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Abstract—A low-cost and disposable microﬂuidic-tunable bandstop ﬁlter is presented which is fabricated utilizing a novel inkjetprinting based microﬂuidics platform. The proposed bandstop
ﬁlter is based on a split-ring-resonator (SRR) unit cell embedded
within the ground of a co-planar waveguide (CPW) transmission
line. By loading the capacitive gap of the SRR with an array of
ﬂuids with different permittivities, the resonant frequency of the
resonator can be tuned over a wide bandwidth. Utilizing only
6 μL of ﬂuid, which is approximately one twentieth of a drop
of water, a 30 %, or 0.4 %/εr change in resonant frequency can
be achieved which is higher than current cleanroom-fabricated
microﬂuidic RF devices in the literature. The high temperature
stability of the low-cost microﬂuidic ﬁlter is presented, which
demonstrates below 1 % variance in resonant frequency for
operating temperatures ranging from 273 K to 332 K.

Cook et al. have demonstrated simple microﬂuidic tunable
and sensing RF systems utilizing this fabrication platform
including varactors, microstrip resonators, and antennas [1].
This work aims to extend on previous works and demonstrate
a ﬂuid-tunable metamaterial-inspired SRR CPW bandstop ﬁlter
which will form the basis for future ﬂuid tunable metasurfaces
fabricated with this process. Previous demonstrations of ﬂuidtunable metasurfaces in the literature utilize macro ﬂuidics and
have given little attention to characterizing their thermal stability and repeatability. Gordon et al. have demonstrated a ﬂuid
tunable metasurface utilizing macro ﬂuidics which achieves a
5.2 % tuning range over a change in ﬂuid permittivity ranging
from 1 to 73 [10]. This work aims to demonstrate unit cell
performance of a metasurface utilizing a band-stop ﬁlter design
with tuning ranges of up to 30 %, as well as characterize
the repeatability and temperature stability of the fabricated
microﬂuidic RF device.

I. I NTRODUCTION
Microﬂuidics have become an invaluable tool over the past
decade to manipulate, analyze, and interact with extremely
small quantities of liquid in applications such as blood analysis, bio-assays, in-vitro wireless monitoring, manufacturing
control, and recently introduced ﬂuid-tunable electronic components [1]. Before the use of microﬂuidic systems, processes
such as bio-assays and water quality analysis required large
amounts of liquid ranging from milliliters to several liters, the
majority of which is wasted in dead volume required to ﬁll tubing and valves, and never utilized for analysis or measurement
purposes. Microﬂuidics, however, allows ﬂuid analysis to be
performed on samples which are micro or nanoliters in volume
due to the monolithic integration of sensing and interface
electronics, ﬂuidic manipulation structures, and micron sized
ﬂuid channels on a single packaged system.
Until recently, microﬂuidic systems with embedded electronics were fabricated utilizing cleanroom processes as low
cost microﬂuidic fabrication methods did not have viable
methods of depositing the embedded electronics in a lowcost manner [2]–[4]. As cleanroom fabrication methods were
required, the price point of microﬂuidic systems was rather
high. However, Cook et al. recently demonstrated a microﬂuidics fabrication platform which can fabricate low-cost, disposable microﬂuidic systems with embedded electronics using
an inkjet-printing based fabrication process [1]. Inkjet printing
is a rapid and additive fabrication process that can deposit a
wide variety of materials, including metals, dielectrics, and
nanomaterial-based sensors, at a low cost and with negligible
material waste on virtually any substrate [5]–[9].
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II.

