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Three-dimensional chiral materials with intrinsic chirality play a crucial role in achieving a strong chiral response
and flexible light manipulation. Reconfigurable chirality through the 3D morphological transformation of chiral
materials is significant for greater freedom in tailoring light but remains a challenge. Inspired by the unique 3D
morphological memory capability of shape memory alloys (SMAs), we demonstrate and discuss a chiral resonator
in the microwave regime that can realize reconfigurable chirality through 3D morphological transformation. The
introduction of heating film realizes voltage control of SMA’s morphology for utilizing the temperature sensitivity
of SMA better, enabling arbitrary control of circular dichroism (CD) flip and CD intensity. The qualitative and
quantitative analysis of the surface current distribution of chiral enantiomers reveals that the chirality of meta-
atoms originates from the surge of electric dipole px and electric quadrupole Q. It is worth mentioning that the
proposed strategy to achieve reconfigurable chirality using 3D morphological transformations can be directly
extended to other higher frequencies, such as visible, infrared, and terahertz bands. Significantly, our paradigm
to study the relationship between complex 3D morphology and chirality holds potential for application in bio-
sensing, spin detection, and spin-selective devices. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.480979

1. INTRODUCTION

Chirality, the property of an object that is asymmetrical to its
mirror image, plays an essential role in the chemical and bio-
medical fields. According to the Neumann–Curie principle
[1], chiral materials possess some intrinsically unique proper-
ties due to structural symmetry breakings, such as circular di-
chroism (CD) [2–5] and linear polarization rotation. Among
them, CD indicates that chiral materials can selectively absorb
or transmit left-handed circularly polarized (LCP) and right-
handed circularly polarized (RCP) electromagnetic (EM)
waves. Many natural substances possess very weak chirality,
such as DNA and proteins. Although most of their physi-
cal properties are identical, chiral objects and their enantiom-
ers may exhibit different optical characteristics. Metamaterials
are artificial materials designed to achieve a vast array of
new functions and phenomena that are often unattainable
with natural substances. A series of unique functions is
realized by metamaterials, including polarization conversion

[6–10], holography [11–14], and orbital angular momentum
[15–18].

Numerous metamaterials with strong chirality are also ex-
tensively studied to enhance the chirality. Usually, these meta-
materials exhibit two types of optical chirality: extrinsic [19,20]
and intrinsic [21,22]. Metamaterials with intrinsic chirality
exhibit optical chirality for EM waves in any incident direction.
In contrast, extrinsic chirality exists mainly in metamaterials
with non-chiral structures. When the light wave is obliquely
incident or tilted to the metamaterial, the system composed
of the non-chiral metamaterial and the wave vector of the in-
cident EM wave cannot coincide with its mirror image. Hence,
the symmetry is broken, and the whole system possesses extrin-
sic chirality and exhibits chiral optical properties. A metasurface
[23–25], the two-dimensional form of the metamaterial, usu-
ally possesses only extrinsic chirality and exhibits a planar chiral
optical response. Extrinsic chirality is usually caused by electric
dipole p and magnetic dipole m excited by the metasurface
and can be observed when p · m ≠ 0. Reconfigurable chiral
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metasurfaces in which active devices such as graphene [26,27]
and diodes [28] are introduced to achieve chirality strength
manipulation and chiral inversion have also been widely inves-
tigated. However, 2D metasurfaces exhibit weak and extrinsic
chirality due to the lack of design freedom along the z axis.
Therefore, 3D chiral metamaterials are used to achieve strong
and intrinsic chirality. Strong chirality can be obtained by de-
signing the morphology of 3D metamaterials to break the mir-
ror symmetry, and these structures include helices [29,30] and
twisted structures [31,32]. Simultaneously, the realization of
reconfigurable 3D chiral metamaterials is significant for the
real-time dynamic manipulation of chiral devices and can be
widely used for sensing and detection. However, there are fewer
strategies to achieve reconfigurable chirality of 3D metamate-
rials, the most widespread of which is the Kirigami/Origami
technique [33–35]. However, Kirigami/Origami mainly re-
quires the use of mechanical modulation, which is difficult
to achieve precise and independent manipulation of individual
unit cells.

