of 
each resonator are orthogonal to each other and oscillate with a 
frequency-dependent phase difference. Specifically, the electric 
dipoles of the four resonators have identical orientations, while 
the direction of the magnetic dipole is highly dependent on 
the orientation of each split-ring resonator. This corresponds 
to the anti-symmetric modes.[47] The out-of-plane magnetic 
dipoles do not radiate electromagnetic waves in the z-direction 
and hence no chiroptical response occurs for the unfolded 
structure, consistent with the conclusion from the symmetry 
consideration.
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Figure 3. Experimental demonstration of the reconfigurable Miura-ori metamaterials.  
a) Photographs of the fabricated 2D Miura-ori pattern (middle panel) and the two enanti-
omers after positive (left panel) and negative (right panel) folding processes. b) Measured 
transmission spectra of an unfolded Miura-ori pattern with a dielectric substrate. c,d) Meas-
ured transmission spectra for enantiomer A and B with the folding angles of +45° and −45°, 
respectively. The insets show the photographs of single Miura-ori units. e) CD spectra of the 
two enantiomers calculated from (c) and (d).
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The situations are completely distinct for the folded pat-
terns. We take enantiomer A as an example with a folding angle 
of θ = 45°. After folding, the normal vectors of the facets are 
no longer along the same direction. Instead, they are given 

by 1
1 4

2
n

a a

a
= − ×

, 2
3 4

2
n

a a

a
= ×

, ,3
1 2

2
n

a a

a
= ×

 and 4
3 2

2
n

a a

a
= − ×

,  

respectively, where ai is the ith edge vector of the paral-
lelogram as illustrated in Figure 4c. At the first resonant 
frequency (mode 1), the incident electric field excites the 
anti-symmetric modes of the split-rings and the induced 

electric dipoles are given by 1 1
1 4p p

n a
a

= ×
, 2 2

2 4p p
n a

a
= ×

,  

3 3
3 2p p

n a
a

= − ×
, and 4 4

4 2p p
n a

a
= − ×

, as shown in Figure 4d. 

The induced magnetic dipoles, in contrast, are expressed as 
m m ni i i= . The total effective electric and magnetic dipoles 

are then obtained ˆ ˆ ˆeff eff , eff , eff ,p p p x p y p zi x y z∑= = + +  and 

ˆ ˆ ˆeff eff , eff , eff ,m m m x m y m zi x y z∑= = + + , respectively. It is notice-

able that at the first resonant frequency the in-plane compo-
nents of both the effective electric and magnetic dipoles are 
mainly oriented in the x-direction, especially when the magni-
tudes of dipoles are comparable in the four split-ring resona-
tors. The x components of the effective electric and magnetic 
dipoles are parallel with each other and this fact contributes to 
the strong right-handed chiral response, making the Miura-ori 
metamaterial less transparent for RCP waves. In addition, the 
facets of the Miura-ori patterns are no longer parallel with the 
incident magnetic field (Hy). Therefore, the magnetic responses 
of the split-ring resonators rise up and the strengths of the 

electric and magnetic dipoles are not exactly equal for each 
split-ring resonator. In particular, the normal component of 
the incident magnetic field is parallel to the magnetic dipoles 
in the second and the fourth split-ring resonators, and thus 
results in enhanced resonant responses. At the second resonant 
frequency (mode 2), the magnetic responses induced from the 
incident magnetic field are dominant and the in-plane effective 
dipoles are mainly oriented in the y direction (Figure 4e). Inter-
estingly, the y components of the effective electric and magnetic 
dipoles are now anti-parallel with each other and therefore the 
Miura-ori metamaterial shows a left-handed chiral response. 
Similarly, the strengths of induced dipoles are not identical for 
different split-ring resonators owing to the coupling of electric 
and magnetic responses. The animations of the surface current 
for modes 1 and 2 (corresponding to Figure 4d and 4e, respec-
tively) can be found in the uploaded videos, which offer a good 
visualization for the modes and induced dipoles.