FABRICATION P ROCESS

The unit-cell bandstop ﬁlter is fabricated utilizing the
process shown in Fig. 1. The materials printer utilized for
the fabrication process is the Dimatix DMP-2831 (Fujiﬁlm
Dimatix, Santa Clara, CA, USA). The ﬁrst step in the process
involves patterning a 2 μm thick metallization layer on the host
substrate, a 230 μm thick Kodak photo paper (Ofﬁce Depot,
Atlanta, GA, USA), utilizing ANP Silver-Jet 55LT-25C silver
nanoparticle ink (Advanced Nano Products, Sejong, Korea).
After printing the metallization layer, it is cured for 30 min at
120 ◦ C to produce a bulk metallization with a conductivity of
1.3e7 S/m [5]. Subsequently, a 15 μm thick polymer adhesion
layer is printed on top of the metallization utilizing an SU8 polymer ink (Microchem, Newton, MA, USA) which will
enable the bonding and sealing of the microﬂuidic channels
onto the host substrate. To create the microﬂuidic channels,
a second 1.5 mm thick poly(methyl-methacrylate) (PMMA)
substrate (McMaster-Carr, Atlanta, GA, USA) is laser etched
to produce the micron-sized channels and ﬂuid inlets/outlets
using an Epilog Legend EXT 120W laser (Epilog Laser,
Golden, CO, USA). Bonding is carried out by ﬂipping the
substrate housing the channels onto the host substrate and
applying 10 N/cm2 of force while bringing the entire structure
up to 80 ◦ C. The ﬁnished system is then allowed to cool while
still under pressure to mitigate warping due to the unequal
thermal expansion coefﬁcients between the two substrates.
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(a) Geometry

Fig. 1.

(b) Photograph

Fabrication process.
Fig. 3.
ﬁlter.

III. T HEORY OF O PERATION
The tunable band-stop ﬁlter is based on the SRR, which
is a commonly used metasurface unit cell as it is simple to
fabricate and model. The SRR unit cell can be modeled as a
series R-L-C as shown in Fig. 2, where R represents a parasitic
loss, L is the loop inductance, and C the gap capacitance.

Fig. 2.

Geometry (a) and photograph (b) of the proposed SRR bandstop

Equivalent circuit of the SRR unit cell.

The resonate frequency of SRR can be calculated by Eq. 1.
The gap capacitance in the SRR is the critical component in the
ﬂuid tunable bandstop ﬁlter as a ﬂuid channel can be easily
run over the gap. When liquids of different permittivity are
present over the gap, the capacitance of the gap changes due
to changes in the displacement ﬁeld strength. This leads to a
change in the resonant frequency of the SRR.
f=

1
√
(2π LC)

Fig. 4.

Sensitivity change with different slot in simulation.

frequency. The coupled energy experiences a phase shift from
the resonator which, when coupled back to the line destructively interferes with the forward going wave. This causes a
band-stop effect. The coupling factor, and SRR unit cell size
are optimized in the HFSS frequency domain solver for a
center frequency of 2.4 GHz and input impedance of 50 Ω
when the capacitive gap is loaded with air. The optimized
design can be seen in Fig. 3.

(1)

By closely coupling the SRR to the CPW line, energy
transfer occurs from the line to the resonator near the resonant
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For the sake of investigating suitable sensitivity, different
slot size is simulated. As shown in Fig. 4, Sensitivity grow
with b, while the strength of resonate decreasing. The best
sensitivity in Fig. 4. is 0.8 %/εr when b is 5 mm. But the
insertion loss for b=5 with water ﬁlled is only -6 dB, which
shows a limited tunable range. This set of simulation demonstrates the possibility of developing a super sensitive sensor
for low permittivity ﬂuid. However, since water is the most
common ﬂuid and has a relatively high permittivity, a large
sensitive range is need. Finally, 1 mm slot length is chosen for
fabricated and measured for nice bandstop ability.
IV. M EASUREMENT R ESULTS
Following the fabrication of the proposed band-stop ﬁlter,
the measured and simulated results of the band-stop ﬁlter
are reported with a focus on two critical components: the
sensitivity, or change in resonant frequency of the ﬁlter versus
the permittivity of the ﬂuid present in the channel, and the
repeatability and temperature stability of the device.
To measure the proposed ﬁlter, SMA connectors are
mounted utilizing Chemtronics CW2460 two part conductive
silver epoxy (Circuit Works, Wilmington, NC, USA). The
device is then mounted in a temperature controlled chamber,
and connected to ﬂuid feed lines which feed the various ﬂuids
through the microﬂuidic ﬁlter. A Rhode and Schwartz ZVA-8
VNA is used to measure the S-parameters of the device under
varying ﬂuid and temperature conditions.

Fig. 5.
Measured and simulated Insertion Loss (IL) for different ﬂuids
pumped into the channel.

