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Abstract—A microfluidic mixer is integrated with a dual-
band microwave resonator to allow in situ monitoring of
mixing two liquids. The resonator is a complementary double
split-ring resonator, which is etched in the ground plane of
a microstrip transmission line. The output channel of the
mixer is conducted below the ground plane in the near field of
the resonator. Electromagnetic and fluid dynamic simulations
have been performed to design optimal channel configura-
tions for this section to increase the sensitivity, minimize the
volume of the required liquid sample, and eliminate unwanted
microfluidic mixing. The frequency variation of the first two
resonances is monitored by measuring the transmission
parameter of the microstrip line. The performance of the
device is demonstrated by mixing saline solutions of differ-
ent concentrations and the transmission spectra of different

mixing section

ilet A

chemicals are also presented. It is shown that the device can allow unambiguous chemlcal identification by simultaneous
monitoring of the two resonances. The total amount of fluid required to operate the device is less than 8 uL.

Index Terms—Chemical and biological sensors, microfabrication, microfluidics, microwave sensors, split-ring

resonators (SRRs).

. INTRODUCTION
ICROFLUIDICS allows the precise control and manip-

M ulation of fluids on a very small scale, that is at uL or
even nL volumes. Nowadays, complex lab-on-a-chip devices
are developed, which integrate many functions, such as sample
preparation, assay manipulation, and reactions [1], [2]. These
functions are supplemented with sensing and detection in
order to monitor the microfluidic processes and to allow the
readout of the results. The goals of Industry 4.0 includes the
development of small-sized sensors, which may find appli-
cability in lab-on-a-chip technologies and can lead to the
widespread use of these devices. Recently, significant efforts
have been devoted to resonance-based microwave sensing,
especially for linear and angular displacement monitoring [3],
[4] and material characterization in the fields of biosens-
ing [5], [6], agriculture [7], [8], medicine, and pharmaceutical
industry [9], [10]. Different regimes of the electromagnetic
spectrum present distinct advantages for sensing and can
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provide complementary information about the samples to be
perceived. Therefore, to increase the reliability and accu-
racy, dual technology sensors have been developed, where
often a microwave sensor is supplemented with an infrared
or optical sensor [11], [12], [13], [14]. Resonance-based
microwave sensors have high precision and reliability; they
can operate in harsh environmental conditions [3]. During
the more than two decades of metamaterial research, many
subwavelength resonator geometries have been investigated
to produce engineered electromagnetic response [15], [16].
Among them, split-ring resonators (SRRs) and their variants
are the most examined structures as being a suitable candidate
to engineer customized magnetic properties from microwave
up to terahertz frequencies [16], [17]. By employing Babi-
net’s principle, the dual structure, called complementary SRR
(CSRR), has also been proposed [15], [18]. SRRs and their
variants have been applied as backward wave structures for
directional emission [15], in microwave filters [18], as sensing
elements [19], for the characterization of planar dielectric
materials [20], [21], [22], and as fluidic sensors [10], [23],
[24], [25], [26], [27], [28], [29], [30].

Despite so many applications of microwave sensors, in the
case of microfluidic lab-on-a-chip devices, there are additional
challenges to be addressed, which to our knowledge, have
not yet been adequately discussed in the literature. First,
small amounts of liquids must be detected. However, not only
the sensor sensitivity is the most important aspect, but also
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other considerations related to fluid flow must be considered.
Therefore, the design of the fluidic channel in the sens-
ing area requires special considerations. On the other hand,
the microfluidic lab-on-a-chips can have complex densely
packed geometries, where sensing is required at different
locations. It is essential that the properties of the liquids
flowing in the channels, which are outside of the sensing
area, do not cause unwanted influence. Such sensors are
required where the geometry of the fluidic channels does
not have to be redesigned. Finally, to allow identification of
fluids based on the dispersion of their electric permittivity,
the sensor is required to work in at least two frequency
bands.

The microfluidic systems transport and process fluids, and
one of the typical operations is mixing. Homogeneous mixing
of liquids is essential in many processes, but due to the low
Reynolds number of laminar flow, it is difficult to achieve
it in microfluidics. Passive mixing techniques, which utilize
precisely designed channel geometries for mixing, are suitable
in a lab-on-a-chip environment and are also suitable for inte-
gration with microwave sensors. Microfluidic mixers can have
simple tortuous/zigzag channels [31] or more complicated
designs with additional structuring [32], [33], [34], [35].