An important feature of the Miura-ori metamaterial is its 
relative density, which can be substantially reduced by folding. 
This quantity is given by the ratio between the volumes before 
and after folding procedure[34]

sin
rel t

ab
HSL

ρ γ= ⋅  (1)

where t is the thickness of the metamaterial sheet, 
sin | sin |H a γ θ= ⋅  is the height of the vertex after folding, 

and 
cos tan

1 cos tan2 2
S b

θ γ
θ γ

= ⋅
+

 and 1 sin sin2 2L a θ γ= ⋅ −  are the 

center distances between neighboring split-ring resonators 
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in the x- and y-directions, respectively. The relative density of 
the Miura-ori metamaterial is plotted in Figure 5. The outer 
volume of the Miura-ori metamaterial is greatly increased 
during folding and therefore the relative density is dramatically 
reduced by several orders of magnitude. In particular, when the 
folding angle is 45° (or −45°), the relative density of the fab-
ricated sample (γ = 60°) reaches its minimum 0.0196rel

minρ = ,  
indicating that the 3D Miura-ori metamaterial can be 98% 
lighter than the planar metasurface before folding. In addition, 
increasing the vertex angle γ of the parallelogram can also effi-
ciently reduce the relative density (Supporting Information). 
This attractive feature is extremely useful to design lightweight 
and deployable metadevices for future applications.

In summary, we have proposed an origami approach to 
transform 2D metasurfaces to 3D metamaterials, which gives 
rise to folding-induced chirality in a continuously alterable 
manner. The deformation of the Miura-ori unit along the third 
dimension induces net electric and magnetic dipoles of split-
ring resonators parallel or anti-parallel to each other, leading to 
the strong chiral responses. The strong chiral resonance results 
in circular dichroism as large as 0.6 when the folding angle 
is 45°. The handedness of the Miura-ori chiral metamaterial 
is switchable by reversing the folding direction. Furthermore, 
the Miura-ori pattern of a rigid sheet has only one degree of 
freedom described by the folding angle, indicating that this 
metamaterial can be transformed into any desired shape and 
still preserves its folding motion. Importantly, the relative den-
sity of the Miura-ori metamaterial can be dramatically reduced 
during folding process and reaches its minimum of only 2% of 
that of a planar unfolded metasurface. In addition, the struc-
ture stiffness of this origami pattern can be greatly improved by 
either stacking individual Miura-ori sheets together or assem-
bling origami into coupled tubes.[34,39] These prominent fea-
tures of Miura-ori patterns provide a promising methodology 
to design lightweight, deployable, and portable metadevices 
that enable novel electromagnetic and mechanic functionalities 
simultaneously. Last but not least, due to the scaling properties 

of Maxwell’s equations, the design principle proposed here is 
scale-independent and can be easily extended to terahertz, 
infrared, and even optical frequencies. With the ongoing devel-
opment of the micromanufacturing techniques, such as shape 
memory alloys,[48] 4D printing,[49,50] and self-folding origami,[51] 
we expect that our work would open new avenues for creating 
shape-changing and switchable electromagnetic components 
for various applications in future optical engineering.

Experimental Section
Simulations: Full-wave electromagnetic simulations were performed 

using the commercial software of CST Microwave Studio 2014. In all 
simulations, unit cell boundaries were adopted along the x- and y-axes 
while open boundaries were defined in the z-direction. To simplify the 
simulation process, the folded Miura-ori patterns were considered in 
free space and the influence from the substrate that only slightly shifted 
the resonant frequency (see Figure 3b and the corresponding discussion) 
was ignored. Copper with a conductivity of 5.8 × 107 S m−1 was chosen 
as the metallic material to construct the split-ring resonators.

Microwave Measurement: The electromagnetic responses of Miura-ori 
metamaterials were performed in anechoic chamber using microwave 
broadband horn antennas and a vector network analyzer. To obtain 
the transmission coefficients of circularly polarized light, four linear 
co-polarization and cross-polarization transmission coefficients, i.e., txx, 
tyx, txy, and tyy, were measured. The transmission Jones matrix for circular 
polarization was then obtained from the following equation 

t t

t t

t t i t t t t i t t

t t i t t t t i t t

xx yy xy yx xx yy xy yx

xx yy xy yx xx yy xy yx
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where the first and second subscripts represent the incident and 
transmitted wave, L and R correspond to the LCP and RCP waves, and x 
and y represent the two linearly polarized waves with the electric fields 
polarized along two orthogonal directions.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5. Dependence of the relative density of the Miura-ori metamate-
rial on the folding angle θ. The relative density of the fabricated sample 
reaches its minimum when the vertex angle γ = 60°, which is 98% lighter 
than the planar metasurface before folding.
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