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We propose a switchable filter composed of transmutable array using shape memory
alloys (SMA). It could exhibit a temperature induced morphology change sponta-
neously like the biological excitability, acting as a shutter that allows the incident
energy to be selectively transmitted or reflected with in excess of 12dB isolation
at the certain frequencies for both polarizations. Equivalent circuit models describe
the operational principle qualitatively and the switching effect is underpinned by
the full-wave analysis. A further physical mechanism is shown by contrasting the
distributions of electric field and surface current on the surface at the same fre-
quency for the two working modes. The experimental results consist with the the-
oretical simulations, indicating that the metasurface could serve as one innovative
solution for manipulating the electromagnetic waves and enlighten the next genera-
tion of advanced electromagnetic materials with more freedom in the processes of
design and manufacturing. © 2017 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5006052

I. INTRODUCTION

Metamaterials are an engineered class of materials which exhibit properties not typically found
in nature. The term metasurface has been introduced as a description for metamaterials consisting of
periodic arrays of scatterers or apertures which form a surface much thinner than the design wave-
length,1–7 such as frequency selective surface (FSS) which is recognized as the foundation of the
field of metamaterials has been widely used in the microwave and optical domains for decades due
to its functionality of spectral selectivity.8–12 Compared with the conventional FSS, the frequency
response of a switchable filter can be varied with time under the control of active devices incor-
porated into the unit cells, such as PIN diodes13–16 and microelectromechanical systems (MEMS)
switches,17,18 or by utilizing a ferrite,19 liquid crystal20 or elastomer21 as the substrate. However,
all the attempts exhibit unavoidable drawbacks including insertion losses, pass-band fluctuations,
unwanted resonances, high cost, complexity of the fabrication and lack of the design flexibility.
Another kind of method is the use of structurally reconfigurable metamaterials,22–24 but the pre-
vious works are operated under extreme temperatures and the modulation depths are not good
enough. So there exist great demands for a superior performance and high efficient switchable spatial
filter.

In the natural world, many animals display dramatic change of hue and brightness derived from
astonishingly intricate three-dimensional biomaterials whose morphologies could vary naturally with
a proper stimulation from the outer environment.25–28 Inspired by the changeable structure color and
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the excitability of living organism, we design and fabricate a contrasting class of switchable spatial
filter based on a transmutable metasurface using SMA. The meta-cell could convert its morphology
from one geometrical shape to the other spontaneously during the variation of ambient temperature
just as the organism responds to the external stimulation, which enables the metasurface to be either
transmissive or reflective at the frequencies of interest, setting us free from the bondages of active
devices and diverse substrates. We use the equivalent circuit models to predict the electromagnetic
behavior of the surface and the switchable capability is demonstrated by full-wave analysis. A sat-
isfactory agreement between the experimental and numerical transmission curves is obtained, and
the part of discussion could serve as a basic study for the effect of array restructure on a reconfig-
urable metasurface. Furthermore, the highly controllable mechanism of engineering and manipulating
the transmission characteristic of the transmutable metasurface will be a valuable reference for the
application in engineering development.

II. MODEL DESIGN AND ANALYSIS

For ensuring the transmission characteristic of the surface to be identified easily and processing
conveniently, we choose the derivatives of circular loop aperture element as the unit cells and propose
the design concept by introducing the equivalent circuit models which enable us to synthesize the
transmutable array from system level performance indicators without having to analyze in detail the
behavior of each unit cell in combination with its neighbors.

When the unit cell consists of a circular aperture element as shown in Fig. 1(a), the surface can
be deemed as composed of infinitely long bars in the vertical direction leading to the inductance L1

