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ABSTRACT This paper proposes a switchable metasurface for broadband and polarization-insensitive
absorption, whose absorption spectrum can be fluidically switched using liquid metal. The proposed
metasurface consists of a top metallic pattern, a flexible printed circuit board substrate, a polydimethyl-
siloxane substrate, and a bottom metallic ground plane. The proposed unitcell is inspired by a four-circular-
sector structure. To maintain the symmetrical geometry and increase the switching range, a symmetrical
microfluidic channel is designed with a circular ring capillary and four isolated patches. To measure the
absorptivity of the proposed metasurface, 10 x 10 unitcells are fabricated with 20 inlets and 20 outlets.
When the microfluidic channels of the metasurface are empty, the fabricated metasurface achieves an
absorptivity of higher than 90%, from 6.23 to 12.14 GHz. When eutectic gallium—indium alloy is injected
into the microfluidic channels, the fabricated metasurface achieves higher than 90% absorptivity, from
5.44 to 6.12 GHz. Thus, for both cases, the absorptivity is constant at different incident polarization angles.

INDEX TERMS

Metamaterial, electromagnetic absorber, switchable, microfluidic channel, broadband, liquid metal.

I. INTRODUCTION

A metamaterial can artificially control electromagnetic prop-
erties such as permittivity and permeability through a periodic
arrangement of the resonant structure [1]. The properties of
a metamaterial have been applied to various fields, such as
super lenses, antennas, and recently, electromagnetic wave-
absorbable metasurfaces [2]-[9]. The principle of an elec-
tromagnetic wave-absorbable metasurface is to periodically
arrange the resonators such that the intrinsic impedance of the
metasurface equals that of air. On reaching this equivalence,
normal incident electromagnetic waves are permeated on the
metasurface without being reflected at the interface and are
attenuated owing to the loss of the dielectric material.10 The
characteristics of such a metasurface enable the achieve-
ment of high absorptivity despite the use of a smaller thick-
ness than that used in wedge-tapered absorbers or Jaumann
absorbers thus far [11], [12]. However, the use of resonators
causes the metasurface to operate only within a narrow band.
To address this issue, a multi-band, wide-band, and switch-
able metasurface has been studied [13]-[15]. Among the

methods used to form a broadband metasurface, a typical
method uses resistive or lossy components [16]. By adding
resistive components to the unitcell structure of a metasur-
face, the range of its absorption spectrum can be increased
by reducing the quality factor (Q) of the resonator. On the
other hand, methods for switching the frequency band of a
metasurface have also been studied, using diodes, liquid crys-
tals, micro-electromechanical systems (MEMs), VO2, BST,
graphene, and microfluidic channels [17]-[23]. Of these,
the use of microfluidic channels is relatively simple and cost-
effective compared to other switching methods. However,
when creating symmetrical structures, the use of microfluidic
channels has certain limitations owing to the need for inlets
and outlets allowing the liquids to flow inside, [24] which
creates a polarization-sensitive absorption problem in a meta-
surface with microfluidic channels. To solve this problem,
we propose a structure that minimizes the influence of the
inlet and outlet parts by using a microfluidic channel as a
switch for connecting the metallic patterns. In this case, it is
possible to design a microfluidic metasurface insensitive to
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polarization if the parts affecting the actual operation, except
for the inlet and outlet, are designed with a symmetrical
structure.

This paper proposes a switchable wideband metasurface
using a microfluidic channel and liquid metal. The proposed
metasurface originates from the resistive four-circular sector
as a resonant unitcell for broadband absorption and incident
angle insensitivity [25], [26]. To switch the absorption spec-
trum, liquid metal is injected into the microfluidic channel
on the resonant unit cell. To maintain the symmetrical geom-
etry and increase the wide switching range, a symmetrical
microfluidic channel is designed with a circular ring capillary
and four isolated patches. Therefore, the proposed metasur-
face achieves a wide absorption spectrum, wide frequency-
switching capability, polarization insensitivity, and angle
insensitivity. The performances of the proposed absorber are
compared with those of other previous absorbers.

