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ABSTRACT We demonstrated a liquid metal based microfluidic chip that enabled consistent, continuous
and large liquid metal unit structure array reconfiguration. The chips were assembled into a metasurface,
which preliminary achieved controllable electromagnetic wave reflection attenuation. The chip contained
a 5 x 6 Galinstan split-ring resonator (SRR) array, and the SRRs could be reconfigured continuously by
NaOH solution pressure driven. A fin shaped microvalve was designed and integrated onto the chip, which
could withstand a high fluid driving pressure (over 210 kPa), so the SRRs could be reconfigured with
a large split angle. The flow resistance of each SRR chamber was analyzed for consistent and robust SRRs
deformation. The SRRs enabled more than 250° reconfiguration and showed consistent deformation with
a standard derivation less than 8.5°. The metasurface showed 7.5 dB and 13.5 dB attenuation at 3 GHz
and 4 GHz respectively. Also, with the different split angles, there could be three attenuation peaks that
reach —10 dB when the frequency ranged from 2.9-3.1 GHz, 3.7-4.2 GHz and 4.8-5.0 GHz, respectively.
The metasurface we proposed can be potentially used in multiband controllable electromagnetic wave

absorption.

INDEX TERMS Liquid metal, microfluidic, microvalve, reflection attenuation, metasurface.

I. INTRODUCTION

Microfluidics offers a convenient way of distributing and
driving liquid, and has been widely used in the fields of
sensors [1], and actuators [2], etc. Liquid metal (LM) shows
great potential in microfluidics due to its high surface ten-
sion, low viscosity, and high electrical conductivity, which
makes it widely used in flexible electronics [3]-[4], stretch-
able antenna [5], and reconfigurable metasurface [6], etc.
Among all the applications, reconfigurable metasurface has
become the cutting-edge research field due to its capability
in dynamic electromagnetic (EM) wave response. The main
approach of the mechanically reconfigurable metasurface [6]
is the geometric deformation of the meta-atom [7], and LM
based microfluidics has been demonstrated as an effective
way to realize precise and large meta-atom reconfiguration.

However, there are two main challenges to realize high
performance LM based microfluidic metasurface.

Firstly, a proper way to reconfigure the LM is needed.
A variety of approaches have been studied, including pattern-
ing the LM on stretchable flexible substrates [8], driven by
the other fluid [9]-[12] or gravity [13], etc. Compared with
the above methods, LM microfluidics based on two-phase
flow provides a new strategy to achieve large, contin-
uous and precise meta-atom reconfiguration with simple
pressure control. In recent years, LM based microfluidic
metasurface has been reported for many applications such
as perfect absorption [9], flat lens tuning [10], beam steer-
ing [11]-[12], biosensors [14] and so on. So far, mercury
(melting point —38.9°C) [9]-[10], EGaln (melting point
15.5°C) [15] and Galinstan (melting point —19°C) [11]-[12]
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FIGURE 1. Schematic of EM wave reflection attenuator. (a) The overview
of the EM wave attenuator achieved by liquid metal based microfluidic
metasurface. (b) Typical shapes of the split ring, 6 is the split angle.

have been commonly used in LM based microfluidic meta-
surface. The chemical properties of mercury are stable, so
it can be driven by air [9]-[10] and many kinds of fluids.
However, due to the toxicity and volatility, the safety and sta-
bility of mercury based devices are questionable. In contrast,
EGaln and Galinstan are non-toxic and non-volatile, so they
are much safer and more stable, though they are very suscep-
tible to oxidation. For EGaln and Galinstan based devices,
it is an important factor to avoid oxidation. Ga is inherently
reactive. In air, the surface of EGaln and Galinstan will
generate a 1-5 nm thick solid oxidation layer [16], which
will make them partial loss of liquidity and then make them
harder to be driven precisely. The oxidation can be removed
by strong acids or bases [16], so the HCI vapor [12] has been
used in the Galinstan based LM metasurface. However, the
HCI vapor is also toxic and volatile, a safe and stable LM
based microfluidic metasurface must be developed. NaOH
solution [5] and acidic silicone oil [17] were used to remove
the oxidation layer, but due to the high viscosity of the lig-
uid compared with air, the precise control of each meta-atom
in the microfluidic metasurface calls for careful design and
optimization.