across an equivalent transmission line for TE polarization. The horizontal bars will act like capaci-
tors primarily in parallel with the inductors and will not generate horizontal inductances. However,
Fig. 1(a) shows an inductive element because the equivalent capacitance C0 is too small to produce
a valid resonance with high quality factor of the parallel circuit. If we put a disk inside the aper-
ture as shown in Fig. 1(b), the unit cell becomes a circular loop aperture element which owns the
large capacitance C1 and raises the quality factor of the parallel resonant circuit. The transmission
characteristics of the two elements will not change for TM polarization due to the symmetry of their
structures. When the disk connects to the right edge of the aperture with a strip, its shape becomes
similar to the biological tentacle and the equivalent circuit model can be thought of as two different
transmission line circuits corresponding to TE and TM polarization respectively as shown in Fig. 1(c)
and Fig. 1(d). For TE polarization the equivalent circuit model is the same to Fig. 1(b), but for TM
polarization the strip converts the region of existing capacitance C1 to approximate inductance L2

and out of the connection still remain capacitors with smaller capacitance C2. The surface impedance
in Fig. 1(d) is following the Eq. (1) that provides two resonant frequencies contrary to the case of TE
polarization with one pole of the Eq. (2), the lower resonant frequency is mostly determined by L1

and C1 which own the larger values, whereas the higher resonant frequency mainly depends on the
smaller inductance L2 and capacitance C2. Because of the huge differences between C1 and C2, L1

and L2, the two resonant frequencies are separated by great distance in the transmission spectrum, so
we have to consider the onset of grating lobes for TM polarization. The frequency fg where a grating
lobe is encountered under normal incidence is determined by Eq. (3),9 the grating lobe indexes (k, n)
which satisfy the Eq. (3) are those values different from (0,0), Dx and Dy denote the element spacing

FIG. 1. Equivalent circuit model for TE polarization of (a) circular aperture element, (b) circular loop aperture element,
(c) shorted circular loop aperture element and for TM polarization of (d) shorted circular loop aperture element.
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in the X direction and Y direction respectively.

ZTM =
−2jω3L1L2C2 − jω3L1L2C1 + jωL1

2ω4L1L2C1C2 − 4ω2L2C2 − 2ω2L2C1 − ω2L1C1 + 2
, (1)

ZTE =
2jωL1

4 − ω2L1C1
, (2)

(
k

c
fg · Dx

)2

+

(
n

c
fg · Dy

)2

= 1. (3)

Qualitative analysis from the equivalent circuit models imply that we could modify the transmis-
sion characteristic of the surface by switching the morphology of the unit cell between two different
geometrical shapes corresponding to the transmissive mode and the reflective mode respectively as
depicted in Fig. 2: if the tentacle stretches out of the aperture for TE polarization, the morphology of
the unit cell will convert from the transmissive structure of resonant element to the reflective structure
of approximately inductive element, which leads to a great change in transmission characteristic of
the surface; when switching in the same way for TM polarization, it will have a huge influence on the
lower resonant frequency because the large distance bring about a small capacitance paralleled with
the horizontal bars as previously mentioned, meanwhile the values of C2 and L2 will also change
due to the variation of spatial relationship between the tentacle and the vertical bar on the right side,
which results in the drift of the higher resonant frequency accordingly. What is said above indicates
the operational principle of the workable model.

For getting a vivid illustration of the behavior of the equivalent circuit models, full-wave analysis
of the metasurface is performed. A three-dimensional view of the unit cell structure is shown in
Fig. 3(a) including the design parameters. Fig. 3(b) shows that the transmission characteristic of
the metasurface highly depends on the morphology of the unit cell under normal incidence for both
polarizations, demonstrating the consequences predicted by the equivalent circuit models. When the
tentacle stays in the aperture of the surface and α=180◦ for TE polarization, the unit cell becomes
a resonant structure composed of the shorted circular loop aperture element that could transmit
the energy impinging on it at 23.3GHz and exhibit a small transmission loss of less than 0.3dB;

FIG. 2. Operational principle of the model: morphology switching between two different elements.

FIG. 3. (a) 3D schematic of the unit cell, where Dx=Dy=10mm, d=0.3mm, w=0.5mm, R=2.3mm and r=2.1mm, the impinging
plane wave propagates along Z direction. (b) Frequency response obtained from full-wave simulation with different values of
α for both polarizations.
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when the tentacle stretches out of the aperture and α=120◦, we obtain an embossed reflector with
a good isolation of more than 12dB from transmissive mode at the original resonant frequency,
certifying the signal rejection in the mentioned frequency band. For TM polarization we verify that
the surface has the ability of switching at 11.1GHz but suffers a failure at 30GHz where we see
the grating lobe as predicted by Eq. (3) no matter what the value of α is. Thus take no account of
the invalid dual-band switchable filter, we develop a new type of freestanding switchable band-pass
filter using a thin self-supporting and air-spaced metasurface composed of the transmutable array,
in which the transmittance can be switched at 23.3GHz for TE polarization and at 11.1GHz for TM
polarization.