Il. DESIGN AND SIMULATION

Figure 1 shows the unitcell design of the proposed meta-
surface. The unitcell was designed based on a four-circular-
sector structure with a chip resistor, as shown in Figure la.
The four-circular-sector structure is insensitive to polariza-
tion and the incident angle owing to its symmetrical and
circular design, and the added chip resistor can allow the
metasurface to achieve a wide absorption spectrum range.
Figure 1b shows the proposed metasurface’s top metallic
pattern with a chip resistor. The metallic pattern consists
of a four-circular-sector structure in the centre and isolated
patches surrounding the sector. A chip resistor is added to
the gap between the four-circular sector and isolated patches
to achieve a spectrum with a wide absorption range. The
resistance of the chip resistors in the four-circular sector and
isolated patches is 150 and 20 ohm, respectively. Figure 1c
shows the microfluidic channel of the proposed metasurface.
The microfluidic channel consists of four circular rings and
passages. The circular rings are designed to be symmetrical,
and thus, are insensitive to polarization. The passages for
connecting the four rings are designed so that there is minimal
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FIGURE 1. Unitcell design of (a) primitive resistive four-circular sector,
(b) metallic pattern of proposed metasurface without microfluidic
channels, (c) only microfluidic channels, (d) top pattern with the
microfluidic channels of the proposed metasurface, and

(e) simulation results of the proposed metasurface.
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effect on the performance. Figure 1d shows the top view of the
proposed unitcell of the proposed metasurface, which has a
nearly symmetrical structure. When the microfluidic channel
is empty, the four-circular sector and isolated patches are not
connected. On the other hand, when liquid metal is injected
into the microfluidic channel, the two are connected with
a microfluidic channel. The graph in Figure le shows the
effect on absorption spectrum of the microfluidic channel.
The absorption spectrum of the four-circular-sector metasur-
face operates in the X-band. The absorption spectrum of the
proposed metasurface with an empty microfluidic channel,
in which the four-circular sector with isolated patches oper-
ates in the X-band owing to the presence of disconnected
isolated patches, has little effect on its frequency range. When
liquid metal is injected into the microfluidic channel and the
four-circular sector and isolated patches are connected, the
frequency range of the absorption spectrum is switched from
the X-band to the C-band. The parameters in Figure 1 are
determined as G. = 0.5, L. = 54,L; = 0.7, P. = 4.25,
D, =6.15Li =6,L,=85L =1, W, =25 W, = 1.5,
Ly =39,L; =9.6,P. =53, W, = 1.7, Wy, = 0.5 mm,
and A, = 40°.

Figure 2a shows the 3D view of a unitcell of the pro-
posed metasurface. The metallic pattern and chip resistors
are located on a 0.1-mm-thick flexible printed circuit board
(FPCB) substrate [27]. The relative permittivity and loss
tangent of the FPCB substrate are 3.5 and 0.04, respectively.
The microfluidic channel is implemented in polydimethyl-
siloxane (PDMS) with a thickness, Tp, of 3.1 mm and the
channel depth is about 0.4 mm [28], [29]. The permittivity
and loss tangent of the PDMS substrate used are 3 and 0.065,
respectively. A 0.05-mm-thick adhesive film is used to attach
the FPCB substrate to the PDMS substrate. At the bot-
tom, the metallic plate serves as the ground. The design
of the full-sized metasurface is shown in Figure 2b, where
a 10 x 10 unitcell is arranged. On the outside of the unitcell
array, 20 inlets and 20 outlets for liquid metal injection are

FIGURE 2. 3D view of (a) unitcell of proposed metasurface, (b) 10 x 10
sample of proposed metasurface, (c) fabricated microfluidic channel
layer, and the fabricated sample (d) without and (e) with EGaln.
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implemented. Figure 2c—e shows the developed metasurface
samples.