Shape memory alloys (SMAs) [36,37], as a temperature-
sensitive 3D morphologically reconfigurable material, are an
excellent candidate for 3D reconfigurable chiral metamaterials.
SMA appears as martensite at low temperatures and austenite at
high temperatures. When the low-temperature martensite is
heated, the SMA returns to the high-temperature austenite
form, thus producing a transformation of the geometry. The
SMA then returns to the martensitic form by releasing internal
elastic energy during cooling. A nickel–titanium alloy [38,39] is
a type of SMA with the advantages of wear resistance and super
elasticity. Scientists have long recognized the enormous poten-
tial of SMA for scientific and engineering applications and have
used SMA in a wide range of applications in medicine [40,41],
architecture [42], aerospace [43], and robotics [44]. In addi-
tion, there is also a part of research to employ SMA for EM
devices [45–47]. However, it is challenging to achieve continu-
ous and fast modulation of SMA temperature in a natural envi-
ronment since SMA is sensitive to temperature.

Benefiting from the excellent 3D morphological memory
property of SMA, we propose and validate a paradigm of mor-
phologically reconfigurable 3D metamaterials with giant and
reconfigurable chirality, as shown in Fig. 1. One layer of volt-
age-controlled heating film (blue part of the meta-atom) is ap-
plied to the SMA to achieve continuous and fast shape
transformation of the SMA. A chiral enantiomer is formed ex-
actly when the SMA is bent along the �z direction and −z
direction, enabling chiral flipping, and the chirality of the
meta-atom is strongly and positively correlated with the abso-
lute value of the curvature of the SMA. The CD of the meta-
atom was investigated by analyzing the transmission spectra
and surface currents. The analysis of the surface currents also
demonstrates that the feeding lines introduced by the proposed
voltage-controlled strategy do not affect the chirality of the
meta-atom. Furthermore, the scattered power of different mul-
tipole moments was investigated using multipole decomposi-
tion. The underlying physical mechanism behind chirality is
revealed to lie mainly in the surge of electric dipole py
and electric quadrupole Q. Compared to complex 3D or multi-
layer fabricated chiral metamaterials, the controllable 3D

morphological transformation strategy offers additional degrees
of freedom for manipulating the spin of light in chiral meta-
materials. SMA-based chiral materials may enable many attrac-
tive and profound applications in tailoring polarization, spin
detection and selection, and biosensing.

2. RESULTS AND DISCUSSION

A. SMA-Based Chiral Metamaterial Design
An SMA sheet of 10 mm × 40 mm was fabricated and welded
on the top of the F4B substrate to achieve chiral inversion and
chiral strength modulation. Here, the relative permittivity of
F4B at 3.5 GHz [εr � 4.3�1–0.025j�] is used for simulation
since the relative permittivity of F4B is almost constant at 3–
4 GHz. The SMA sheet bends toward the −z axis at high tem-
perature and the �z axis at low temperature with the same
curvature; the curvature of the memory alloy sheet is temper-
ature sensitive. Next, two completely different L-shaped metal
patches were etched on each end of the SMA to break the mir-
ror symmetry about all planes, as shown in Fig. 2(a). Note that
the metal etched on the F4B substrate is copper with a thick-
ness of 0.035 mm, except for SMA, which is made of a nickel–
titanium alloy. Hence, the entire meta-atom is chiral when the
SMA is bent in the �z and −z directions, which exactly forms
the enantiomers (see Visualization 1). When the SMA does not
bend, i.e., when the curvature of the SMA is zero, the meta-
atom is mirror-symmetric about the xy plane, and the chirality
of the meta-atom disappears at this time. The SMA is temper-
ature sensitive, but continuous and rapid manipulation of am-
bient temperature is hard to achieve. Here, we adopt the
strategy of covering the SMA with a heating film, which is

Fig. 1. Schematic diagram of the voltage-controlled 3D reconfigur-
able chiral metamaterial. The SMA is covered with a 0.1 mm thick
insulating heating film, as shown in the blue part between the feeding
vias and the SMA. The DC voltage source adjusts the voltage loaded
on the heating film to achieve temperature control by detecting the
difference between the temperature of the SMA and the target
temperature.
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insulating and precisely controlled by the voltage. The heating
film is fabricated by printing brass onto a polyimide film. The
thickness of both brass and polyimide film is 0.05 mm, and the
power of the heating film is 3.5 W. Two feeding lines are
etched on the back side of the F4B substrate to supply voltage
to the heating film and are connected to the positive and neg-
ative terminals of the heating film through vias. Here, the feed-
ing lines have almost no effect on the chirality of the meta-atom
since it is symmetric and very thin, which will be demonstrated
in the subsequent discussion.