III. FABRICATION AND EXPERIMENTAL VERIFICATION

An experimental verification should be accomplished to show the effectiveness and feasibility
of the described model. The selection of fabrication material is implemented as the first step of the
manufacture and the ideal material for the metasurface should contain the following features: high
conductivity, transforming the shape spontaneously with external stimulation and compatibility with
existing fabrication processes. The material chosen to meet these requirements is SMA with the two
way shape memory effect (TWSME). It refers to the reversible and spontaneous shape change of
materials which could exhibit a geometrical shape at high temperature phase (austenite) and another
shape at low temperature phase (martensite).29 This uncommon behavior is not intrinsic to SMA but
an induced phenomenon through thermal treatment and training, and what is involved in both kinds
of phenomena is either transformation between martensite and austenite.30

The specimen of 300mm×300mm×0.3mm in dimension is spark cut from the plate of sin-
gle crystal after hot-rolled and cold-rolled with a nominal composition of copper(69.61wt.%), zinc
(25.7wt.%), aluminum(3.81wt.%), nickel(0.8wt.%), lanthanum(0.04wt.%) and cerium(0.04wt.%),
the aforementioned shorted circular loop aperture element is realized by machining operation.31–33

Thermal treatment could be described as follows: the specimen is heated at 850◦C for 30min in
vacuum followed by oil quenching at 25◦C rapidly, afterwards quenched into the silicon oil at 150◦C
for 30min, and finally quenched into the water at 50◦C for 15min.31 Thus we find the values of
characteristic temperatures at stress free state: Ms=64◦C, M f =52◦C, As=58◦C, Af =70◦C. Ms, M f , As

and Af represent martensitic transformation start and finish temperature and austenite transformation
start and finish temperature respectively, the temperature hysteresis MT=Af �Ms=6◦C.

The specimen is trained in bending the tentacles according to the procedure known as “thermal
training under constrain”.34–36 Firstly, heating the surface higher than 70◦C to the high temperature
phase with electric heaters then bend the tentacle of each unit cell out of the aperture slowly to the
deformation position where the value of α is about 110◦; secondly, sustain the morphology with
stress as cooling it to room temperature; thirdly, unload the stress and the tentacles will spring back
slightly; at last reheating the surface to the high temperature phase and the tentacles continue to move
spontaneously in the same direction until the value of α is about 170◦ for shape recovery. Repeat the
above steps 8 times.

By this means the transmutable metasurface achieves a reversible and macroscopic shape
change depending on temperature without any additional mechanical loading, as the living organism
responses to the stimulation of ambient environment: when the specimen is heated over 58◦C, the
meta-cells start to draw back their tentacles and recover to the heating morphology until the temper-
ature is higher than 70◦C, then the value of α is about 170◦ that we could put a clip on the tentacles
easily as shown in Fig. 4(a), the whole process takes less than five seconds and the response time
highly depends on the distance between the electric heaters and the specimen; after the temperature
of the specimen drops below 64◦C, the meta-cells set about stretching out their tentacles to push away
the clip corresponding to the cooling morphology and at last the value of α is about 120◦ at room
temperature as shown in Fig. 4(b).

As shown in Fig. 5, the measurement is carried out in a microwave anechoic chamber using
two horn antennas connected by a vector network analyzer, a microwave absorber on every side of
the specimen is set to minimize the measurement errors, two electric heaters are used for heating
the specimen to assure the temperature is high enough. Fig. 6(a) shows the marvelous ability of
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FIG. 4. The morphologies of the metasurface with external stimulation of (a) high temperature and (b) low temperature.

