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HIGHLIGHTS

« Composes by two groundless
metasurfaces.

« Switchable between 96.5%
absorptivity and 81.33% reflectivity at
10.5 GHz.

« Transmission enhancement ratio of
11.02 dB for opposite direction EM
wave at 5.9 GHz.

« Side thermal compression shape
memory alloy spring as moving
mechanism.
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ABSTRACT

Metasurfaces are two-dimensional (2D) artificial electromagnetic (EM) materials comprising subwave-
length periodic or non-periodic arrays of resonator elements. Multi-functional metasurfaces have shown
magnificent potentials for many applications, including wireless communication, radar systems, and
security. EM functions of metasurfaces can generally be switched or controlled by electrical or optical
components, but these conventional tuning technologies suffer from complexity, high cost, and design
limitations for large scales and function integration. Therefore, this paper proposes a novel thermal-me-
chanical anisotropic metasurface to provide multiple functionalities through mechanical transformation
due to thermal stimulus on two shape memory alloy actuators, switching EM functionality between
absorption and reflection. The absorptivity and reflectivity at 10.5 GHz are 96.5% and 81.33%, respec-
tively. It consists of the motional metasurface and stational metasurface where mechanical transforma-
tion is achieved by the motional metasurface. In addition to the mechanical transformation, its function is
switched depending on incident EM wave direction due to anisotropy that could achieved the transmis-
sion enhancement in ratio of 11.02 dB at operation frequency 5.9 GHz in opposing excitation. The pro-

posed idea is numerically and experimentally demonstrated and discussed.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metamaterials are artificial composite structures with electro-
magnetic (EM) properties derived from the arrangements of the
subwavelength building block of the array of resonator elements
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rather than the compositions of the natural materials [1-3].
Metamaterials have attracted strong research and industrial atten-
tion due to their unique EM properties and can be constructed
using various types materials to achieve multiple properties and
functionalities. Consequently, many metamaterials, metadevices,
and metasurfaces have been explored, including invisible cloaks
[4-6]. super lenses [7,8], polarization converters [9,10], radar cross
section (RCS) reduction [11-13], holography [14,15], beam
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deflection [16,17], and analog computation [18,19]. As a counter-
part of three-dimensional (3D) metamaterials, Metasurfaces are
two-dimensional (2D) planar has overcame with several chal-
lenges of its construction to reduce complication, bulky, lossy,
large-scale manufacturing, and integration with other devices.

Tunable or reconfigurable metasurfaces have received strong
research attention due to their multi-functionality compared with
passive structures [20-26]. Several research groups have proposed
techniques and methodologies to create tunable or EM functions
switching metasurfaces. Active metasurfaces, i.e., their EM func-
tionalities can be electrically controlled by external stimuli, are
mainly used for high-speed applications, where they are com-
monly integrated with active electrical components including tran-
sistors, varactors, and PIN diodes, to create self-switchable,
programmable, and/or self-adaptive reprogrammable metasur-
faces, i.e.,, smart or intelligent metasurfaces [27-32]. However,
smart metasurfaces require considerable an enormous among of
active components, which are required DC power consumption
and biasing network, and other controlling systems, including sen-
sors and microcontroller units, to sense and adjust their working
functionality. On the other hand, several advanced material tech-
nologies have been shown its potential in speedy switch and high
ratio tune EM function, e.g. vanadium dioxide (VO,), liquid crystal,
and graphene [33,34]. However, these technologies still remain
costly and require basing network [35].

Mechanical devices have been widely studied recently to reduce
complexity and achieve simple tuning or switching mechanisms
[36-39]. For example, origami based metal walls with mechani-
cally controlled EM absorption magnitude and deflection angle
have been proposed [40], using shape memory polymer (SMP)
smart material as a simple tuning mechanism; a spatial modula-
tion metasurface was recently proposed to simultaneously realize
beam splitting and steering between left and right-hand circularly
polarized waves [41]; and 2D electromechanically transformable
metasurfaces with beam steering capability have been realized
by controlling shape memory alloys (SMAs) [42]. Although several
simple and low-cost mechanical metasurfaces have been proposed,
mechanical metasurfaces with different integrated functionalities,
RCS reduction, reflection, transmission, EM wave enhancement,
etc. have not been explored and remain challenging to design. In
addition, although many multifunctional metasurfaces based on
incident direction of EM wave has been reported, their metasurface
are polarization dependance [43], passive metasurface [44], and
has function limitation with using single layer structure [45].