Next, the transmission coefficient of the meta-atom was si-
mulated using the finite element numerical simulation software
COMSOL Multiphysics. The boundary conditions along the x
direction and y direction are periodic, and the boundary con-
ditions along the z direction are open. It is evident that the
meta-atom exhibits strong spin-selective transmission at
3.4 GHz. The chiral enantiomers exhibit completely opposite
transmission effects under the same polarization incidence. For
instance, the meta-atom is completely transparent to LCP wave
incidence when the SMA’s curvature 1∕ρ � −0.1 but com-
pletely opaque when 1∕ρ � �0.1. Here, CD is introduced
to characterize the chirality of the meta-atom, and the CD
is defined by co-polarized transmission coefficients:
CD � jtRR j2 − jtLLj2 since the cross-polarized transmission

coefficients tLR and tRL are the same (see Fig. 7, Appendix B),
where tRR �tLL� represents the transmission coefficient of
the transmitted RCP (LCP) wave at the incidence of the
RCP (LCP) wave. The calculated CD spectrum is shown in
Fig. 2(b), and it is clear that the chirality of the meta-atom
is strongly correlated with 1∕ρ [48]. Visualization 2 shows the
dynamic change of CD with curvature. However, the correla-
tion between them is not strictly proportional.

B. Analysis of Chirality
In the subsequent content, the surface current distribution of
the meta-atom simulated in COMSOL can better help reveal
the underlying mechanism of chirality. Note that the red arrow
in Fig. 3 represents only the direction of the surface current,
and the intensity of the surface current is represented by the
color map. By comparing the surface currents at different cur-
vatures and different polarized wave incidences, it can be seen
that when the transmission of a certain polarization wave is
poor, the strong surface current is generated on the meta-atom
at the incidence of such polarized wave, as shown in Figs. 3(a)
and 3(f ). When 1∕ρ � �0.1, the surface currents formed at
the connection of SMA and arm I and at the corner of arm II
are the strongest under RCP wave incidence. The surface cur-
rent formed on arm I is along the �y direction, while the

Fig. 2. Schematic diagram of the meta-atom and its transmission spectrum. (a) Schematic of the meta-atom; the optimized parameters are
p � 48 mm, l 1 � 39 mm, w1 � 10 mm, l2 � 15 mm, w2 � 2 mm, l3 � 16 mm, w3 � 3 mm, l4 � 12 mm, w4 � 3 mm,
w5 � 2.5 mm, k � 0.2 mm, h � 1 mm. (b) CD spectrum varying with SMA’s curvature and frequency; transmission spectrum varying with
SMA’s curvature and frequency under (c) RCP and (d) LCP wave incidence. The positive (�z direction) or negative (−z direction) curvature
indicates only the curving direction of SMA.
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surface current on arm II is along the −x and −y directions, so
the electric dipole along the y direction is cancelled, and strong
electric dipole px is formed in the x direction. The upward loop
current is formed on the curved SMA, which generates strong
electric dipole pz in the z direction since the y component of the
loop current is cancelled. Simultaneously, magnetic dipole mz
along the z direction is formed at the connection of SMA and
arm I and the corner of arm II. Magnetic dipole mx along the
x direction is formed at the bent SMA. However, the magnetic
dipoles generated are small since there is no closed-loop surface
current. The intensity and direction of the electric field on the
two cut surfaces of the meta-atom and the surface electric field
intensity of the metal parts are given in Fig. 3(g). Apparently,
there are four positions where the electric field strength is
strongest and can be equated to the source and sink of the elec-
tric field. In other words, these four locations can be equated to
two positive and two negative charges, as shown in Fig. 3(g).
Hence, these two pairs of charges form electric quadrupole Q.
Here, toroidal dipole T and magnetic quadrupoleM are almost
non-existent because of the weak magnetic dipole, and it is

difficult to form a circular magnetic dipole. Therefore, the
meta-atom forms strong electric dipoles pz and px , magnetic
dipole mz , and electric quadrupole Q when 1∕ρ � �0.1
under RCP wave incidence. Note that higher-order multipole
moments are not considered here because their scattered
powers are usually extremely weak. When 1∕ρ � �0.1, the
intensity of the surface current excited by LCP wave incidence
is extremely weaker than that excited by RCP wave incidence,
which indicates that the designed meta-atom is transparent to
the LCP wave but opaque to the RCP wave. Simultaneously,
the direction of the surface current excited by LCP wave
incidence is exactly opposite to that excited by RCP wave in-
cidence. Hence, the strongest multipole moments excited
under LCP wave incidence are also pz , px , mz , and Q, but they
are all very weak in energy.

