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We propose a low-cost compact microfluidic temperature sensor by virtue of the temperature-dependent permittivity
of liquid. The sensor is composed of a coplanar waveguide (CPW) transmission line loaded with three resonators and
a microfluidic plate with three channels. The resonant frequency of each resonator relies on the temperature-dependent
dielectric property of liquid in corresponding channel, which therefore can be used to extract the temperature. The proposed
sensor features a compact size and low cost since it requires only micro fluid volume instead of additional electronic
components to produce significant frequency shift with changing temperature. Moreover, it exhibits decent accuracy and
stability in a temperature sensing range from 30 °C to 95 °C. A theoretical analysis of the sensor is provided, followed
by the detailed characterization method, and a prototype is designed, manufactured, and measured to verify the theoretical

analysis.
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1. Introduction

Microfluidics is the science and technology of sys-
tems that process or manipulate small amounts of fluids,
by using channels with dimensions of tens to hundreds of
micrometers.[!] With the introduction of microfluidics, fluid
analysis can be performed on samples of microliter-order due
to the monolithic integration of sensing and interface electron-
ics, fluidic manipulation structures, and micrometer-sized fluid
channels on a single packaged chip.>=!

Over the past decades, microfluidics has been adopted in a
number of different kinds of sensors by turning the fluid infor-
mation into electromagnetic signals.[®! For example, in one of
the first micromechanical flow sensors for liquids,!’! the flow
in the microfluidic channel was measured as a phase shift. In
the sweat electrolyte sensor,[®! the Na™ concentration of the
sweat in the microfluidic channel was turned into the poten-
tial across the electrode—ionophore barrier. A reasonace-based
microfluidic device was utilized for characterizing the com-
plex permittivity based on the measurement of the resonant
frequency and associated attenuation.!”! The nanoliter liquid
interdigitated capacitor was evaluated to accurately character-
ize the referenced binary liquid mixtures by capacitance and
conductance contrast spectrum.!!'%) The frequency shift of a
voltage-controlled oscillator was used to measure the com-
plex permittivity of lossy organic liquids.!'!! These microflu-
idic sensors have many advantages, such as low profile and
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compact size to miniaturize the device, easy integration into
RF systems, non-invasive installation, and real-time reaction
to the changes of the liquids.

Apart from the above sensors which mainly detect the
properties or conditions of the liquid in microfluidic channels,
the microfluidic sensors can also take advantage of some en-
vironment or interaction dependent properties of the liquid to
realize environment or interaction detections. Taking the ex-
tensively used temperature sensor for example, instead of di-
rect integration of electronic temperature sensing devices such
as thermocouples/thermopiles, thermistors or resistance tem-

[12-14] the temperature sensor ! utilized

perature detectors,
the thermal volume expansion of liquid metal in microfluidic
channels into a progressively short circuit, a linear array of
dipoles, so that their aggregate radar cross section would effec-
tively increase or decrease with temperature increasing. The
capacitive temperature sensor!'®! was based on an interdigital
capacitor with a microfluidic channel between the two elec-
trodes, and the temperature-dependent dielectric constant of
the PDMS fluid in the channel would affect the capacitance.
In the millimeter-wave microfluidic temperature sensor, 171 the
water level in the channel would rise across the capacitor
plates with the expansion of temperature-dependent volume,
and this rising level of high permittivity liquid within the ca-
pacitor modified the capacitance and the scattering parameter.

In this paper, a novel microfluidic temperature sensor is
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proposed. It is based on multi-resonators loaded in a coplanar
waveguide (CPW) transmission line and takes advantage of the
temperature-dependent permittivity of liquid to produce sig-
nificant frequency shift with temperature changing. Compared
with the temperature sensors in Refs. [15-17] it features low
cost, batch production, expandability, and easy integration due
to its CPW structure and low-priced fabrication process, and it
exhibits decent accuracy and stability in a temperature sensing
range from 30 °C to 95 °C. More importantly, the proposed
sensor is workable in different ambient conditions according
to our characterization method in this paper, whereas the sen-
sors in Refs. [15—17] still need calibration to deal with possible
measurement deviation caused by ambient interference, which
has rarely been taken into account in previous works.