The simulated and measured sensitivities of the device are
reported in Fig. 6, showing very good agreement between the
simulated and measured results. The sensitivity curve shows a
highly linear trend which is optimal for sensing. Typically,
microﬂuidic-tunable RF devices demonstrate a logarithmic
sensitivity curve [1].

A. Sensitivity Measurement
The ﬁrst test introduces ﬂuids with permittivities ranging
from 1 to 73 including air, hexanol, glycerol, and deionized
(DI) water at room temperature to determine the sensitivity of
the device. The permittivities of these ﬂuids at 2.4 GHz can be
found in Table I.
TABLE I.

P ERMITTIVITY OF T ESTED F LUIDS AT 2.4 GH Z [11]–[13].
Name
Hexanol
Glycerol
Water

Permittivity
Real part

Imaginary Part

3
4
73

2.5
0.4
8

Fig. 6. Resonance frequency shift (in percentage) due to different ﬂuids in
the channel.

In Fig. 5, the comparison between simulated and measured
Insertion Loss (IL) of the band-stop ﬁlter is shown for the
various ﬂuids. It can be seen that when the channel is ﬁlled
with air, the resonant frequency of the ﬁlter is 2.4 GHz which
is in good agreement with the simulation results. The passband is above -2 dB both below and above the resonant
frequency. As higher permittivity ﬂuids are introduced, the
resonant frequency of the ﬁlter decreases all the way to 1.74
GHz with the introduction of water. This is a 28 % change in
resonant frequency, or approximately 0.4 %/εr . The highest
current sensitivity of cleanroom-fabricated microﬂuidic RF
devices in the literature is approximately 0.25 %/εr , which was
demonstrated by Chretiennot et al. [14]. The 3 dB bandwidth
of the ﬁlter ranging from empty, to ﬁlled with hexanol, glycerol
and water are 8.3 %, 8.5 %, 13 %, and 12.6 %, respectively.

B. Temperature Stability Measurement
Typical devices have a temperature range in which they
optimally perform. In the case of these disposable microﬂuidic
RF devices, it is important to quantify stability versus variation
in temperature. This is even more important in ﬂuid-tunable or
sensing systems as there will not only be temperature variation
of the system itself, but typical ﬂuids experience a drastic
change in permittivity over temperature [15].
As a calibration, the system is initially ﬁlled with air,
and the temperature of the test chamber is raised from
room temperature, or 297 K, to 332 K (23 to 60 ◦ C). The Sparameters of the ﬁlter are recorded along with the steady state
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temperature within the chamber. The results of the calibration
test, displayed in Fig. 7 show that the resonant frequency
of the system experiences less than 1 % variance over a the
temperature range of 297 K to 332 K. Upon returning to room
temperature, the resonant frequency returns to its initial value
as well. This variance can therefore be calibrated out of the
ﬁnal measurement result in practical systems.
The microﬂuidic ﬁlter performs well over temperature when
empty, however, many ﬂuids have a temperature-dependent
permittivity. Water is known to have a relatively large change
in permittivity over temperature. Catenaccio report a decrease
of 21% in permittivity from 297 K, to 332 K [15]. To measure
this effect on the bandstop ﬁlter, the microﬂuidic channel is
ﬁlled with water, and the temperature is then raised from
297 K, to 332 K, allowing the device to reach steady state
before moving to the next temperature. It can be seen in Fig. 7
that the resonant frequency shift when the resonator is loaded
with water increases approximately 9 % over the temperature
range due to the decrease in permittivity of the water. Using the
results from the sensitivity measurement in Fig. 6, which yields
a change of 0.4 %/εr , along with the reported 21 % change in
permittivity of water over the measured temperature range, an
8.4 % change is expected which matches very closely with the
measured 9 % change. These extremely promising results show
that the device can not only be used as a tunable ﬁlter, but also
a temperature sensor. Again, the resonant frequency returns to
its original value when the device returns to room temperature.

results are directly conﬁrmed by the measured sensitivity of the
device, and the expected change in permittivity of water due
to temperature. The initial results will be extended to creating
ﬂuid-tunable SRR metasurfaces which can be used in a vast
array of applications ranging from in-vivo sensing, to widerange tunable RF ﬁlters.
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