Another issue required further study is the microvalve.
Microvalve [18] is an important control unit microfluidic
system, which mainly achieves flow control [19], fluid
driving [18], and integrated microfluidic logic control [20]
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by changing the cross-sectional area of a flow channel.
Microvalve plays an important role in the design of the
LM based microfluidics metasurface. There are three key
issues for microvalves applied to microfluidic metasurfaces
need to be considered. Firstly, it should avoid affecting
the EM resonance of meta-atoms. According to the dif-
ferent driving methods, microvalves can be divided into
electrical, magnetic, pneumatic microvalves and so on [21].
Among them, the electrical and magnetic microvalves will
introduce metal structures into the metasurface and gen-
erate conducted current and magnetic field, which will
be coupled with the electric and magnetic field of the
meta-atoms, so these two types of microvalves cannot be
directly used in the EM responding metasurface. Pneumatic
microvalve is a good choice because it does not have
metal structures and does not interfering the electric and
magnetic fields. Secondly, it should be capable of with-
standing high driven pressure. In LM based microfluidic
metasurface, the microvalve is usually used to construct
the dead end of each meta-atom chamber. The LM is
required to be separated into each meta-atom chamber
and deformed in a certain path under stress. Larger driv-
ing pressure will cause larger deformation of meta-atom,
which means more flexible EM response. However, research
about microvalve performance under high driving pressure
(basically more than 100 kPa) is not so much, which
still a challenge to realize a high performance LM based
microfluidic metasurface. Thirdly, it should be easy to real-
ize a scale-up manufacture. Large scale integrated (LSI)
microvalve array is involved in the microfluidics metasur-
face because there is a large number of meta-atoms that need
to be manipulated. Pneumatic microvalves can be basically
divided into normally open (NO) microvalves and normally
closed (NC) microvalves [22], [23]. Usually, the structure of
NO microvalve is much simpler, so it is widely used in LSI
microfluidic systems. In contrast, NC microvalves basically
contain the structure of diaphragm, which is in contact with
the seat without driving pressure to interrupt the flow. It
is hard to avoid the adhesion of the diaphragm to the seat
during the bonding process [24]-[25], so NC microvalves
are not suitable for LSI microfluidics metasurface. In short,
a NO pneumatic microvalve that is endurable for high driv-
ing pressure (up to 100 kPa) should be further studied and
check its applicability in liquid metal based microfluidic
metasurface.

Here, we demonstrated a LM based microfluidic chip
that enabled consistent, continuous and large LM unit array
reconfiguration. The robust and large LM unit array recon-
figuration was achieved by a novel fin shaped microvalve
design. Controllable EM wave reflection attenuation was pre-
liminarily demonstrated by using the present microfluidic
chips, which contained a 5 x 6 reconfigurable Galinstan
split-ring resonator (SRR) array. The SRRs were reconfig-
ured by NaOH solution pressure driven flow. The concept
of EM wave reflection attenuator is shown in Fig. 1(a). The
shape of SRR is defined by the split angle, which means the
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FIGURE 2. (a) Schematic of the LM based microfluidics metasurface unit.
(b) principle of the LM SRR reconfiguration.

angle between both ends of the SRR. The typical geometry
of SRR is shown in Fig. 1(b).

Il. METHODS

The unit structure of the LM microfluidic chip is shown
in Fig. 2(a). The chip consists of three layers. The upper
layer contains the SRR-shaped LM chamber, driving chan-
nel, loading channel, and a part of the pneumatic microvalve.
4 pL Galinstan is pre-stored in each LM chamber, and the
driving fluid is 1 mol/LL. NaOH solution for removing the
oxide of Galinstan. The middle layer is an elastic membrane,
whose deformation under driving pressure makes the change
of geometry of SRR. The membrane is also a part of pneu-
matic microvalves. The lower layer contains the pneumatic
channel of the microvalves. The lower layer also contains
the deformation chamber, which is designed for providing
space for the deformation of the membrane.