This work proposes a reconfigurable anisotropic metasurface
with multi-functional characteristics. The proposed metasurface
comprises two sub-metasurfaces that can move independently,
by incorporating with two SMA actuators to move one of those
sub-metasurfaces for generating different patterns, specifically,
with different output impedances. Since effective impedance
depends on metasurface movement, the proposed metasurface
can realize reconfigurable functionalities between absorption and
reflection functions. Although we use two spring pitches for con-
trolling the transformation, the proposed metasurface retains the
incident wavefront insensitive polarization properties, and we
can realize EM wave enhancement for the opposite excitation with
its anisotropic design. Experimental results confirm good agree-
ment with numerical simulations. We believe the proposed con-
cept will be useful for future mechanical based multi-functional
EM devices.

Materials & Design 216 (2022) 110569
2. Theoretical design
2.1. Conception and design

Metasurface absorbers are commonly used in stealth technol-
ogy or electromagnetic wave protection applications, helping to
prevent radar detection by reducing radar emission. Most conven-
tional designs use a full metallic ground plane to prevent transmis-
sion entirely and minimize reflection by optimizing the top
patterns to match the free space impedance and enhancing absorp-
tivity. However, that conventional multi-functional metasurface
designs are limited for absorption integrated function, e.g., incident
EM wave from the opposite direction is generally reflected due to
the complete metallic ground. This study designed a thermal-me-
chanical anisotropic metasurface (TMAM) to provide multiple EM
functionalities for both incident wave directions. As shown in
Fig. 1, the mechanical reconfigurable metasurface consists of two
layers: the motional and stational metasurfaces on the upper and
lower layers, respectively. Due to the mechanical sliding of the
motional metasurface, TMAM can achieve absorption (M;) or
reflection (M,) functionality for incident X-band plane wave in -z
direction for radar applications; and has anisotropic response for
incident wave in +z direction enhances incident EM waves for C-
band communication for the propose TMAM, respectively.

2.2. Multi-functional reconfigurable anisotropic metasurface design

Figs. 2 and 3 show 3D model and simulated result for the pro-
posed TMAM periodic unit cell structure. TMAM comprises two
sub-metasurface structures (top and bottom), which can be arbi-
trarily moved or along the x or y-axes. However, in this work, we
only consider the top metasurface as a motional metasurface that
is moving along the x-axis, while the bottom metasurface remains
as a stationary metasurface.

Fig. 2(a) and 3(a) show different mode of M; and M, of TMAM,
where the position differences of the motional metasurface are
assumed to be (x, y) = [(0, 0), (Ax, 0)], where Ax = half-unit cell
dimension. We achieve the repositioning of the motional metasur-
face by using two pair oriented SMA springs attached to different
edges of the motional metasurface along x-axis. The position could
be changed and controllable by activating the heat source on one of
the SMA spring, where the other SMA spring remains automati-
cally expended due to no heat source given.

The motional metasurface comprises two split-ring resonators
set diagonally opposite, with lumped resistors (Rs) mounted across
the gaps on the top layer. We selected R, to maximize metasurface
absorptivity, whereas the stational metasurface comprises just the
two square ring resonators. We optimized each square ring res-
onator dimension with the consideration of the lumped resistor
and has resonance at 10.5 GHz and is intended to reflect the inci-
dent wave and enhance the absorptivity of the pattern on motional
metasurface.

Fig. 2(a) shows how the design creates mode M; when the
motional metasurface is at the origin position of (x, y) = (0, 0),
where the square ring resonators on the motional and stationary
metasurfaces are aligned along the z-axis. We used numerical sim-
ulations to examine EM functionality for the proposed structure.
Fig. 2(b) shows optimized lumped resistors for maximum M;
occurs when R = 46 Q, with the consideration of the incident wave
excitation from motional metasurface side travelling in -z direc-
tion, and from stational metasurface side in +z direction. Simulated
metasurface responses at 10.5 GHz operating frequency derived
reflection and transmission coefficients |I'_,| = -17.49 and |1_,| =
-13.68 dB, respectively. Hence the metasurface behaves as an
absorber for -z incident wave direction in M; mode, and as a reflec-
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Fig. 1. Illustration of the proposed multi-functional thermal-mechanical anisotropic metasurface (TMAM).
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Fig. 2. M; mode unit cell design and simulation: (a) unit cell illustration where the motional metasurface is not slided, (b) simulated reflection coefficients for -z direction

incident wave |I"_;|, +z direction incident wave |I".,|, and transmission coefficient |t.,|, (c) electric field distributions on the motional and stationary metasurfaces for -z
propagation direction at 10.5 GHz, (d) electric field distributions on the motional and stationary metasurfaces for +z propagation direction at 10.5 GHz.