Figure 2c shows a fabricated microfluidic channel injected
with liquid metal. The microfluidic channel is realized
by laser printing on a PDMS of 3.1 mm thickness and
200 mm x 200 mm area. Eutectic gallium indium alloy
(EGaln) is used as the liquid metal [30]. Figure 2d shows
the fabricated metasurface sample. The copper patterns and
chip resistors are fabricated on a 180 mm x 180 mm
FPCB substrate, which is made of polyamide [31]. Figure 2e
shows a sample of the proposed metasurface in which EGaln
is injected into the microfluidic channel. The bottom metallic
ground plane is realized using a copper tape.

Figure 3 shows the simulation results of the proposed
metasurface when one parameter is varied and the others are
fixedas G, = 0.5,L; =5.4,Ls = 0.7,P. = 4.25,D; = 6.15,
Li=6,L,=85L =1 W,=25 W, =15Ly =309,
L = 96,P. = 53, W, = 1.7, Wy, = 0.5 mm, and
A, = 40°.
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FIGURE 3. Simulation results of proposed metasurface without liquid
metal for different (a) Tp (b) Lc and Py, (c) resistance of chip resistor in
four-circular sector and with liquid metal for different (d) Tp and

(e) Lo and Ls, and (f) resistance of chip resistor in isolated patches.

The graphs in Figure 3c show the reflection coefficient
when the microfluidic channel is empty. Figure 3a shows
the change in thickness of the substrate T, when the other
parameters are fixed. When the thickness of PDMS is 3.1 or
4.1 mm, the reflection coefficient is less than -10 dB; how-
ever, the reflection coefficient is over -10 dB at the other
thicknesses. Figure 3b shows the change in radius of the
four-circular sector, L., and the location of the chip resis-
tor, Pc, on the circular sector when the other parameters
are fixed. As L. increases, the minimum frequency of the
absorption spectrum decreases. Figure 3c shows the change
in resistance of the chip resistor on the four-circular sector
when the other parameters are fixed. When the resistance
is too small, the absorption is lowered to around 10 GHz,
and when the resistance is too large, the absorption rate is
lowered to around 8 GHz. The proposed metasurface has a
chip resistance of 150 ohms, thereby satisfying the demand of
a wide absorption spectrum. The graphs in Figure 3d—f show
the reflection coefficient when liquid metal is injected in the
microchannel. Figure 3d shows the change in T, when the
other parameters are fixed. When T}, is 3.1 mm, the widest
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absorption spectrum occurs. The graphs in Figure 3e show
the change in L,. As Lo increases, the minimum frequency
of the absorption spectrum decreases. Figure 3f shows the
change in resistance of the chip resistor in isolated patches
when the other parameters are fixed. As the resistance of the
chip resistor in the isolated patches decreases, the range of
the absorption spectrum increases.

Figure 4 shows the change in performance when the polar-
ization and incident angles of the proposed metasurface are
changed. Figure 4a and 4b shows the absorption spectrum
for an empty microfluidic channel of the proposed metasur-
face for different polarizations and incident angles, respec-
tively. When liquid metal is not injected, because the unitcell
of the proposed metasurface is symmetrical with respect
to the four directions, even when the polarization changes,
the absorption spectrum does not change, as indicated
in Figure 4a. In this case, the proposed metasurface is
insensitive to changes in the incident angle because the
unitcell of the four-circular sector, based on the pro-
posed metasurface, is insensitive to the incident angle.
Figure 4b shows that the proposed metasurface has an
absorptivity of over 80% from 6 to 12 GHz when
the incident angle is less than 40°. Figure 4c and 4d
shows the absorption spectrum when liquid metal is injected
into the microfluidic channel of the proposed metasurface
for different polarizations and incident angles, respectively.
Figure 4c shows that the proposed metasurface operates
at 5-6 GHz when the polarization of the incident electro-
magnetic waves is zero or 90°. However, when the polar-
ization is not zero or 90°, the absorption spectrum changes,
and it is confirmed that the proposed metasurface operates
at 5 to 5.4 GHz when the polarization of the incident elec-
tromagnetic waves is 30 or 60° and at 5.4 to 6 GHz when
the polarization is 120 or 150°. The absorption spectrum
of the proposed metasurface is affected by the incident
angle. As the incident angle increases, the range of the
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FIGURE 4. Simulation results of proposed metasurface without liquid
metal for different (a) polarizations at normal incidence and (b) incident
angles with liquid metal for different (c) polarizations at normal
incidence and (d) incident angles.
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absorption spectrum increases and the absorption decreases.
Figure 4d shows that the proposed metasurface has an absorp-
tion value above 80% from 5 to 6 GHz when the incident
angle is less than 30°.