The LM SRR reconfiguring principle is shown in Fig. 2(b).
After loading the Galinstan into the LM chamber, turn off the
pneumatic microvalve and remove the excess Galinstan in
the loading channel. Then, the Galinstan in the LM chamber
can be driven by NaOH solution in the driving channel
with the pneumatic microvalve keeping “off” mode. With
the increasing driving pressure, the membrane will be bent
downward, thereby the volume of the LM chamber will be
increased. Due to the volume of the loaded LM is fixed, so
the length of LM decreases, which shows the increment of
split angle.

The simulations about the deformation of pneumatic
microvalves and the split angle simulations were both made
by COMSOL Multiphysics. Young’s modulus was set as
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750 kPa, and Poisson’s ratio was set as 0.49. In the hyperelas-
tic model, Mooney-Rivlin two parameters model was used.
The parameter C10 was set as 293 kPa, and the CO1 was
set as 177 kPa. The reflectance of the EM wave attenuation
was also simulated by COMSOL Multiphysics. The dielec-
tric constant of PDMS was set as 2.65, the loss tangent
delta was set as 0.04, and the electrical conductivity was set
as 3.46 x 10° S/m.

The LM microfluidic chip was made of polydimethyl-
siloxane (PDMS). The upper and the lower PDMS layer was
demoulded from the upper mold and the lower mold respec-
tively. The molds were fabricated by a computer numerical
controlled (CNC) milling machine. The middle PDMS layer
was obtained by the spin coating method. These layers were
bonded by Oxygen plasma treatment.

In the EM wave reflection attenuation experiment, a 30 cm
x 30 cm LM microfluidic chip array was prepared. An
Aluminum substrate was stuck under the LM microfluidic
chip array as the perfect electric conductor layer to enhance
the reflection. The chips were connected to a programable
syringe pump and a pressure sensor, which made easier to
control and detect the split angles of the SRR array.

1Il. RESULTS AND DISCUSSION

A. PERFORMANCE OF PNEUMATIC MICROVALVES

The performance of pneumatic microvalves seriously affects
the robustness of the LM based microfluidic metasurface.
The microvalve needs to keep “off” mode during the recon-
figuration of the SRRS, which means the microvalve must
strictly keep “off” mode under driving pressure more than
at least 100 kPa to ensure the large deformation of SRRs.
Once the microvalve cannot keep “off” mode under driving
pressure, the LM will flow out of the chamber, which will
cause the defects of the SRRs and then the EM resonance of
the SRRs will be affected. What’s more, due to the bonding
strength of the chip is limited, the ratio of the withstandable
driving pressure AP4 and the turn-off pressure AP; should
be as high as possible to achieve higher APq4. Therefore, an
easy to fabricate and operate microvalve which can com-
pletely interrupt the flow with high APy/AP; should be
considered.

We firstly compared 3 types of traditional NO microvalves,
rectangular cross shaped [18], flat slope shaped [26], and
rounded slope shaped [18] microvalves, respectively. The
minimum height of the microvalve chamber along the middle
line of the flow channel was 100 pm, 100 wm and 50 pwm,
respectively. The microvalve chambers were all 1 mm in
length and 0.8 mm in width. 60 kPa pressure was applied
to the wall of the pneumatic channel. The Von-mises stress
distribution of these 3 types of microvalves is shown in the
first row of Fig. 3(a)-(c). The contact stress distribution and
the membrane deformation of these 3 types of microvalves
are shown in the second row of Fig. 3(a)-(c). The rectan-
gular cross shaped, flat slope shaped microvalves could not
be closed completely because the membrane could not fully
contact the corner of the top surface. The rounded slope
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FIGURE 3. Optimal design of the microfluidic microvalve.

(a)-(d) Simulation results of Von-mises stress distribution, contact stress
distribution and the deformation of the membrane under 60 kPa pressure
load for rectangular cross shaped, flat slope shaped, rounded slope
shaped and fin shaped microvalve, respectively. (e)-(f) Comparison of the
forces applied to the contact line of the rounded slope shaped and the fin
shaped microvalve from A-A cross sectional view, respectively.

shaped could be closed completely because the curvature of
the top surface is close to the curvature of deformed mem-
brane. The A-A cross sectional view of the rounded slope
shaped microvalve is shown in Fig. 3(e). The membrane con-
tact angle 8, was defined as the angle between the interface
of the liquid-membrane and the top wall. In the rounded
slope shaped microvalve model, the 6;, was less than 180°,
so the resultant force of the tension of the membrane Fiengion
would hinder the close of the microvalve. If the 6, could
be equal to or more than 180°, the Fiension Would have no
effect or promote the close of the microvalve.
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TABLE 1. Pneumatic microvalve designs related to this work.