tor with |I'.,| = -0.55 and |1.,| = -13.68 dB for +z direction incident electric field occurs on the square ring resonator of the stational

wave, i.e., the metasurface generates absorption functionality for - metasurface confirming the resonance reflector at 10.5 GHz for
z direction and reflection +z direction waves. both-direction of the incident waves. For wave front radiation in

Fig. 2(c) and (d) shows the electrical field distribution for the +z incident wave direction, the motional metasurface is placed in
top and bottom metasurface layer unit cells in M; mode. Strong front of the stational metasurface, the electric field existence on
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Fig. 3. M, mode unit cell design and simulation: (a) unit cell illustration where the motional metasurface is slided, (b) simulated reflection coefficients for -z direction
incident wave |I"_|, +z direction incident wave |I",,|, and transmission coefficient |t.,|, (c) electric field on the motional and stationary metasurfaces for -z propagation
direction at 10.5 GHz, (d) electric field distributions on the motional and stationary metasurfaces for +z propagation direction at 10.5 GHz.

the lumped resistors showing the resonance absorption by the cou-
pling between square ring of the motional and stational metasur-
face as show in Fig. 2(c). In the other hand, the motional
metasurface remained at the place behind the stational metasur-
face for -z incident wave direction. As shown in Fig. 2(d), the cou-
pling effect does not create the absorptivity due to the different
respond of the square ring resonator in different direction of the
electromagnetic wave. Hence, there is no electric field occurs at
the lumped resistor.

In contrast, Fig. 3(a) shows mode M, occurs when the motional
metasurface reaches (x, y) = (Ax, 0), where Ax is equal to half-unit
cell distance. In this case, the motional and stationary square ring
resonators are completely out of alignment, which generates dif-
ferent input impedance compared with mode M. Fig. 3(b) shows
the electric field distribution for mode M, at 10.5 GHz operation
frequency, generating |I"_;| = -1.452 and |t_,| = -15.99 dB for -z
propagation direction of incident wave, and |I'.,| = -0.53 and
|Tsz] = -15.99 dB for +z propagation direction of incident wave
(Fig. S1 and Fig. S2 showing simulation setup and result of TMAM
in finite structure). Fig. 3(c) and (d) shows the electrical field distri-
bution for the motional and stational metasurface layer unit cells
in M, mode for both propagation direction of the incident wave.
In different to mode M;, there is no electric field occurs at the
lumped resistor for both direction of the incident wave, confirming
the change of the input impedance of the compose square ring res-
onator of the motional and stational metasurface. Furthermore, the
lumped resistor pattern soldering position for both motional meta-
surface at (Ax,0) and (0,0) allow the proposed metasurface to
achieve polarization-insensitive characteristics for both M; and
M, modes (Fig. S3 show reflection and absorption in different dis-
tance of motional metasurface), especially in large structure
fabrication.

As discussed in Section 2.1, anisotropic response from the pro-
posed metasurface can enhance the transmitted EM wave in the
opposite (+z) direction. An integrated function for transmission
wave enhancement was designed following the partially reflective

surface (PRS) in C-band communication. Distance d between the
transmission antenna and proposed metasurface identifies possi-
ble enhancement for the proposed metasurface. Fig. 4 shows
design properties for PRS for TMAM and subsequent transmission
enhancement in simulation. Differences between metasurface
modes M; and M, create differing reflection coefficients. Fig. 4(a)
shows simulated reflection coefficients for -z incident wave in M;
and M, modes. Reflection coefficient magnitude and phase for port
2 at 6 GHz operational frequency |I'| = 0.66 and ¢ = -0.83 t (M;)
and |I'| =0.72 and ¢ = -0.78 7t (M,). The proper distance d and gain
|T| can be derived from [46],

(pfﬂ::LdeZnN (1)

and.

