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Abstract— Electromagnetic metamaterial-based sensors are
promising for wide-range of applications due to their high
quality factors and their simple structure designs. On the
other hand, surface acoustic wave (SAW)-based actuators have
been studied for their capabilities in manipulating microfluids.
In this paper, we propose a single flexible structure that can
act as a metamaterial-based sensor in microwave frequencies,
as well as a SAW actuator in radio frequencies. This feature
makes our proposed design suitable for an integrated platform
for both sensing and acoustofluidic manipulation purposes.
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I. INTRODUCTION

Metamaterials are artificially engineered structures that
possess unique properties which are not readily available in
nature, e.g. achieving a negative refractive index and the
capability of manipulating electromagnetic waves [1], [2].
Split-ring resonators (SRRs) that are basically sub-
wavelength metallic rings with one or more splits are among
the basic building blocks of metamaterials [3]. Circular and
rectangular SRRs fabricated on a dielectric substrate are
resonant devices with high quality factors that have been
extensively studied for sensing applications [4]-[9]
attributed to their simple design, ease of fabrication, and high
sensitivity. Another advantage of SRRs is that they can be
excited  wirelessly under various electromagnetic
configurations [6], [10]. The fundamental magnetic resonant
frequency of the SRRs depends mainly on their geometry
and dielectric properties of their surroundings and can be
modelled using lumped components [11] (f=1/\/(L¢f;C¢f;),
where fis the fundamental magnetic resonance, L.y is the
effective conductance, and Cey is the effective capacitance of
the structure). Altering any of these components by changing
the geometry of the resonator or the dielectric properties of
the medium results in a change in the resonant frequency of
the structure, and this phenomenon can be utilized as a
sensing mechanism.

On the other hand, surface acoustic wave (SAW)
actuators are composed of interdigital transducers (IDTs),
which are fabricated on a piezoelectric layer and have been
investigated for their microfluidic actuation capabilities to
achieve multiple functions such as streaming [12]-[14],
pumping [15], [16], jetting and nebulization [17].
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The concept proposed in this paper is based on our
previous studies [18]-[20], and our objective in this paper is
to implement our idea of combining metamaterial-based
resonators and SAW-based actuators on a flexible substrate
using a single structure. To this end, we have designed a
similar structure that we reported in [20] and fabricated it on
a thin film of Kapton, a commercially available form of
polyimide (PI) film [21]. We explored its capability to be
used as an SRR-based sensor in microwave frequencies, and
also to be used as a SAW actuator in radio frequencies (RF),
when it is pressed on piezoelectric substrate.

II. METHODOLOGY

Our device is composed of 40 pairs of IDTs made of
Ti/Au with the thicknesses of 10/100 nm and are developed
on a 120um-thick film of Kapton through the standard
photolithography and lift-off processes. A schematic of the
fabricated device is shown in Fig.1.
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Fig. 1. A schematic of the (a) fabricated device and its specifications (b)
lumped model of the device as an SRR-based structure.

We used CST Studio Suite, a commercially available
electromagnetic simulation software, for the design of the
structures. Planar waveguides were utilized to excite the
device under various directions of electric and magnetic
fields between 3.5-5 GHz range. Scattering parameters and
current density patterns were obtained for a specific
excitation condition.

For electromagnetic characterization, a copper loop
antenna with a perimeter of 8.8 cm was connected to one
port of a vector network analyzer (Agilent Technologies,
N5230A) and was utilized to interrogate the fabricated
structure. Reflection coefficient (Si;) of the device was
monitored in S-band. For sensing experiments, four
concentrations of sodium chloride (NaCl) ranging from 1 M
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up to 4 M were prepared. A droplet of 40 pL of each
concentration was placed on the gap between the electrode
pads of the structure. These experiments were performed
sequentially and were repeated at least for five times, and Sy
was measured each time after loading the droplet on the
device.

For acoustic characterization of the device in radio
frequencies, the fabricated device was pressed onto a 128°
Y-cut lithium niobate substrate from the electrode side and
the electrode pads of the structure were connected to one port
of a vector network analyzer (Keysight N9913A) and S, was
recorded. For actuation experiments, a signal generator (Aim
TTi, TG5011A) was used to apply power through an
amplifier (Amplifier Research, model 75A250) to the
electrodes of the structure. A droplet of 2 puL of deionized
water (DI) containing polystyrene microbeads (with diameter
of 10 pm) was placed in front of the IDTs and an RF power
of 7 W at 1024 MHz was applied to the electrodes.
Streaming was recorded using a conventional CMOS
camera. Motion of the particles inside the droplet and
streamlines were captured using PIVLab tool in MATLAB,
which is a digital particle velocimetry method [22].