Work ~ Type  Materials (?;an) (\ZI':I‘; (:;:) (;“:;I;/ é::gif ;}) 1[) d( /fP }; )
271 NC ]g)l:;[ss D=15 100 254  Lithography ~} 67-;510
mo e am
m o e L4 w w wmm o
p N0 TYMAL LS 300 125 ONCmiling o
241 NO ]fg?vslss D=10  ~0 250 Lithography ~510'_31360
T e L1 w m Ogmm

Therefore, we proposed the design of the fin shaped
microvalve. Compared with the rounded slope shaped
microvalve, the fin shaped microvalve was introduced a fin
shaped step to offer more space for the membrane to achieve
full deformation once the central part of the membrane was
in contact with the step. Further deformation of the mem-
brane on both sides of the step enabled a larger 6, which
could achieve higher APy/AP;. The Von-mises stress distri-
bution and the contact stress distribution of the fin shaped
microvalve are shown in Fig. 3(d). The membrane could be
fully in contact with the step. The A-A cross sectional view
of the fin shaped microvalve is shown in Fig. 3(f). The 6y,
was near 180°, which meant the APq/AP; might be near 1.

To verify the performance of the above designs, flat slope
shaped, rounded slope shaped and fin shaped microvalves
were fabricated and tested. The thickness of the membrane
was 100 wm. The shapes of the contact surface with increas-
ing load pressure of these 3 types are shown in Fig. 4(a)-(c).
The observed shape of the contact surface was the same as
the simulation results. The fin shaped microvalve showd
the best turn-off performance. The relationship between the
AP; and the APy of the fin shaped microvalve is shown
in Fig. 4(d). Only if the turn-off pressure was higher than
70 kPa, the fin shaped microvalve could totally interrupt the
pressure driven flow. The APyq/AP; was near 0.98 which
shows the good performance of the microvalve, and it also
matched the previous prediction.

Table 1 shows several microvalve designs related to our
work. The NC microvalves [27]-[28] enable more than
1 AP4/AP; under the respectively listed AP;. However,
these two types of NC microvalves are quite hard to be inte-
grated into the LM based microfluidic metasurface. Also, the
work [27] shows that the APq4 cannot increase further when
the APy is higher than 40 kPa which means the performance
of NC microvalve under high AP; needs to be studied fur-
ther. The rounded slope shaped NO microvalve [18] only
achieves 0.41 AP4/AP; under 170 kPa, which means only
ensuring the full contact between the membrane and the top
surface is not enough, the 6, of the deformed membrane
is crucial, so the introduction of fin shaped step is helpful
for increasing the APgq/AP;. The NO microvalve [24] is the
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FIGURE 4. (a)-(c) The shape of the contact surface with increasing load
pressure of the flat slope shaped, rounded slope shaped and fin shaped
valve, respectively. (d) Relationship of the turn-off pressure and the
maximum driving pressure of the fin shaped valve. All scale bars are
200 pm.

combination of design ideas of NC and NO microvalves,
~0 pm thick diaphragm is made by isotropic glass etching,
and the distance between the diaphragm and the seat is 5
pm. It shows quite good APy/AP; with AP up to 160 kPa.
However, the fabrication of the microvalve array needs to be
precisely controlled, so the microvalve is difficult to be inte-
grated with the LSI flow network. Another big problem with
the above three designs [24], [27]-[28] is that mass produc-
tion is quite costly, which will limit the application of the
microfluidic metasurface with large area, for example, stealth
surface. The fin shaped microvalve we proposed introduces
lateral curvature and longitudinal step of the top surface.
The lateral curvature allows the membrane to fit the upper
surface sufficiently under pressure, so it can decrease the
AP;. The longitudinal step offers more space for the mem-
brane to deform which enables near 180° 6, so it could
increase the APgq/AP;. The fin shaped microvalve is made by
PDMS, which means the multilayers can be mass-produced
by demoulding method. Also, a 50 wm distance between the
membrane and the bottom surface of the fin makes the risk
of bonding failure significantly reduced. Therefore, the fin
shaped microvalve we proposed is a good design for LSI
microfluidic system which is suitable for working under high
driving pressure. The effect of the width of the fin on the
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maximum APy/AP; that enables the totally close of the
microvalve needs to be studied further.