Figure 5 shows the magnitude of electric-field
distribution at the two peak frequencies of the proposed
metasurface. Figure 5a and 5b shows the magnitude of
electric-field distribution when liquid metal is not injected
at 6.7 or 10.4 GHz, respectively. At 6.7 GHz, the electric
field is mainly distributed at the edge and the resistor of the
four-circular sector. At 10.4 GHz, the electric field is mainly
distributed around the resistor of the four-circular sector.
According to the above distribution, when liquid metal is not
injected into the microfluidic channel, the size of the four-
circular sector affects the lower resonance of the proposed
metasurface and the resistance affects both resonances of the
proposed metasurface. This can be seen in Figure 3b and 3c.
Figure 5a and 5b shows the electric-field distribution when
liquid metal is injected at 5.2 or 5.7 GHz, respectively.
At 5.2 GHz, the electric field is mainly distributed at the edge
of the four-circular sector and in isolated patches. At5.2 GHz,
the electric field is mainly distributed around the resistor in
isolated patches. From the above distribution, when liquid
metal is injected into the microfluidic channel, the size of the
isolated patches affects the low resonance of the proposed
metasurface, while the resistance affects the high resonance.
This can be seen in Figure 3e and 3f.
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FIGURE 5. Magnitude of electric-field distribution of proposed
metasurface without liquid metal at (a) 6.7 GHz and (b) 10.4 GHz,
with liquid metal at (c) 5.2 GHz and (d) 5.7 GHz.

Ill. MEASUREMENT RESULTS

Figure 6 shows the measurement setup used for the proposed
metasurface. A wedge-tapered absorber was installed on the
back of the sample to prevent signal reflection from occurring
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FIGURE 6. Measurement setup for different (a) polarizations
and (b) incident angles.

outside the sample, and a comparative analysis was conducted
using a copper plate of the same size as that of the sample to
determine the absorption of the proposed metasurface. The
sample was measured using a horn antenna at a distance
of 1.5 mm from the sample in order to meet the far-field
condition. Figure 6a shows the measurement setup for differ-
ent polarizations at normal incidence. By rotating the sample
using a holder, we could measure the sample’s performance
at different polarization angles. The sample was measured
by rotating the polarization angle from zero to 180° at 30°
intervals. Figure 6b shows the measurement setup for an
incident angle. Using two horn antennas and a change in their
location, we could measure the sample’s performance at dif-
ferent incident angles. The samples were measured through a
change in the incident angle from 0 to 50° at 50° intervals.
Figure 7 shows the measurement results of a fabricated
sample of the proposed metasurface. First of all, Figure 7a
compares the simulation and measurement results at normal
incidence. When liquid metal was not injected, the absorption
spectrum of the proposed absorber did not differ between
the simulation and measurement results. When EGaln was
injected into the microfluidic channel, the absorption spec-
trum of the proposed metasurface differed between the sim-
ulation and measurement results, which is attributed to the
two resonances of the proposed metasurface being closer
in the case of the simulation. Figure 7b and 7c shows the
measurement results of a sample without EGaln for differ-
ent polarizations and incident angles, respectively. When the
polarization was changed from zero to 180° , the absorption

Frequency (GHz)

Frequency (GHz)

FIGURE 7. (a) Comparison of simulation and measurement results,
measurement results of fabricated sample without EGaln for
different (b) polarizations and (c) incident angles, and with