In the following, the surface current when the meta-atom
chirality disappears at 1∕ρ � 0 is analyzed. Apparently, the sur-
face currents excited by RCP wave incidence and LCP inci-
dence are almost identical, which indicates the disappearance
of the spin selectivity of the meta-atom. The surface currents

Fig. 3. Surface current distribution when (a) 1∕ρ � �0.1, (b) 1∕ρ � 0, and (c) 1∕ρ � −0.1 under RCP wave incidence; surface current dis-
tribution when (d) 1∕ρ � �0.1, (e) 1∕ρ � 0, and (f ) 1∕ρ � −0.1 under LCP wave incidence. Electric field distributions (logjEj10 ) around a meta-
atom under (g) RCP wave and (h) LCP wave incidence. Note that the surface currents given are obtained from the simulation with the feeding lines,
but the surface currents on the feeding lines are not given here for clarity.

376 Vol. 11, No. 3 / March 2023 / Photonics Research Research Article



are disordered when 1∕ρ � 0, but mainly along the y direction,
thus forming an electric dipole along y direction py. Next, it can
be seen that the surface current when 1∕ρ � −0.1 is exactly
opposite to the surface current when 1∕ρ � �0.1. The surface
current excited under LCP wave incidence is strongest when
1∕ρ � −0.1. Similarly, the curved SMA forms a strong pz ,
and the y direction surface currents on arm I and arm II cancel,
resulting in a stronger px and weaker py. As mentioned previ-
ously, m, T, and Q are also weak in this case. The electric field
distribution shown in Fig. 3(h) indicates there also exist four
positions with strong electric field intensity and form two pairs
of sources and sinks. Hence, strong electric quadrupole Q is
also formed at this time. Here, the most significant multipole
moments excited under LCP wave incidence are pz , px , py, and
Q when 1∕ρ � −0.1.

In the subsequent content, the influence of the feeding lines
on the chirality of the meta-atom will be discussed. Here, only
the case when 1∕ρ � �0.1 is discussed as an illustration, while
the case when 1∕ρ � −0.1 is similar. In the design, the feeding
lines are symmetrical and thin to minimize the effect of the
feeding lines on the chirality of the meta-atom. In this case,
the surface currents excited under RCP incidence in y direction
feeding lines are in opposite directions. Therefore, the excited
electric dipole moments also cancel out. In addition, the surface
currents on x direction feeding lines are opposite and therefore
do not excite dipoles. Overall, the surface current excited on the
feeding lines does not contribute to the dipole of the meta-
atom. Simultaneously, the strong surface currents on the feed-
ing lines are excited with both RCP incidence and LCP wave
incidence, as shown in Figs. 4(c) and 4(d). Hence, the feed-
ing lines have the same interaction for both RCP and LCP
waves. As a verification, we give the transmission coefficient
of the meta-atom with and without feeding lines when
1∕ρ � �0.1, as shown in Fig. 8(b). By comparison, it is
found that the feeding lines do not affect the chirality of

the meta-atom, but the strong surface current excited by it will
affect the resonant frequency of the meta-atom.

Furthermore, the scattering powers of multipole moments
excited at the incidence of RCP and LCP waves were calculated
separately to verify the above qualitative analysis. Here, the
multipole decomposition is performed to quantify their contri-
bution. The scattered power of the multipole moments can be
obtained by integrating over the charge density ρ�r, t� in the
Cartesian coordinate system. Here, the charge density ρ�r, t�
and current density J �r, t� satisfy the continuity equation
[49]

∂ρ�r, t�
∂t

� div J �r, t� � 0. (1)

By integrating the surface currents, the scattered power of
the multipole moment can be obtained by [49–51]

I � 2ω4

3c3
jPj2 � 2ω4

3c3
jM j2 � 4ω5

3c4
�P · T � � 2ω6

3c5
jT j2

� ω6

5c5
X

jQαβj2 �
ω6

40c5
X

jMαβj2 �
2ω6

15c5
�M · hR2

M i�

� o
�
1

c5

�
: (2)