2. Configuration and mechanism

The proposed prototype consists of a CPW structure and
a microfluidic plate as shown in Fig. 1(a). The CPW trans-
mission line with three meandered lines loaded in the slots of
signal line (1st layer) is printed on the substrate of polyethy-
lene terephthalate (PET) (2nd layer), and the polypropylene
(PP) film (3rd layer) is used to seal the polymethyl methacry-
late (PMMA) plate engraved with three microfluidic channels
(4th layer). The inlets and outlets of the channels are drilled
from the bottom surface of the plate. The microfluidic chan-
nels are complementary to the meander-lines in structure. In
other words, the microfluidic channels are located just be-
neath the resonating elements and fill the gaps of the vertical
projections of the meander-lines in the top view of the pro-
totype as shown in Fig. 1(b). It is because the current is dis-
tributed mainly in the meander-lines of the resonating element

(a)

CPW 2nd layer:
structure ,;\T substrate
: - ~3rd layer:
. o o ~_PP-plate seal
microfluidic (< _sS %
plate { N . o h layer:

NS ‘ﬁ‘/\/ " PMMA plate

Fig. 1. (a) Hierarchical three-dimensional view and (b) top view and
parameter setting of the proposed sensor.

as shown in Fig. 2. With this channel arrangement, the lig-
uid in the channels could affect the main current paths of the
resonating elements.
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Fig. 2. Current distribution of the CPW transmission line with three mean-
dered lines at resonance frequencies of (a) element 1, (b) element 2, and (c)
element 3.

The dielectric properties and thickness of different mate-
rial layers are given in Table 1.

Table 1. Dielectric properties and thicknesses of material layers used in
proposed sensor.

Material PET PP PMMA
Relative permittivity 32 2.6 34
Loss tangent 0.003 0.0002 0.04
Thickness/mm 0.05 0.05 1

According to processing requirements and parametric
study results, the CPW transmission line has a signal line
width of 3.8 mm and gap between signal line and ground of
0.3 mm, and the microfluidic channels each feature 300-pum
width and 400-pm height. As shown in Fig. 1(b), the param-
eters of for each of the resonating elements are determined as
follows: w =3 mm, / = 8 mm, wg = 0.3 mm, wy, = 0.9 mm,
dn = 0.3 mm. It is noticeable that the three meandered lines
have different length (I,) values of 2.1 mm, 2.3 mm, and
2.5 mm while other parameters remain the same.

In order to explain the mechanism of the sensor, the ca-
pacitance Cp, and the inductance L, of the meander-line are
studied based on the parallel plate transmission line. The
values of Cy and Ly can be estimated by the following
equations: 8]

tmetlm

Cn = 1

m 81”80 Ndm bl ( )
Ndpl

Ly = et~ )
tmet

where te 1S the thickness of metal, N is the number of line
lengths, &) and Ly are respectively the permittivity and perme-
ability of free space, & and L, are respectively the effective
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relative permittivity and permeability of the multi-layer sub-
strate including the liquid in the microfluidic channels.

From Eqgs. (1) and (2), we can see that the three reso-
nant elements with different values of meandered length [,
will have different resonant frequencies, and for a single res-
onant element with fixed dimension parameters, the variable
permittivity of liquid caused by temperature variation will also
lead to different resonant frequencies. Therefore, the tempera-
ture can be theoretically identified by the frequency spectrum
of the sensor.

3. Prototype fabrication and analysis

The fabrication of microfluidic devices usually is divided
into two parts: the fabrication of microfluidic channels and
fabrication of interface metal structures. The key fabrication
process of microfluidic channels is the photolithography, in
which the microstructures are patterned by exposing and de-
veloping. Interface metal structure is usually thin-film de-
posited with physical vapor deposition (PVD) technique (such
as thermal evaporation and sputtering) or photolithographi-
cally patterned.!!-?°l However, these processes mostly require
a controlled laboratory environment and expensive equipment,
which leads to high cost and low production of the microflu-
idic devices.

In order to reduce the cost and achieve mass production
of the proposed sensor, the CPW structure (1st and 2nd layers
in Fig. 1) and the microfluidic plate (3rd and 4th layers) of the
prototype are fabricated separately with different processes.
The CPW structure of the prototype is fabricated in a roll-to-
roll (R2R) screen printing process.>!! The microfluidic chan-
nels are carved on the PMMA plate with a numerically con-
trolled (NC) machine, then the PP film is hot-pressed to seal
the PMMA plate. After completion of separate processing,
the CPW structure is attached to the microfluidic plate with
0.02 mm-thick PET adhesive. Finally, the liquid is injected
into the microfluidic channels by pipette, the inlets and outlets
of channels at the bottom of the plate as shown in Fig. 3(a) are
sealed by resin adhesive. The finished prototype is presented
in Fig. 3(b).