B. CONSISTENT OF SRRs

Consistent deformation of each LM SRR under the same
driving pressure is crucial because it’s the basis of precise
SRR array control. The flow resistance of the flow channel
network needs to be considered during the chip design, which
highly affects the consistency of the SRRs.

The schematic of the simplified flow channel is shown
in Fig. 5(a). The LM is stored in the LM chamber, with
one dead-end, and the other end is connected to the driving
channel. Its equivalent flow resistance network is shown in
Fig. 5(b). R; to Rs represent the flow resistance of each
section of the channel respectively. Q; to Qs represent the
flow of each branch respectively. The deformable LM cham-
bers 1-3 are equivalent to C; to C3 respectively because the
process of storing and releasing liquid for the elastic LM
chamber is quite similar to the process of charging and
discharging for the capacitor. Pjpaq1 to Pioags represent the
pressure loaded on C; to C3 respectively, which are mainly
affected by the tensor of the middle layer.

The difference between Pjoaq1 to Pioag3 will cause different
split angles. If Pj, is a constant, there is

= Pload2 = Pload3 = Pin (D

That means the consistency of the SRRs is mainly affected
by fabrication and operation errors. For example, if the LM
chamber and the air chamber are not in good alignment,
the area of the membrane that induced the deformation will
be different in each unit. The initial volume of LM in each
chamber will also cause the difference of split angle under
the same pressure. If we consume that Pj, is a function of
sinusoidal variation

Pioadi

Pin = Pmaxsinwt 2)

Pmax is the amplitude of Pj;, Ploagr t0 Ploagz can be
derived as:

Ploaat = ——1 3)
RiwCi +1
Pin
P, = 4
load2 R + RoywCy +1 4
Pin
Pioadas = (@)

(R3 + R4+ R5)wC3 + 1

To ensure that a greater proportion of Pj, can be applied
to each SRR, decreasing the flow resistance of the flow
network, and decreasing the rate of pressure change can
improve the consistency of SRRs. Although decreasing the
C; to C3z can increase the Pjpaqi t0 Pioaq3, it means the
limited capacity to store the liquid in each SRR, which will
decrease the maximum split angle. Pressure drop in each
section of the channel can be calculated according to the
Hagen-Poiseuille equation:

AP=""" (6)
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FIGURE 5. (a) Schematic of the pressure distribution of the flow channel.
(b) Equivalent flow resistance network of the flow channel. (c) Simulation
results about the relationship between pressure drop and the difference of
split angle.

Here, n is the dynamic viscosity, / is the length of the
channel, v is the velocity of flow, D is the hydraulic diameter.
Fora D = 0.2 mm, v =1 cm/s, ©# = 1 mPa-s channel, there
is an 80 Pa pressure drop in 1 cm length.

Simulation results about the relationship between the pres-
sure and the split angle deviation are shown in Fig. 5(c).
There was a 20° and 2° deviation for 50 um and 100 pm
thick middle layer under the hyperelastic hypothesis when
the pressure drop between two SRRs came to 100 Pa. In the
Galintan and NaOH solution system, the pressure drop is
directly affected by driving speed v. Therefore, the balance
between the limited driving speed and the accuracy of the
split angle control needs to be considered. To ensure the
accuracy of the split angle control, 100 pwm thick middle
layer was used in this work.

C. SRRS RECONFIGURATION
The process of LM loading is shown in Fig. 6(a). In the LM
loading process, Galinstan was loaded through the loading
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Liquid metal loading

FIGURE 6. Backside view under microscope of LM loading and driving
process and results. (a) LM loading process. (b) LM driving process. All
scale bars are 5 mm.