In this article, a transmission-based microwave sensor is
integrated into a microfluidic mixer in a lab-on-a-chip con-
figuration. The sensor, which is a CSRR, is located in the
ground plane of a microstrip transmission line and monitors
the properties of the mixed fluid. The design and fabrication
procedure is described and prototypes are presented. Electro-
magnetic and fluid dynamics simulations are jointly applied to
design the optimized fluidic channel, which guides the liquid
properly to the sensing area, and at the same time, it provides
the required sensitivity of the sensor. The performance of
the device is demonstrated by mixing saline solutions of
different concentration and the transmission spectra of several
chemicals are also presented. A comparison with existing
state-of-the-art resonance base microwave fluidic sensors is
provided.

Il. DESIGN OF THE DEVICE

The sketch of the device geometry is presented in Fig. 1.
It consists of a microstrip transmission line with a ground
plane, in which a CSRR is etched and the microfluidic
layer placed below. The fluidic channels are fabricated in
polydimethylsiloxane (PDMS) and they are covered with a
150-pum-thick borosilicate glass. The fluidic layer is glued
to the bottom of the ground plane with a thin PDMS layer
(approximately 55 pm in thickness). The dimensions of the
device are summarized in Table I. The size of the device is
sy = 35 mm and s, = 45 mm. The substrate is 0.76-mm-thick
ISOLA 1S680-345 [36], with 38-um copper cladding. The
mixer has two inlets (A and B) and one outlet. The width
of the fluidic channels is 500 um and the height is 100 um
along its full length. The total length of the mixing section
is 81 mm. Below the CSRR, that is, in the sensing region,
the fluidic channel is designed to cover the most surface area,
as it can be observed in Fig. 1(d). The thickness of the fluidic
layer is 2 mm.
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Fig. 1. Geometry of the mixing device with the CSRR sensor.

(a) Schematic cross section. (b) Top of the sensor with the microstrip
line. (c) Ground plane with the CSRR. (d) Geometry of the fluidic layer.

A. Design of the Dual-Band Microwave Resonator

The electromagnetic behavior of SRR and CSRR has been
extensively studied [16], [37], [38], [39], including coupling
and excitation of different modes [40], [41]. The first two
modes of the double CSRR possess perfect magnetic conduc-
tor (PMC) symmetry (where H; = 0) along the geometrical
symmetry plane [42]. The fundamental propagating mode of
the microstrip line has the PMC symmetry. Therefore, it can
excite the first two modes of the CSRR when their symmetry
planes are aligned. By loading the microstrip transmission line
with the CSRR the transmission parameter exhibits stopband
behavior at resonant frequencies, where the injected power is
mostly reflected.

The microwave resonator is designed with the frequency-
domain solver of the commercial software CST Microwave
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TABLE | 0
MAIN DIMENSIONS OF THE DEVICE 5}
Sz (mm) Sy (mm) hs (mm) €r tan ~ 10}
35 45 0.76 3.45 0.0035 =
ws (mm) | g1 (mm) | g (mm) | w (mm) | a (mm) 157
wep, (um) | hep (um) | Lo (pm) | wse (um) | dse (um) - — 'sample 2
500 100 273 75 480 250 B e 1
-30 : : .
2 4 5 6 8 10 12
Studio. The ISOLA substrate is modeled as lossy dielectric \ \

with electric permittivity €, = 3.45 and loss tangent tan§ =
0.0035. The copper is considered as lossy metal with the
electric conductivity of 5.8 - 10’ S/m. The thickness of the
microstrip line is wy = 1.7 mm, which can provide a
good transmission of the unloaded transmission line over the
frequency range of 2—-12 GHz. To facilitate fabrication, the
following dimensions of the CSRR are fixed: the distance
between the inner and outer ring is g; = 0.5 mm, the binding
is g = 1 mm, and the width of the etched rings is w = 0.3 mm.
The size of the outer ring is obtained with optimization so
that the first resonance of the CSRR is at 5 GHz, which
results in @ = 5.08 mm [43]. Two samples are fabricated
and their S>; transmission parameter is measured with a two-
port P9374A Keysight vector network analyzer. The measured
and simulated S; parameters are compared in Fig. 2(a). The
measured data show a good agreement except for a small
frequency shift compared to the simulation.