I|

1-17?
- @
+I'“ —2I'cos(¢p —  —*29)

where N=0,% 1,12, ...; ¢ is the reflected phase; and / is the
wavelength. The minimum positive distance d is obtained for
N = 1. However, the theoretical basis for Eq. (1) does not consider
mutual coupling between the source metallic ground plane and
the metasurface. Selecting N = 1 would not achieve maximum
efficiency due to strong coupling with small d < i/4. Therefore,
N = 2 at 6 GHz would be a better selection for this analysis,
and hence d = 27.07 and 27.67 mm for mode M; and M, respec-
tively. In addition, the enhancement gain is calculated from Eq.
(2) and show the result of |T| = 13.77 dB and 15.76 dB for mode
M; and M,.”

Fig. 4(b) and (c) show simulated transmission enhancement of
the proposed anisotropic metasurface. The microstrip patch
antenna is used to excite EM wave toward +z direction. The
enhancement ratio is defined as the ratio of the directivity with
the TMAM to the directivity without the TMAM. As shown in
Fig. 4(b), the simulated transmission enhancement ratio where
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Fig. 4. Simulation results for transmission enhancement: (a) reflection coefficient magnitude |I'| and phase ¢ in response to +z propagation direction, (b) transmission
enhancement ratio with respect to a frequency at ¢ = 0, (c) the highest transmission enhancement ratio at 5.9 GHz with respect to elevation angle ().

E E 2
“— ! Iy} 1
50_25 _Ir-:|\1c.l.\lxrcll\c|\l ‘\I 50_25 _lr-:‘l\‘lc.l.\urcmcnl \\\ 'I -] 0 | Measurement 7
§ -30 _lt-: Mecasurement § -30 _IT-: Mecasurement || ,’ -15 2 Mcasurement
235 "'lr-: Simulation -35 ---|F_: Simulation “,' 204" Y3 simulation
40 ---|T—Z‘|S|mul.ll|m|. . 40 --_lt-_'_l.‘junulnn\ul .‘ § 25 = 2 Simulation . N
U8 9 10 11 12 13 778 9 10 11 12 13 75 355 6 6.5 7
Frequency (GHz) Frequency (GHz) Frequency (GHz)

Fig. 5. Measurement and simulation results of the fabricated TMAM: (a) reflection and transmission coefficients for mode M;, (b) reflection and transmission coefficients for
mode M, (¢) transmission enhancement ratio with respect to a frequency at ¢ = 0 rad for +z propagation direction.

higher than 0 dB enhancement ratio is observed from 5.45 GHz to
6.32 GHz. The maximum enhancement ratio for M; is 8.58 dB at
5.9 GHz while the maximum enhancement ratio for M, is
9.45 dB at 5.9 GHz. Fig. 4(c) shows the transmission enhancement
ratio at 5.9 GHz with respect to ¢. The highest enhancement is
observed at ¢ = 0 rad.

3. Experimental verification
3.1. TMAM measurement result

We fabricated a prototype metasurface comprising 15 x 15 unit
cell to validate the proposed multi-functional anisotropic metasur-
face performance. The motional and stational metasurface are
demonstrated using common flame retardant FR-4 material, which
is grade designation for glass-reinforced epoxy laminate material,
with permittivity €; = 3.75, and tangential loss é = 0.02 in thickness
of 0.8 mm and 1 mm by printed circuit board (PCB) fabrication pro-
cess. To complete the fabrication, we solder the 46 Q chip resistor
(RMO4FTN46R4) on the motional metasurface using surface mount
technology (SMT). In addition, we fabricated a 3D printing frame to
support the sample of TMAM and SMA spring for measurement
compatibility (Fig. S4).