The processes adopted in the fabrication (R2R process
and NC maching) prove to be cheap and mass productive,
which is required by numerous industrial applications, there-
fore the low cost and high volume of our proposed sensor can
be achieved.

To characterize the temperature from the frequency spec-
trum of the sensor, an accurate relationship between the tem-
perature and resonant frequency should be established theo-
retically, and theoretical simulated values and experimental
results are predicted to be in good agreement. So the simu-
lated and measured transmission coefficients of the proposed
sensor with no liquid in the channels are compared with each

other to verify the coincidence between simulation result and
measurement result.

Fig. 3. Prototype of (a) microfluidic plate (bottom view) and (b) pro-
posed sensor (top view).

However, as shown in Fig. 4, there is a frequency devia-
tion between the simulations and measurements of the trans-
mission coefficient. It is mainly caused by the difference in
material permittivity between batches and ambient interfer-
ence, the errors introduced by the fabrication process, and ma-
chining precision, which leads the frequency deviation to be
difficult to avoid. Therefore, additional error will be inevitably
introduced into the relationship between the temperature and
resonant frequency.
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Fig. 4. Simulated and measured results of transmission coefficient of
proposed sensor without liquid in channels.

4. Simulation and characterization

According to the analysis on Fig. 4, the resonant fre-
quency is not suitable for characterizing the temperature. The
frequency shift with temperature changing is considered as
a more suitable indicator to characterize temperature since
based on experience the deviation could be eliminated by sub-
traction. An accurate corresponding relationship between the
frequency shift and temperature will be established to prove
this characterization method in this section.

The distilled water is chosen as the liquid in the microflu-
idic channels in this design since there is sufficient information
about the permittivity of water in the existing literature. The
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relative permittivity of water is given according to the Debye

relaxation model[22!
, & — €

£ =t ——03,
+l+(a)T)2

3)
where @ = 2xf is the radian frequency with f being in Hz,
& is the dielectric constant at infinitely high frequency, & is
the static dielectric constant, and 7 is the relaxation time in
second.

For distilled water, it is assumed that £, = 4.9, the regres-
sion equations of the static dielectric constant and relaxation
time of distilled water are given by 3rd order regression fit!>]

g = 88.045—0.4147T +6.295 x 10472
+1.075 x 107373, 4)
T =1.768x 107" —6.086 x 107137 +1.104 x 10~ 1472
—8.111x 1071773, (5)

According to Egs. (3)-(5), besides the significant influence of
temperature, the permittivity of distilled water also receives a
minor influence of frequency as shown in Fig. 5. Since the
resonant frequency of the sensor is still unknown, the aver-
age permittivity between 30 °C-95 °C in Fig. 5 is adopted in
the simulation with Ansoft HFSS to estimate the medians of
the resonant frequencies of different resonating elements with
their corresponding channels filled by distilled water.

Permittivity

551

30 40 50 60 70 80 90
Temperature/°C

Fig. 5. Temperature-dependent permittivity of distilled water at differ-
ent frequencies.

Then the permittivity values of distilled water at different
temperatures can be calculated from Egs. (3)—(5) according
to the simulated medians of resonant frequencies. After that,
the permittivity values are introduced into the simulation with
Ansoft HFSS. The temperature range in simulation is set to
be 30 °C-95 °C since the heating plate used in the following
experiment only supports the temperatures above room tem-
perature.

The simulated frequency shifts of different resonating el-
ements with corresponding channels filled by distilled water
are shown in Fig. 6. The results exhibit a significant con-
sistency except some minor deviations mainly due to calcu-
lation and simulation errors. It indicates that there is a homol-
ogous mathematical relationship between the frequency shift

and temperature, which is unrelated to the initial resonant fre-
quency. Thus, the temperature can be characterized by corre-
sponding frequency shift.