The simulated electric field distributions at the first (5 GHz)
and second (10.432 GHz) resonance are presented as well. The
field distributions of Fig. 2(b) and (d), that is, the cross section
just below the ground plane, shows that both modes have PMC
symmetry along which the maximum field intensity occurs.
The electric field distributions of Fig. 2(c) and (e) are plotted
along the symmetry plane of the sensor. The near field of both
resonances extends well below the ground plane; consequently,
they can be utilized for sensing. However, the extent of the
second mode is more localized. The operation of the CSRR
can be understood by considering a single slot, which is
cut in the ground plane and positioned symmetrically to the
microstrip line. In the case of the first mode, the maximum
electric field intensity occurs at the middle of the slot and
it decreases to null at the two ends. It can be shown that
the essential electromagnetic characteristics do not change by
folding the slot, for example, in the shape of a single CSRR.
The purpose of folding is to make the geometry compact, and
it can also increase the quality factor of the resonator. The
double CSRR can be thought of as two closely spaced folded
slots with different lengths where the previous statement is
still valid, but couplings are also created between the slots.
In the case of the second resonance [see Fig. 2(c)], it is clearly
observable that the maximum electric field intensity occurs at
the middle of the inner ring shaped slot and decreases to zero
at the ends. Similarly, in the case of the first resonance [see
Fig. 2(b)], the maximum field intensity occurs at the middle
of the outer ring, but due to inductive coupling, the inner
ring is also excited. In the case of double SRR/CSRR meta-
materials, this hybrid mode excitation is responsible for the
bianisotropy.

Fig. 2.
microwave resonator. The simulations are performed with the frequency-
domain solver of CST Microwave Studio. Electric field distributions at
(b) and (d) first resonance (5 GHz) and (c) and (e) second resonance
(10.432 GHz).

(a) Measured and simulated S»¢ transmission parameter of the

B. Design of the Fluidic Sections

The geometry of the microfluidic mixer is presented in
Fig. 1(d). It consists of two inlets (A and B), a junction,
a mixing section, a sensing area, and an outlet. The liquids
with different properties are introduced continuously into the
mixing section. The microchannels have a rectangular cross
section, the width is wg, = 500 pum, and the height is
heh = 100 wm. The total length of the mixing section is 81 mm
and the periodic guiding columns in it are Ly = 273 pum
long and wg = 75 um wide, positioned at 45° angle to
the channel wall. The distance between two guiding columns
is dg¢ = 480 pum. The two fluids mix with each other due
to the winding geometry of the channel and the guiding
columns in it, which cause a “zig-zag” motion of the flow.
The tortuous channel causes the mixing of liquids by changing
their flow direction. The guiding columns in it facilitate this
process making the fluid to flow along a meandering path even
on the otherwise straight sections. The volume ratio of the
fluids can be changed by controlling the pressure of the two
inlets. Good mixing can be achieved in two regimes when the
total flow rate is under 0.2 mL/h or when it is larger than
40 mL/h, as it can be seen in Fig. 3. Furthermore, as shown
in Fig. 4(e) in the intercolumnar regions, vortices are formed,
which further enhances the mixing. In essence, these vortices
act as a mechanical mixer [32].

The mixing section is then transitioned to the sensing
area, which is behind the ground plane in the near field of
the CSRR. The pattern of the channel is selected based on
the following reasons. The spectral positions of the CSRR
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Fig. 3. Microscope images of fluid mixing at different flow rates. (a) Total
flow rate is 0.2 mL/h and the fluids are mixing due to diffusion mostly.
(b) Total flow rate is 10 mL/h and the mixing is only partial. (c) Total flow
rate is 40 mL/h and the fluids are completely mixed under the influence
of inertial forces.