The terms of the equation represent, in order, electric dipole
(charge) and magnetic dipole scattering, interference between
electric dipole and toroidal dipole, toroidal dipole scattering,
scattering of electric quadrupole and magnetic quadrupole,
and further corrections caused by interference between mag-
netic dipole and the first-order mean square radius of the mag-
netic dipole distributions. The third and last two terms are
several orders of magnitude lower than the other terms and
are therefore ignored. More calculation details are shown in
Appendix A. The quantitative results of the calculations are
shown in Fig. 5, which matches well with the qualitative analy-
sis discussed above. It can be seen that multipole moments with
dominant scattered power excited at RCP wave incidence are
pz , Q, px , and mz when 1∕ρ � �0.1, as shown in Fig. 5(a).
However, pz and mz do not contribute to the transmission of
the meta-atom since the EM waves are incident along the �z
axis. Hence, electric quadrupole Q and electric dipole px play a
dominant role. Simultaneously, it is noted that the power scat-
tered by multipole moments at LCP wave incidence is
extremely small compared to that at RCP wave incidence,
which is caused by the weak surface current. By comparing
the scattered power of multipole moments at 1∕ρ � �0.1
and 1∕ρ � −0.1, the two cases are exactly opposite. When
1∕ρ � −0.1, the power scattered by multipole moments at
LCP wave incidence is maximum, and also Q and px play a
dominant role, as shown in Fig. 5(f ). When the meta-atom
is in the non-chiral state, the powers scattered by multipole mo-
ments are the same under both polarization incidences. Electric
dipole py plays a dominant role and deteriorates the transmis-
sion of both RCP and LCP waves, which coincides with the
qualitative analysis. More analysis of Q can be found in
Appendix D. In conclusion, quantitative multipole decompo-
sition shows that the chirality of the meta-atom lies with a dif-
ferent response to CP waves with different spins, resulting in

Fig. 4. Surface current distribution. The surface current direction
under (a) RCP wave incidence and (b) LCP wave incidence. The sur-
face current intensity under (c) RCP wave incidence and (d) LCP wave
incidence.
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strong dichroism. Here, the surge of scattered power of electric
quadrupole Q and electric dipole px leads to a strong chirality of
the meta-atom.

3. EXPERIMENT AND VERIFICATION

To further validate our design, the F4B substrate was fabricated
by commercial printed circuit board technology, and SMA was
welded on the F4B substrate. As shown in Fig. 6(a), the size of
the prototype is 288 mm × 310 mm, and two feeding lines are
located at the two ends of the array and are used as positive and
negative poles. By setting the target temperature, the heating
film can heat the SMA and dynamically adjust the voltage
loaded on the heating film through the feedback mechanism
of the temperature controller to achieve precise and stable con-
trol of the SMA temperature. Here, the time taken to bend the
SMA from the�z axis to the −z axis is 21 s, and the consumed
time of a bent SMA that recovers to its initial state is 159 s. The
time response of the SMA can be improved by lowering
the phase transition temperature and increasing the power of
the heating film. The fabricated prototype is placed between
a pair of S-band CP horn antennas in the microwave chamber
to test transmission performance. Note that the S-band CP
horn antenna can transmit and receive LCP and RCP waves,
respectively, through a different subminiature version A (SMA).
Two ports of Agilent’s vector network analyzer (VNA) E8363B

are connected to the CP horn antennas, which are used as a
transmitter and a receiver. The transmission coefficients of
LCP and RCP waves were tested when the meta-atom was
in two strong chiral states and a non-chiral state, respectively.
The flipping of the CD and the arbitrary control of the CD
strength are realized by setting different temperatures, and
the test results are shown in Figs. 6(b)–6(d), which indicates
that the measurement results coincide well with the simula-
tion results. However, the resonant frequency is shifted, which
may be because of the following reasons: (1) the dielectric
constant of F4B used for processing is different from that
used in simulation; (2) the curved SMA is not strictly circular.
More measurement results are shown in Figs. 8(c) and 8(d),
Appendix C.