To validate the performance of the fabricated metasurface for -z
incident direction, two horn antennas are placed near the metasur-
face front and back (distance = 1 m) as the transmitter and receiver
(Fig. S5). The measurement results for the transmission coefficients

are normalized by the transmission coefficient without a sample.
The measurement results for the reflection coefficients are normal-
ized by the reflection coefficient with the copper plate. Time gating
function from the vector network analyzer was used to eliminate
multipath propagation. Fig. 5 shows the measured S-parameters
of EM wave responses through the metasurface, where the data
was filtered and recorded using an Anritsu MS2038C vector net-
work analyzer. Fig. 5(a and b) show the measured reflection and
transmission coefficients of the fabricated metasurface in modes
M; and M, in different propagation direction of the incident wave.
The reflection and transmission coefficients in -z propagation
direction was |I'"_;| = -26.74 dB, |t_,] = -14.83 dB; and |I"_,| = -
1.795 dB and |t_,| = -14.58 dB for mode M; and M, respectively.
The measured reflection and transmission coefficients were used
to calculate absorptivity. The calculated absorptivity at 10.5 GHz
is 96.5% for M;, and reflectivity at 10.5 GHz is 81.33% for M.

To validate the transmission enhancement for +z incident direc-
tion, the microstrip patch antenna is fabricated and its ground size
has the same dimensions of the metasurface. Fig. 5(c) shows the
measured transmission enhancement ratio of the fabricated TMAM
at ¢ = 0 rad where higher than 0 dB enhancement ratio is observed
from 5.5 GHz to 6.2 GHz. The maximum enhancement ratio for M;
is 10.58 dB at 5.9 GHz while the maximum enhancement ratio for
M, is 11.02 dB at 5.9 GHz.



C. Lor, R. Phon, M. Lee et al.

a)

- 10 Pitcl
p— 1tch

v m—
L — 1tch
35 — 2 Pitch

Compression time (s)

2 2.25
Current (A)

Materials & Design 216 (2022) 110569

b)
2 —10Pitwen
18 —— 4 Pitch
16— %{;HCR
R 14 itc
& 12|
8 10
o Y
S 8
6
4r
5
0 1 1
2 2.25 2.5 275

Current (A)

Fig. 6. Measured characteristics of the shape memory alloy spring for different pitch (length) with respect to applied current: (a) compression time, (b) compression force.

3.2. Thermal-mechanical switching conception and experiment

Shape memory alloys (SMAs) can be compressed or tensed by
heating or cooling, providing a deformation mechanism to realize
multi-functional metasurface switching. Heating an SMA spring
above its activation temperature generates self-deformation to
return to its initial form. In addition, shape memory and other
self-healing material under heating and cooling thermal condition
is recently being interested in study and improving [47-50]. Elec-
trical heating is ideal to control SMA heating, and the controller can
be quite small. Typical SMA springs can deform from 130 mm
while requiring less than 3 A.

To support the reconfigurable of the TMAM, we use the com-
pression type SMA spring actuator to provide the control ability
of the motional metasurface movement under electrical power
control panel. Fig. 6 shows typical measured SMA compression
time and force with respect to applied current for various spring
pitches (spring length). Fig. 6(a) shows that compression time in
distance Ax is reduced for increasing current for all spring pitches:
434 to 16.5, 26 to 7.3, 209 to 5.7, and 7.2 to 2.2 s as current
increased from 2 to 2.75 A, for 2, 3, 4, and 10 pitch springs, respec-
tively. Therefore, compression time reduces for both higher current
and larger pitch. Fig. 6(b) shows that spring force increases mono-
tonically with increasing current. These data were measured at the
steady state of the exponentially increasing of the force. Compres-
sion force increased 4.73 to 12.4, 6.3 to 12.4, 7 to 13.1, and 10 to
18.4 N as current increased from 2 to 2.75 A, for 2, 3, 4, and 10 pitch
springs, respectively. Thus, compression force increases for both
higher current and larger pitch, similar to the compression time.

4. Conclusion

This work proposed a simple and low-cost thermal-mechanical
anisotropic multi-functional metasurface (TMAM) using SMA actu-
ators thermal mechanically switching. The proposed metasurface
could be reconfigured by combining two ground less sub-
metasurfaces motional and stationary metasurfaces. Controlling
the thermal source on two connected SMA springs to TMAM could
mechanical reconfiguration between absorption and reflection for
-z incident plane waves; and providing anisotropic response to
enhance incident EM waves travelling in the +z direction. The
design remains in simple and costless without using advance
material, active component, and biasing layer. The incorporation
of symmetric patterns for both modes, providing polarization-
insensitive functionality. Measured results confirmed good agree-
ment with simulation, validating the proposed concept. We believe

the proposed TMAM concept will be suitable for many mechanical
based multi-functional EM devices.
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