resonance are influenced by the electric permittivity of the
fluid flowing in the microchannel. Thus, by measuring their
displacement relative to a reference, we can obtain information
about the properties of the liquid. The sensitivity of the
sensor depends on the amount of fluid in the near field of
the CSRR (see Fig. 2). By inspecting the extent and the
distribution of the near field, the obvious solution to achieve
high sensitivity is to create a fluidic reservoir below the
CSRR. However, not only sensitivity is the parameter, which
must be considered. In many cases, the available sample is
limited, so it is necessary to design a fluidic device with
the smallest possible volume but with sufficient sensitivity.
In addition, by changing the properties of input fluids, the
mixture to be measured is formed over time as a result of a
transient process since the liquid in the channel must first flow
out. Therefore, special considerations must be taken how the
fluid is handled in the sensing region to avoid contamination
with the previous sample and unwanted mixing. As it is
shown next, the appropriate solution is not a reservoir, but
a properly guided fluidic channel below the CSRR. To find
the optimized channel configuration in the sensing region,
computational fluid dynamics simulations of different geome-
tries are performed with the commercial software Comsol
Multiphysics. The time-dependent transport solver of diluted
species embedded in laminar flow has been utilized. In the
simulations, 10-ppt saline water is considered on inlet A and
distilled (0 ppt) water on inlet B at a flow rate of 20 mL/h
each. Some of the investigated geometries are shown in Fig. 4.
For each of these geometries, the concentration variation along
the cross section of the sensing area [see the dotted line of
Fig. 4(a)—(e)] is presented in Fig. 4(f). In Fig. 4(a)—(c) where
the transition of the mixing section widens into the reservoir
the concentration of salty water ranges from 1 to 5 ppt. With
increasing the aspect ratio of the channel, the velocity of
the fluid is rapidly decreasing and vortices are created in
the corners of the reservoir. These vortices trap liquid, which
can result in unwanted mixing and insignificant data readout.
Furthermore, during filling of the channel, air bubbles can get
stuck in the corners of the reservoir, which can also lead to
incorrect results. To avoid these two effects, the use of simple
channels is required. In the case of Fig. 4(d) and (e), there is
no reservoir utilized in the sensing area and the concentration
of mixed fluid is the same, 5 ppt constantly along the channel.
Therefore, the channel configuration of Fig. 4(e) is selected
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Fig. 4. Mixing simulations of 10-ppt saline water with distilled water for
different fluidic geometries. Both fluids are introduced at the flow rate
of 20 mL/h at each inlet. The mixing results are plotted at t = 5 s.
(a)—(c) Distribution of the liquid concentration in the sensing area is not
uniform. (d) and (e) Fluid concentration is constant along the channel.
Photographs are taken during the operation of the mixer when uncolored
and red dyed distilled water are introduced into inlet; the 20 times
magnification of the mixing section and the sensing area is shown in
the inset of (e). (f) Simulated concentration variation of saline solution
along the cutline of each fluidic geometry.

because it provides an optimal layout as it guides the liquid
properly and provides the most surface area in the near field
of the CSRR. The mixture is collected from the outlet.

As a validation of the mixers, performance uncolored and
red dyed distilled water are introduced into inlets A and B
as it can be seen in the insets of Fig. 4(e). The volume
ratio of the fluids is changed, as shown in Table II. The
pressure of inlet A is increased, while the pressure of inlet



15354

IEEE SENSORS JOURNAL, VOL. 23, NO. 14, 15 JULY 2023

2 ! !
O Reference dilution series
15 t|— linear

¥ Mixer measurements

Absorbance

0 1
0 0.1 0.2 0.3 0.4 0.5
Concentration (%)
©
Fig. 5. (a) Photograph of the fully assembled device while colored

liquids are mixed. (b) Sensing area is presented where the position-
ing of the microfluidic channel below the CSRR can be observed.
(c) Performance of the mixer is verified by spectrophotometry.

TABLE Il
SPECTROPHOTOMETRY RESULTS OF THE FLUID MIXING

Reference dilution series Mixer measurements
% sample A % sample A real value
0.5 1.797 0.5 1.822 0.5048
0.25 0.93 0.375 1.37 0.378
0.125 0.43 0.25 0.898 0.246
0.0625 0.231 0.125 0.473 0.1267

B is decreased in such a way that the total pressure is kept
constant. The mixed fluid is collected from the outlet and it
is measured by NanoDrop 2000 spectrophotometer at A =
495 nm. Therefore, reference samples of dyed water with
known concentration have been prepared and characterized
with the spectrophotometer. The measured absorbance of the
references can be fit with the linear regression

A =3.568c + 0.02065 (1

where A is the absorbance and c is the concentration of dye.
Then, the mixed fluid collected at the outlet of the mixer
is characterized with the spectrophotometer. By reading the
measured absorbance of the microfluidically mixed fluid, the
concentration can be determined from the linear regression
(see Fig. 5(c) and Table II). The maximum deviation between
the reference and the microfluidic mixture is 1.6%, which
proves the high accuracy of the mixing device.