FIG. 5. The experimental setup for measurement in the microwave chamber, which includes a couple of antennas, two electric
heaters and the tested metasurface.

FIG. 6. Comparison between measurement and simulation for two working modes under (a) TE polarization and (b) TM
polarization.

switching for TE polarization: when heating the specimen to the high temperature phase we find that
the pass-band is centered at 23.5GHz with a small insertion loss of 0.47dB; if we stop heating and
the temperature of the specimen drops down enough, more than 12dB attenuation will be observed at
the original resonance frequency. For TM polarization the peak value is -0.99dB at 12.3GHz and we
get an even better isolation of 15.5dB between two working modes as shown in Fig. 6(b). The curve
trends of measurements and simulations are similar with each other for the same working mode, some
slight frequency deviations may be ascribed to the manufacturing tolerance of the unit cell and the
disparity of bending angle of the tentacles produced in the training process. Besides, the dimension
of the specimen is fixed while being set as infinite periodic structure in simulation. However, this
experiment confirms the reliable and efficient performance of the metasurface.
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IV. DISCUSSION

To better understand the impact of morphology switching of the unit cell on the transmission
characteristic, we can gain some insight into the variations of the electric field strength and surface
current distribution on the surface at resonance frequency as shown in Fig. 7 and Fig. 8 when the value
of α is different for both polarizations. The color map indicates the gradient electric field distributions
and the arrows represent the directions of the surface currents during half cycle.

For TE polarization, at 23.3GHz there are strong electric fields distributing on the edges of
the gaps at the top and bottom of the aperture when the tentacle stays in the aperture as shown
in Fig. 7(a), that is because the maximal surface current is induced around the two flanks of the
shorted circular loop aperture and flows along the edges of inner disk and outer bars in the opposite
directions as show in Fig. 7(c), which results in the conspicuous charge accumulation in the capacitors
derived from the gaps aforementioned. It predicts that there will be significant changes in the electric
field distribution and the transmission spectrum if we can modify the distribution of surface current
on the patterned surface. Then, by morphology switching the surface current declines significantly
along the flow direction as shown in Fig. 7(d) at the same frequency, the reduction of the surface
current weakens the charge accumulation and thus the electric field strength as shown in Fig. 7(b)
as anticipated, and another profound consequence is that the variation of surface current distribution
on the surface destroys the original resonance, leading to an obvious descent of the transmittance at
the initial resonant frequency when the value of α is 120◦. That means the peak of the transmission
spectrum is corresponding to the emergence of the maximal surface current on the surface, hence we
can manipulate the transmission characteristic of the metasurface by transforming the morphology
of the unit cell and then altering the surface current distribution on the metal structure.

FIG. 7. Distributions of the electric fields (a, b) and surface currents (c, d) for TE polarization under normal incidence when
α=180◦ (a, c) and α=120◦ (b, d) at 23.5GHz.
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FIG. 8. Distributions of the electric fields (a, b) and surface currents (c, d) for TM polarization under normal incidence when
α=180◦ (a, c) and α=120◦ (b, d) at 11.1GHz.

For TM polarization, the change rules of the electric field strength and surface current distribution
on the surface at 11.1GHz are similar to that of TE polarization when the value of α is different
as shown in Fig. 8. From the above descriptions we get a deeper understanding of the switching
mechanism of the transmutable metasurface.

V. CONCLUSION

Here, we report on the design, fabrication and measurement of a dynamic switchable spatial
filter based on a transmutable metasurface with significant improvements in performance and design
flexibility. The metallic tentacles of the metasurface could stretch out as well as shrink back in accor-
dance with our expectation by applying a suitable variation range of ambient temperature, which
results in the changes of the surface current distribution on the metal structure and the transmittance
of the surface. Numerical data, both from simulations and measurements, are presented to validate
that the switchable attenuation of more than 12dB will occur at disparate frequencies for different
polarizations when the two different morphologies of the meta-cell convert to each other alternately.
This paper presents a flexible paradigm for manipulating the spectral response of switchable meta-
surface without using any form of active devices or substrates, opening up new design concept for
realizing high efficient reconfigurable metasurface over an ultra-wide frequency range.
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