EGaln for different (d) polarizations and (e) incident angles.
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spectrum in the measurement result of the sample did not
change, as shown in Figure 7b. For all polarization angles,
the absorption of the metasurface sample without EGaln was
higher than 90% from 6.23 to 12.13 GHz. When the incident
angle was increased, the absorption decreased, as shown
in Figure 7c. The absorption of the sample metasurface was
greater than 80% at 7 to 12 GHz when the incident angle
was lower than 40°. Figure 7d and 7e shows the measurement
results of the sample using EGaln for different polarizations
and incident angles, respectively. When the polarization was
changed from zero to 180°, the measurement result of the
sample did not change, as shown in Figure 7d. For all polar-
ization angles, the absorption of the metasurface sample with-
out EGaln was higher than 90% at 5.44 to 6.12 GHz. When
the incident angle was increased, the absorption decreased,
as shown in Figure 7e. The absorption was greater than 80%
at 5.35 to 6.12 GHz at an incident angle lower than 40°.

IV. CONCLUSION

In this paper, we proposed a fluidically switchable liquid
metal metasurface for broadband and polarization-insensitive
absorption. To realize a wide absorption spectrum, we used
a chip resistor, and to realize the switchability, we used a
microfluidic channel and liquid metal. The top metallic pat-
tern consisted of a four-circular sector and isolated patches.
When liquid metal was not injected into the microfluidic
channel, only the four-circular sector operated and absorbed
electromagnetic waves at 6 to 12 GHz. When liquid metal was
injected into the microfluidic channel, the channel connected
the four-circular sector and the isolated patches and the elec-
tromagnetic wave absorption spectrum shifted to 5 to 6 GHz.
We fabricated a sample of 10 x 10 unitcells to measure the
performance of the proposed metasurface. When liquid metal
was injected, the absorption spectrum showed absorptivity of
greater than 90% at 6.23 to 12.13 GHz. When liquid metal
was not injected, the absorption spectrum showed absorp-
tivity of greater than 90% at 5.44 to 6.12 GHz. The pro-
posed metasurface exhibited an incident angle insensitivity
regardless of whether the liquid metal was injected. When
the polarization was changed, the measurement result of the
proposed metasurface showed no difference.

Table 1 compares the proposed frequency switchable meta-
surface with previous switchable metasurfaces used in other
papers. For this comparison, the fractional bandwidth (FBW)
is defined as

fhighext - fluwest

FBW = x 100[%], (1)

center

where fhighest and fiowest are the highest and lowest frequen-
cies when the absorption exceeds 90%, respectively. In addi-
tion, feencer is the center frequency between fhighest and flowest-
As a frequency switchable metasurface, two FBWs are given
at low and high frequency bands. In addition, switching range
(SR) is defined as

fchigh _fclow
fchigh

SR = x 100[%], 2)
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TABLE 1. Performance comparison of the proposed switchable
metasurface absorber and other metasurface absorbers.

Switching

FBWL FBWy SR Polarization Angle
[%] [%] [%] Insensitivity Insensitivity Technology
Proposed . . Liquid
12.9 64.3 54 Insensitive Insensitive
metasurface metal
. . Liquid
[20] 26 63.5 51 Sensitive Insensitive
metal
[32] 10.2 132 10.2 Insensitive N/A PIN diode
[33] 17.4 74.7 73 Insensitive Insensitive PIN diode
. Liquid
[34] 32 3.6 20 Insensitive N/A
crystal
[35] 1.7 1.9 46 N/A N/A MEMS
[36] 0 0 5 N/A N/A Vo2
[371 0 0 8 N/A N/A BST
[38] 1.1 0 16.1 Insensitive N/A Graphene

where fi_pign and f o are center frequencies at high and low
frequency bands, respectively.

As shown in Table 1, compared to other frequency tun-
ing methods, the proposed metasurface exhibits good per-
formance in frequency switching and has the advantage of
being insensitive to incident angles. Moreover, the proposed
metasurface is insensitive to polarization compared to a meta-
surface using a conventional liquid metal.
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