[1l. FABRICATION AND MEASUREMENT SETUP
The proposed fluidic device consists of several layers as it
is shown in Fig. 1(a). The parts of the device are fabricated
with different processes. The microstrip transmission line with
the CSRR on the ground plane is fabricated with conven-
tional printed circuit board (PCB) technology. The microfluidic

channels are fabricated by soft lithography. First, SU-8 2075 is
dispensed onto a silicon wafer, which is then spin-coated at
2000 r/min for 30 s with an acceleration of 300 r/min/s in a
Laurell WS-650MZ-23NPP spin coater. After the deposition
of photoresist, the wafer is baked at 65 °C for 3 min and then
at 95 °C for 8 min. The UV-light exposure is done by uPG101
direct laser writing machine. Postexposure baking is performed
in three steps, first at 60 °C for 2 min, second at 95 °C for
7 min, and third at 60 °C for 2 min. During the development,
three cycles of washing by SU-8 developer (10-5-2 min) and
isopropanol (20-20-20 s) are applied to remove the uncured
photoresist from the wafer. PDMS monomer and curing agent
were mixed in the 10:1 ratio and then degassed in vacuum
chamber. The mixture was poured onto the silicon mold to
form a 2-mm-thick block, which was baked at 70 °C for 2 h
to promote the curing process. Holes were punched into the
peeled-off PDMS to form the inlets and the outlet of the
channel. Then, the microfluidic channels are covered with
borosilicate glass as follows. The 170-um-thick borosilicate
glass plate and the 2-mm-thick PDMS block containing the
microfluidic channel are treated in oxygen plasma for 30 s.
The treatment removes hydrocarbon groups, which allows
Si—-O-Si covalent bounds to form between glass and PDMS
after stacking them [44]. Finally, the ground plane of the
PCB is coated with 70-um-thick PDMS layer, which glues
the microfluidic chip in place. The channel is positioned
below the CSRR with a stereomicroscope and the positioning
accuracy can be observed in Fig. 5(b).

The schematics of the experimental arrangement, which
includes the fluidic pump (Elveflow OBl MK3+) and the
microwave characterization setup, are presented in Fig. 6(a).
After mixing, the outflowing liquid is collected in a glass.
The photograph of the actual experimental setup is shown
in Fig. 6(b). The change of the S;; transmission parame-
ter is monitored with the Keysight vector network analyzer.
In Fig. 6(c), the measured transmission parameter S»; is
plotted when the channels are empty and when distilled water
is pumped in both inlets of the mixer. The distilled water
increases the effective permittivity in the sensing region, which
leads to a downshift of the resonant peaks. For comparison,
the transmission of the standalone CSRR without the fluidic
layer is presented as well.

IV. CHARACTERIZATION OF THE DEVICE

The performance of the device is demonstrated by mixing
saline water with different concentrations. As the electric
permittivity of saline solutions is well known, therefore, this
method is commonly used to characterize sensors [45]. In our
case, this experiment is very convenient because it allows the
joint characterization of microwave sensing and microfluidic
mixing. First, the variation of the transmission parameter in
a function of salinity is determined by pumping water of the
same salinity into both inlets of the mixer. The pressure at the
output of the pump is set to 1.9 bar. The salinity is modified in
the range of 0 ppt (pure water) to 40 ppt with an increment of
10 ppt. The transmission parameter Sp; of each saline sample
is measured in the frequency range of 0-12 GHz, as it can
be seen in Fig. 7. The variation of the measured transmission
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Fig. 6. (a) Schematics of the experimental setup. The liquids are

introduced into the inlets of the mixer by a pressure-driven pump. After
mixing, the outflowing liquid is collected in a glass. The transmission
Soq of the sensor is monitored with the vector network analyzer.
(b) Photograph of the experimental setup. (c) Measured Spq when the
channels are empty and when distilled water is pumped in both inlets of
the mixer. For comparison, the transmission of the standalone CSRR is
also presented.

parameter at the first and second resonances is magnified in
Fig. 7(f) and (g). Note that the curves are well separated
for both resonances. These data will serve as a reference to
identify the concentration at the outlet when salty water of
different concentration flows in the inlets.

Electromagnetic simulations of the full device with saline
water of different concentrations flowing in the channels are
also performed with the frequency-domain solver of CST
Microwave Studio. In the simulations, the electric permittivity
of PDMS is selected ¢, = 2.77 and tand = 0.024 [46],
[47]. The borosilicate glass cover of the fluidic channels is
considered lossless with electric permittivity €, = 6.3 [48].
At microwave frequencies, the electric permittivity of saline
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Fig. 7. (a)—(e) Measured (continuous line) and simulated (dot-

ted line) So1 magnitudes for aqueous solutions of different salinity.
(f) and (g) Measured transmission magnitudes in the frequency band
of the first and second resonances, respectively.

water can be expressed by extending the Debye model with
an ionic conductive term [49]. The strongly dispersive and
high-valued electric permittivity of water is the result of two
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Fig. 8. Electric permittivity of saline water is highly dispersive. (a) Real
part and (b) imaginary part of electric permittivity for different salinity
(ppt) values at room temperature.