FIGURE 7. LM based microfluidics chips array. Scale bar is 10 mm.

channel to fill the LM chamber with the microvalve in “on”
mode. The LM chamber was preloaded with the NaOH solu-
tion to avoid the oxidation of Galinstan. Therefore, the flow
of Galinstan in the channel exhibited the characteristics of
an ideal fluid. No adhesion of oxide on the channel wall
was observed. The graphs of the deformation of the SRR
are shown in Fig. 6(b). The microvalve was in “off” mode,
and the NaOH solution was pushed into the LM chamber
under driving pressure. Due to the Galinstan was trapped in
the LM chamber, with the increment of driving pressure, the
membrane was deformed, so the fraction of Galinstan in the
LM chamber was decreased which shows the increment of
split angle. The SRR can be reconfigured stably and contin-
uously without the leakage of Galinstan, which shows the
good performance of the fin shaped pneumatic microvalve.

The fabricated LM microfluidic chip array is shown in
Fig. 7. The chip was 110 mm in length and 95 mm in
width. The SRR was 14 mm in diameter, and the initial
split angle was 10°. The graphs of the SRRs which are
in one row in different states are shown in Fig. 4(a). In

903



ELECTRON DEVICES SOCIETY

GAO et al.: LM-BASED MICROFLUIDIC METASURFACE

each SRR, the angle between two solid arrows represents
the measured split angle, and the angle between the dotted
line and the solid arrow in the fixed position represents the
mean split angle. The standard deviation of measured split
angles was near 8.5°, which indicated good consistency of
the SRR array. We recorded the driving pressure in differ-
ent liquid feeding modes, which was shown in Fig. 8(b).
With the same volume of the driving fluid input under dif-
ferent loading speeds, the pressure kept the same, which
also meant the split angles of the SRRs kept the same. It
showed that the chip enabled reversible and repeatable SRR
array deformation. However, we noticed that in each pres-
sure step, there was always a pressure spike at the beginning,
and then the pressure went down to the plateau stage grad-
ually. It may have several reasons. Firstly, for a stationary
fluid network, due to the inertial force, the sudden feeding
of the driving fluid will cause a pressure spike. The faster
the driving fluid is fed, the higher the pressure spike will
be. Secondly, the reconfiguration process of the SRRs is
caused by the elastic deformation of the PDMS membrane
and the distribution of the driving fluid in each LM cham-
ber. It means that when the driving pressure is applied to
the chip, the chip requires a certain response time to reach
its stable state. During the experiment, the same volume of
driving fluid was fed, and the chip pressure could be sta-
bilized at the same value, which showed that there was no
obvious pressure drop in the chip. Details about pressure
fluctuations need to be discussed further. The split angles of
the SRRs did not seriously fluctuate with the fluctuation of
pressure. Supplementary Video S1 shows the dynamic varia-
tion of the SRR array under pressure-driven. The split angles
stayed stable 5 s after driving fluid feeding. The variation of
the split angle during pressure fluctuation was less than 5°.
The simulated and measured results about the relationship
between the driving pressure and the split angle are shown
in Fig. 8(c). The measured results were close to the simula-
tion results under the hyperelastic hypothesis when the split
angle was less than 200°, and were closer to the results under
the linear elastic hypothesis when the split angle was more
than 200°. This is good guidance for membrane deformation
based PDMS devices.

D. EM WAVE REFLECTION ATTENUATION

Reflection attenuation is widely used in EM wave
absorption [29]-[31]. We preliminary explored the potential
application of LM microfluidic chips in controllable EM
wave reflection attenuation. Based on the LM microflu-
idic chip, EM wave reflection attenuation was tested in
a microwave anechoic chamber. The measured and simu-
lation results with split angles of 45°, 90°, and 135° are
shown in Fig. 9 (a)-(c) respectively. The insets show the
simulated near field electrical field with the correspond-
ing split angle at the frequency 4.6 GHz, 4.1 GHz, and
3.1 GHz respectively, which show the greatest resonance
in simulation results from 2 GHz to 8 GHz. In the range
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FIGURE 8. (a) Graphs of the SRRs in different shapes with high
consistency. (b) Pressure curve in different injection step modes.