III. ELECTROMAGNETIC CHARACTERISTICS

A. Electromagnetic Chracterisation

We experimentally characterized the fabricated device in
a band of 3.5-5 GHz and compared the results to the
simulations as shown in Fig. 2. In the simulated model, we
set the boundary condition so that electromagnetic wave
propagation is along x-axis, electric field is along y-axis, and
magnetic field is perpendicular to the device. This excitation
condition excites a magnetic resonance at 4.4 GHz and
results in two circulating current paths on the right and left
sides of the device. The current density pattern and excitation
configuration are shown in the inset of Fig. 2. In the
experimental setting, we obtained a resonance at 4.3 GHz.

As can be seen from the Fig. 2, the simulation and the
experiment results are in good agreement with each other.
The slight discrepancy between the simulation and the
experiment data could be due to the differences in the
nominal values loaded from the library in the simulations and
the actual properties of the fabricated device and the
environment in the experimental setting.
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Fig. 2. Reflection coefficient (S;;) spectra of the simulation and the
experimental data. The inset illustrates the current density patterned
obtained from the simulations at 4.4 GHz.

B. Electromagnetic Sensing

For sensing experiments, we prepared four different
solutions of NaCl including 1, 2, 3, 4 molars. We placed a 40
uL droplet of deionized water and also the prepared NaCl
solutions with four different concentrations, in sequence, on
the gap of the electrode pads and recorded the Si; spectra. To
ensure the reliability of the data, we repeated the experiments
for at least five times for each concentration. The obtained
results are shown in Fig. 3.
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Fig. 3. (a) Sy spectra of various NaCl concentrations, DI, and the device
for a sample set of experiments (b) the shifts in the resonance of the device
after loading a droplet of each concentration on the device.

Loading a droplet on the gap area of the structure alters
the circulating current around the geometry of the resonator
(shown in inset to Fig. 2). The experimental study revealed a
shift in the resonant frequency of the device towards lower
values. The conductivity and the dielectric permittivity of the
resonator area where the droplet is placed are altered, leading
to a decrease in resonant frequency with increasing
concentration. Fig. 3(a) shows a set of sensing experiments
and the S;; spectra that were obtained for various
concentrations (The fabricated device is also shown in the
inset of this graph). Fig.3 (b) represents the shifts in the
frequency that were achieved by loading a droplet of each
concentration and the error bars indicate the standard
deviation from the average shift. The calculated sensitivity of
the device is ~3 MHz/M.
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IV. ACOUSTOFLUIDIC CHARACTERISTICS

To characterize the acoustofluidics performance of our
device, we followed our method explained in ref [20] where
we physically attached the fabricated device on a lithium
niobate substrate (LiNbOs3) from the electrode side by
applying contact force. We then connected the electrode pads
to one port of the network analyzer and recorded the
reflection coefficient. The acoustic frequency of the device
depends on the phase velocity of acoustic waves in the
substrate and the wavelength of the IDTs (f=v// f as the
fundamental resonance, v as the phase velocity of acoustic
waves in the substrate, and A is the wavelength of IDTs).
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Fig. 4. Acoustic characterization of the fabricated device.

The nominal phase velocity of acoustic waves in a
LiNbOj substrate is ~3980 m/s, and the designed wavelength
of the IDTs in the fabricated structure is 300 pm. We
measured the Sy; spectrum as shown in Fig. 4 indicating an
acoustic resonance at 10.24 MHz. This resonance matches
our design parameters considering that the IDTs of the
structure are in contact with the LiNbOj3 substrate through
physical attachment and the actual phase velocity would be
lower than the nominal value. For performing actuation
experiments in our experimental setup, we diluted
polystrene particles inside DI water and placed a droplet
with a 2 pL of this solution in front of the IDTs. We then
applied a power of 7 W to electrode pads at 10.24 MHz via
a signal generator and a power amplifier.

The recorded motion of the particles and the obtained
streamlines that were analyzed by PIVLab are shown in Fig.
5 (a-d) from the beginning towards the end of the
experiment.

Fig. 5. Streaming patterns of the polystyrene particles inside of a 2 pL
droplet at applied power of 7 W at 10.24 MHz, captured at (a) 5.5 s, (b)
17.6s, (c) 24.8 s, (d) 27.5 s in a 29 s experiment, respectively.

Fig. 5 shows the streamlines captured at randomly
selected time instances at5.5, 17.6, 24.8, 27.5 s in an
experiment lasted 29 s.

V. CONCLUSIONS

In this paper, we proposed the idea of combining
metamaterial-based resonators with SAW-based actuators
using a single structure on a flexible Kapton film. We
characterized our device electromagnetically and used it as
an SRR to perform sensing experiments. We also
characterized our device acoustically by pressing this flexible
structure onto a lithium niobate substrate and achieved
streaming at its acoustic resonance. The fabricated device has
the potential to be integrated into lab-on-chip devices for its
dual-functionality in both sensing an actuation on a single
geometry. The sensing and actuation functionalities are
based on two different mechanisms and are realized at
different frequencies. Decoupling the operation frequencies
are also advantageous as readout electronics and the driving
electronics can be optimized separately without cross-talk
problems. Also, these flexible substrates are promising to be
integrated into flexible electronics and wearable devices in
the future.
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