counteracting effects. However, the permanent electric dipoles
of water molecules align along the local electric field, and the
thermal agitation works against this ordering. By mixing NaCl
in water, freely moving ions are formed. Their electromagnetic
contribution is considered with the additional ionic conductive
term. The formulas of the model have been implemented as
a CST Microwave Studio macro and are published online.!
In the simulations, room temperature (24 °C) is assumed and
the salinity is changed from 0 (pure water) to 40 ppt with an
increment of 10 ppt. The corresponding variation of electric
permittivity is shown in Fig. 8. In Fig. 7(a)—(e), the simulated
S>1 transmission parameters are plotted with dotted line and
a good agreement between simulations and measurements can
be observed.

As a function of the salinity, we determine the difference in
the magnitude of the transmission at the resonant frequencies
compared to the value obtained with distilled water. The
differences are fit by polynomial expressions. The variation of
A Sy at the first resonance in a function of salinity is plotted in
Fig. 9(a) with asterisk and plus sign markers for two fabricated
devices, and for comparison, the simulations are presented
with circle markers. At the first resonance, there is a very
good agreement between the measured and simulated data.
The measured data of sample 1 can be fit with the quadratic
polynomial

AlSor Il =1.193- 107357 4 0.14645 —2.287 - 1072, (2)

The variation of AS; at the second resonance in a function of
salinity is plotted in Fig. 9(b). We have found that the second
resonance is more sensitive to the thickness of the PDMS
adhesive layer between the ground plane and the borosilicate
glass layer, which may cause the difference of the two mea-
sured devices. In this case, the measured data of sample 1 can

![Online] Available: https://sourceforge.net/projects/fluidic-sensor/files/
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Fig. 9. Relative response of the mixing device in a function of salinity.
(a) and (b) Variation of the Sp1 magnitude minima compared to pure
water at the first and second resonances, respectively. Two samples are
prepared and measured. The measured data are plotted with asterisk
and plus sign markers, while the simulations result with circles. In (a) and
(b), the variation of the measured data of sample 1 is fit with quadratic
polynomial and linear regression, respectively.

be fit with the linear regression
A |521|§§ =2.939-10725 +2.005 - 1072, 3)

The fitting expressions can be easily inverted, which facilitates
the readout of an unknown salinity form measured Sy data.

Then liquids of different concentrations are fed to the inlets
of the mixer. Two examples are provided. In Fig. 10, the saline
water of 20 ppt is mixed with O ppt (pure) water to produce
10-ppt saline water. In Fig. 10(a), the transmission parameter
of the mixed solution is compared to the transmission param-
eter of Fig. 7(b) where, on both inlets of the mixer, 10-ppt
saline water was pumped. In Fig. 10(b) and (c), the frequency
regions around the first and second resonances are magnified,
and for reference, the transmission spectra of 0- and 20-ppt
saline water are plotted as well. The figures reveal that the
performance of the microfluidic mixer and also the CSRR
sensor measurement capability is outstanding. As it is shown
in Fig. 10(d), the absolute error of the measurement is smaller
than 0.5% everywhere.

In Fig. 11, the saline water of 20 ppt is mixed with 40-ppt
saline water to produce 30-ppt saline water. In this case too,
there is a very good agreement between the transmission
spectra of the mixture and 30-ppt saline water; the measure-
ment error is less than 0.4% everywhere, as it is plotted in
Fig. 11(d).

Finally, the response for several chemicals manufactured by
VWR Chemicals is measured and compared to the spectra
of distilled water, as it is presented in Fig. 12. The sodium
hydroxide solution (NaOH) is of 3.08%, the hydrochloric
acid (HCI) is of 0.1 mol/l, the ethyl alcohol (C;HeO) has a
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Fig. 10. Mixing 20 ppt saline water with pure water to produce 10 ppt
saline water. (a) Measured transmission parameter of the mixture. For
reference, the transmission parameter, when on both inlets of the mixer
pure (0 ppt) water, 10 ppt saline water and 20 ppt saline water is pumped
is plotted. (b) and (c) For a better observation the transmission spectra
are magnified in the frequency region of the first and second resonance.
(d) Absolute error of the measurement.
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Fig. 11.  Mixing 20 ppt saline water with 40 ppt saline water to
produce 30-ppt saline water. (a) Measured transmission parameter of
the mixture. For reference, the transmission parameter, when on both
inlets of the mixer 20 ppt, 30-ppt and 40 ppt saline water is pumped
is plotted. (b) and (c) For a better observation the transmission spectra
are magnified in the frequency region of the first and second resonance.
(d) Absolute error of the measurement.