(c) Simulation and experiment results of the relationship split angle is less
than 200°, and are closer to the results under between driving pressure
and split angle. Scale bar is 5 mm.

of 45° to 135° of the split angle, the measured reflectiv-
ity had the trend of attenuating with the increment of the
split angle at 3 GHz, and with the decrement of the split
angle at 4 GHz. There was 7.5 dB and 13.5 dB attenu-
ation at 3 GHz and 4 GHz respectively, which validated
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FIGURE 9. The Measured and simulation results of the EM wave
attenuator. (a)-(c) The measured (solid line) and simulation (dashed line)
results with 45°, 90°, and 135° split angle, respectively. Each inset shows
the near-field electrical field at the frequency which enables minimum
amplitude.

the regulation of the dynamic response of EM wave reflec-
tion by the LM microfluidic metasurface. Moreover, with
the different split angles, there could be three attenuation
peaks reach —10 dB (effective absorption bandwidth [32])
when the frequency ranged from 2.9-3.1 GHz, 3.7-4.2 GHz
and 4.8-5.0 GHz, respectively. Compared with the previous
metasurface research about multiband attenuators [31], the
metasurface we proposed can be a selective multiband atten-
uator with more than 90% absorption at S-band and C-band.
The difference between the measured results and the simu-
lated results might be because of the introduction of NaOH
solution which is electrically conductive. The increasing span
size of SRRs at the edge of the chip might also induce the
unideal EM resonance.
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IV. CONCLUSION

In this work, we demonstrated a LM based microfluidic
chip. A robust fin shaped pneumatic microvalve for stably
loading and separation of LM was designed. It achieves
0.98 AP4/AP;, and the AP4q can be up to 210 kPa, which
shows a good tolerance of driving pressure. We also dis-
cussed the design principles that affected the stability and
consistency of the SRR array. The chip enables £8.5° defor-
mation of the SRR array. The chip array preliminary shows
the potential in EM wave reflection attenuation at 3 GHz and
4 GHz. In the future, precise geometry control will make this
method have the potential to achieve more accurate EM wave
moderation. We will do more work on the EM performance
of the chip, such as the sensitivity of the incident angle.
Optimization of the structure of SRRs to achieve a broad-
band attenuator will be studied in the future. Future, many
types of reconfigurable metasurfaces will be designed.

At present, there are still some problems in this work
that need to be improved. For the mass production of large-
area LM based microfluidic metasurface, the manufacturing
consistency requires further improvement, especially the
alignment bonding process. Alignment bonding of the large
area flexible material such as PDMS is a challenge because
the layers might not be flat enough to be precisely aligned
and the micro-structure might be deformed under stress.
Unideal alignment can increase the AP; of microvalves,
which might cause the LM leakage during the driving pro-
cess. The air permeability of the PDMS chip is the other
problem, which makes it difficult for the microvalve to main-
tain turn off pressure for a long time, so this will affect
the long-term stability of the metasurface. Compared with
common barrier layer like glass or Parylene C, Parylene
C-caulked PDMS [33]-[34] will be an efficient solution
because the barrier layers are hard to fully cover the chip.
Reducing the permeability of the chip can also reduce the
reaction of Galinstan with oxygen, thereby slowing or even
avoiding the production of oxidation. If the generation of
oxidation is avoided, Galinstan will be able to be driven by
a variety of fluids, such as fluorinated fluids, silicone oils,
nitrogen, and so on.

Moreover, due to the high surface tension of LM, it’s
difficult to construct the reconfigurable resonators with an
overall size smaller than 1 mm, which also requires large
and continuous deformation, so the LM based microfluidics
can mainly be used in the GHz band basically. The oxi-
dation of Galinstan is also a big challenge. We use NaOH
solution to remove the oxide, but the generation of reac-
tion products and the loss of the water are unavoidable.
Therefore, driving strategies for microscale LM structure
and robust chip materials need to be considered in the
future.

APPENDIX
Supplementary Video S1 shows the dynamic variation of the
split angles of the SRRs.
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