4. CONCLUSION

In conclusion, we have experimentally demonstrated an SMA-
based strategy for achieving reconfigurable intrinsic chirality
through 3D morphological transformations, which is promis-
ing in reconfigurable optical meta-devices. The giant and re-
configurable chirality of the meta-atom is achieved by
curved SMA, and the simulation results are in good agreement
with the experimental results. The direction and degree of SMA
bending make the meta-atom exhibit distinct transmissions for
LCP and RCP waves, enabling the CD to switch arbitrarily

Fig. 5. Amplitudes of the power scattered by multipole moments. Power scattered by multipole moments under RCP wave incidence when
(a) 1∕ρ � �0.1, (b) 1∕ρ � 0, and (c) 1∕ρ � −0.1. Power scattered by multipole moments under LCP wave incidence when
(d) 1∕ρ � �0.1, (e) 1∕ρ � 0, and (f ) 1∕ρ � −0.1.
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between −1 and �1. The underlying physical mechanism of
chirality was revealed through detailed analysis of excited
electric dipole, magnetic dipole, and electric quadrupoles.
The broadband chiral response can be achieved by introducing
more resonant frequencies through adding symmetry-breaking
structures. However, SMAs inevitably introduce losses at
higher frequencies, which decrease the strength of CD and
weaken the chirality of the meta-atom. The proposed strategy
is simple, robust, actionable, and controllable in real time,
which may be extended to terahertz and optical systems.
Encouragingly, the proposed strategy holds promise for
applications in areas such as biosensing and spin detection
and selection.

APPENDIX A: CALCULATION OF SCATTERED
POWER OF MULTIPOLE MOMENTS

The scattered power of multipole moments can be represented
in the Cartesian coordinate system as follows [3]:

electric dipolemoment: Pα �
Z

d3rρrα �
1

iω

Z
d3rJα,

(A1)

magnetic dipole moment:M α �
1

2c

Z
d3r�r × J �α, (A2)

toroidal dipole moment: T α �
1

10c

Z
d3r��r · J �rα − 2r2Jα�,

(A3)

electric quadrupole moment:

Qα,β �
1

i2ω

Z
d3r�rαJβ � rβJα −

2

3
δα,β�r · J ��, (A4)

magnetic quadrupole moment:

M α,β �
1

3c

Z
d3r�r × J �αrβ � �r × J �βrα, (A5)

where c is the speed of light, r is the distance vector from the
origin to point (x, y, z), J �r, t� is the current density, and α,
β � x, y, z.

APPENDIX B: TRANSMISSION SPECTRUM OF
CROSS-POLARIZED COMPONENTS

The transmission spectrum of cross-polarized components (tLR
and tRL) is same, as shown in Fig. 7. The transmission coef-
ficient of cross-polarization can reach a maximum of 0.5, when
the chirality of the meta-atom is also the weakest. Hence, cross-
polarized transmission coefficient does not reflect the chirality
of the meta-atom.

Fig. 6. (a) Measurement setup. Simulated and measured transmission performance under LCP and RCP waves incidence when (b) 1∕ρ � −0.1,
(c) 1∕ρ � 0, and (d) 1∕ρ � �0.1.
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APPENDIX C: RELEVANT RESULTS OF
EXPERIMENTS AND SIMULATIONS

The time response of the metasurface is ultimately reflected in
how fast the SMA’s curvature changes. Here, a figure is given to
depict the variation of the SMA’s curvature with time to reflect
the system’s dynamics, as shown in Fig. 8. The factors that in-
fluence the curvature change during the heating (high voltage)
process are the phase transformation temperature of the mar-
tensite and austenite of SMA, the ambient temperature, and the
power of the heating film. The most dominant factor is the
power of the heating film, which is controllable. The factors
that influence the curvature change during the cooling (zero
pressure) process are the phase transformation temperature

of the martensite and austenite of SMA and the ambient tem-
perature. These two factors are both very difficult to change, so
the time spent in the cooling process is much more than the
time spent in the heating process. Also, the time response of the
metasurface can be improved by lowering the phase transition
temperature and increasing the power of the heating film.

APPENDIX D: ELECTRIC QUADRUPOLE
MOMENT AND ITS COMPONENTS

Qii denotes the contribution of the charge system distributed
on the i axis to the electric quadrupole, where i � x, y, z. Qij
denotes the contribution of the charge system distributed in
the ij plane to the electric quadrupole, where i � x, y, z.

Fig. 8. (a) SMA’s curvature varies with time. (b) Transmission coefficient of the meta-atom with and without feeding lines. Simulated and
measured transmission performance under LCP and RCP waves incidence when (c) 1∕ρ � −0.4 and (d) 1∕ρ � �0.4.

Fig. 7. Simulated transmission spectra of (a) tLR and (b) tRL vary with frequency and curvature.
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Here, each component of electric quadrupole Q contributes to
the transmission of EM waves. Qyy and Qyz are the dominant
components, as shown in Fig. 9.
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