concentration of 99.8%, and the isopropyl alcohol (C3HgO) is
of 100%. The measurements demonstrate that these chemicals
can be distinguished by simultaneous observation of the two
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Fig. 12.  Measured response for several chemicals. (a) and (b) Fre-

quency region of the first and second resonance. The sodium hydroxide
solution (NaOH) is of 3.08%, the hydrochloric acid (HCI) is of 0.1
mol/l, the ethyl alcohol (CoHgO) has a concentration of 99.8%, and the
isopropyl alcohol (C3HgO) is of 100%.

resonant frequency shifts and the corresponding transmission
magnitude variations.

V. COMPARISON WITH OTHER SENSORS

To characterize microwave sensors, in several papers, the
sensitivity is considered as the main parameter. Usually, it is
defined as the resonant frequency shift or the change of the
transmission or reflection amplitude in proportion to the dif-
ference of the electric permittivity, when the liquid under test
(LUT) is present, with respect to a reference. The sensitivity
of frequency shift V¢ can be calculated as

v (fref _ f) Eﬁef

= fref (Gr _ G;ef)
where f is the resonant frequency when the LUT with electric
permittivity €, fills the microfluidic channel in the sensing area
and f™ is the resonant frequency corresponding to empty
channel or some reference fluid with electric permittivity
€™, However, this parameter is only partially suitable for
characterizing microfluidic sensors, as the reference is not
unique, and the definition does not consider the amount of
sample to be detected, which can fill only partially the sensing
region. In addition, there is no generally accepted rule for
how to define the extent of the sensing region, neither the
amount of the required sample. In our case, the sensing area
is presented in the inset of Fig. 1(d), and only 1.5uL of
fluid is required to fill the microfluidic channel of this region.
Note that by including the channels of the mixing section
and the connections also, the total amount of fluid required

x 100 4)
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TABLE IlI TABLE V
SENSITIVITY OF FREQUENCY SHIFT COMPARISON WITH OTHER DEVICES
(a) Ref. | Type f(GHz) | LUT V (pL)| Sensitivity
Y T [51] SRR 1.86 Oil subm. 3.04
f (GHz) €r fref (GHz) | e, Vi (%)
first . 3646 | 75.84 3943 0 | 010 251 ) SIR 191 Ethanol 0637 | NA
second r. 7.380 69.21 8.084 1.0 0.13 [29] | CSRR | 2.226 Ethanol 0.52 0.98
Distilled water (H2O) s le with refi t ty ch 1.
istilled water (H2O) sample with reference to empty channe 241 | MIL "y Ethanol, 5 027
Methanol
(®) [30] SRR 147‘3’ Ethanol 0.68 1.43, 1.46
f (GHz) r fef (GHz) | €7 [ v 7 (%) [54] | DMS 2.2 Glycerol 0462 | 2.12
first r. 3.857 10.14 3.943 1.0 0.24 CSRR-
second r. 7.892 6.14 8.084 1.0 0.46 [55] 4.16 Ethanol 3 49.1 MHz/ e,
i patch
Ethanol (C2HgO) sample with reference to empty channel.
[10] 4CSRR | 245 Glucose 600 0.63 MHz/mg/dL
() [52] | SRR 0.752 Glucose 179.4 | 0.055 dB/g/L
Tef 3.65, Saline water, 3.94,5.82
f(GHp) | e | [T (GHy) | & | V(%) TW | CSRR 1 338 | Ethanol 15 | 669, 7.62
first r. 3.857 10.14 3.646 75.84 6.69
second . 7.892 6.14 7.380 69.21 7.62

Ethanol (C2HgO) sample with reference to distilled water (H20).

TABLE IV
SENSITIVITY OF TRANSMISSION MAGNITUDE
So1 (dB) | tans | S5 (dB) | tand,.; | Vap (%)
first r. -14.314 0911 -17.203 0.933 3.94
second r. -14.779 0.173 -16.375 0.349 5.82

Ethanol (C2HgO) sample with reference to distilled water (H2O).

to operate the device is around 7.95 uL. Nevertheless, for a
more complete characterization of the sensor, the sensitivity
of frequency shift is calculated for distilled water with empty
channel as a reference [see Fig. 6(c)], for ethanol with empty
channel as a reference and for ethanol with distilled water as a
reference [see Fig. 6(c)]. From the microfluidic point of view,
distilled water is the more appropriate reference, as it is easier
to wash than to clean-dry the channels between measurements.
The data and the results of the calculations are summarized
in Table III. The electric permittivity of ethanol is obtained
from the two-term Debye dispersive formula [50].

The sensitivity of transmission magnitude variation Vgg can
be defined as

(|S%F| = 1S211) tan Sref

VaB =
|S§if} (tan § — tan Spef)

x 100 (5)

where |S>21] is the magnitude of transmission at the resonant
frequency expressed in dB when the LUT with loss tangent
tan § fills the microfluidic channel in the sensing area and |S§elf|
is the magnitude of transmission corresponding to the refer-
ence fluid with loss tangent tan é..r. The calculated sensitivities
for ethanol with distilled water as a reference are presented in
Table IV.

In Table V, several recently published resonance-based
microwave sensor designs are compared. In Table V, the
second column is the type of the sensor, where SRR, stepped
impedance resonator (SIR), CSRR, metamaterial transmission
line (MTL), and differential microwave sensor (DMS) are used
as abbreviations. The third column shows the resonance fre-
quency of the sensor. The fourth column lists the type of LUT.
The fifth column is the required amount of LUT. The sixth
column is the sensitivity, and however, the collected values
are just indicative as they are calculated differently. Each of
the tabulated sensor designs can have specific advantages, but

neither of them is so outstanding as to be the favorite for
microfluidic sensing. The microfluidic lab-on-a-chips can have
complex densely packed geometries, therefore the designs
of [24], [25], [30], [51], and [52], where the sensor and the
feeding transmission line are located on the same side of the
PCB that can make the integration difficult. Except for size
reduction, the designs of [51] do not exploit the advantage
of the double split-ring design, e.g., the possibility to work
in two frequency bands. The design of [25] is complicated
because vias are required, which makes the scaling of the
device to higher frequencies difficult. The design of [29] works
in only one frequency band and the scaling of the devices is
also limited due to the meandered section of the CSRR; the
same applies to [30] where interdigital capacitance is utilized.
In [24], an MTL couples to an SRR. Two Teflon tubes, which
serve as inlets, connect in a Y-junction to a third tube, which
is positioned in the most sensitive area of the SRR, that is,
the region of the coupling gap. However, due to microfluidic
principles, this setup cannot guarantee that the two fluids will
be mixed. Measurement setups, which are accurate, but require
additional reference arms [52], [53], are avoided because they
require the redesign of existing fluidic chip geometries and
also increase the complexity of fluidic instrumentation. Due to
coupling between the elements, the four CSRRs of [10] reduce
the resonator sizes, however at the expense of increase of the
sensing region, consequently of the required sample volume.
The tabulated designs utilize a straight segment of fluidic
channel [24], [25], [29] and a reservoir [10], [30] or it is simply
immersed in the LUT [51]. The sensitivity of these sensors is
increased only by electromagnetic principles, and none of them
consider microfluidic requirements. Our conformal channel,
which matches the high electric field regions of the double
CSRR, increases the sensitivity in the frequency regions of
the two resonances compared to a straight channel. At the
same time, the volume of the required LUT is minimized and
unwanted microfluidic mixing is eliminated.

VI. CONCLUSION
A novel general-purpose microfluidic mixing device, which
is integrated with a microwave sensor, has been pro-
posed. The multiphysics design procedure, which includes
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electromagnetic and fluid dynamics simulations has been
presented. The details of the fabrication procedure have been
described and working prototypes have been fabricated and
measured. Special care has been taken to design the microflu-
idic channel geometry in the sensing area. This is primarily
important for the operation of the sensor because this way
unwanted fluid mixing and the accumulation of air bubbles
in the sensing area are avoided; therefore, insignificant and
wrong data readouts are eliminated. The selected layout is
optimal as it guides the liquid properly and at the same time
provides the most surface area in the near field of the CSRR,
which is necessary to achieve a good sensor sensitivity. The
performance of the mixing device is demonstrated by pumping
saline water of different concentrations to the inlets of the
device. The measured transmission spectra of the mixed fluids
reveal that the performance of the microfluidic mixer and the
CSRR sensor measurement capability are outstanding, and the
absolute error is smaller than 0.5%. The transmission spectra
for several chemicals are also measured, which shows that
simultaneous observation of the two resonance frequency shift
and transmission magnitude variation allows not only detection
of change in properties, e.g., concentration, but also unique
identification of mixed fluids.
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