1.2 *

g L
2 LOr  wchannel 1
é [ o channel 2 -
= 0.8F 4« channel 3
& L
g B
2 0.6 characterization line "
o L
g 04f
3]
g L
o 0.2F
-
& L

0 A A . A .

30 40 50 60 70 80 90 100

Temperature/°C

Fig. 6. Simulation results of frequency shift versus frequency and re-
gression fitted characterization line of proposed sensor.

A fitted curve of the averaged simulation results is given
by Eq. (6) and plotted in Fig. 6 as well, and shows the 4th or-
der temperature-dependency of the frequency shift. This curve
is the characterization line of the proposed sensor which could
be used to extract temperature from the measured frequency
shift:

Af(ppm) = a+bT + cT? +dT> + eT*. (6)

Table 2. Parameters of Eq. (6) calculated from average of simulation
results.

a b c d e

18395.08014  —1645.10081  51.29143  0.6548  0.00303

5. Experiment and discussion

To test the accuracy of the characterization line, the pro-
posed sensor is applied to a temperature sweep from 30 °C to
90 °C in steps of 10 °C by using a Thermo Scientific Cimarec
heating plate, and the transmission coefficient is measured by
Agilent E8358A. The measured resonant frequencies of three
resonating elements with channels 1-3 are converted into fre-
quency shifts, and the temperatures are retrieved directly from
the characterization line according to their corresponding fre-
quency shifts.

The temperatures measured in the experiments and their
test errors are listed in Table 3. Although the temperature can
be obtained by a single resonating element with corresponding
microfluidic channel alone, averaged temperature obtained by
different resonating elements tends to improve the accuracy.
The maximum test error reduces from 11.2% (a single resonat-
ing element with channel 3) to 5.31% (average of three sets of
measured temperatures).

The accuracy of the characterization line derived from the
regression fit curve of the simulation results is not so satisfac-
tory compared with those from some traditional temperature
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sensors. It is mainly because the temperature-dependent per-
mittivities of the substrate materials (PP, PET, and PMMA)
used in this sensor can also result in slight frequency shifts,
although their values are quite small compared to the permit-
tivity of water results in. However, it is difficult to quantify
the influence of substrate material on the frequency shift in the
equation since there is limited material property data about PP,
PET, and PMMA, and the structure of the proposed sensor is
complex, so that only the temperature-dependent permittivity
of liquid in microfluidic channels is taken into consideration
in the simulation and the characterization line.

Table 3. Measured temperatures and test errors of different resonating
elements with channels 1, 2, and 3.

Temperature/°C 30 40 50 60 70 80 90

Channel 1 28.87 4045 4744 5692 6224 78.88 94.53
|Error1|/% 377 113 512 513 11.09 140 5.03
Channel 2 28.87 4230 51.58 5590 68.13 82.59 92.05
|Error2|/% 377 575 316 683 267 324 228
Channel 3 28.87 35.52 5222 57.62 7042 7653 9121
|Error3|/% 377 1120 444 397 060 434 134
Average 28.87 3942 5041 56.81 6693 79.33 92.60

|Error|/% 377 144 083 531 439 083 289

Fortunately, the Debye relaxation model is also suitable
for the permittivities of PP, PET, and PMMA, [24-20] the ana-
lytical and measurement method of the sensor are still tenable
with consideration of the substrate material, and the accuracy
of the characterization line can be improved by modifications
of the parameters in Eq. (6) according to the fit curve of mul-
tiple actual experiment results.

Besides the distilled water, many more kinds of liquids (or
mixtures) with temperature-dependent permittivity can also be
adopted in the proposed sensor, such as glycerol or water-
methanol mixture. Since the permittivity of different liquid
shows different temperature-dependency, changing the liquid
types in one or more microfluidic channels could be helpful in
further increasing the accuracy of the proposed sensor.

6. Conclusions

In this paper we proposed a low-cost compact microflu-
idic temperature sensor which supports reliable temperature
sensing in a range between 30 °C-95 °C. The sensor takes ad-
vantage of the temperature-dependent permittivity of liquid in
microfluidic channels instead of thermosensitive components.
It requires only micro fluid volume to produce significant fre-
quency shift with temperature changing and exhibits decent

accuracy and stability in temperature sensing. The CPW struc-
ture and compact size allow the sensor to be easily integrated
into a system or combined with RFID/Bluetooth/Zigbee mod-
ule to develop into an on-chip sensor or a wireless sensor.
Moreover, the advantages of low-cost and mature processes
make it suitable for mass productions and wide applications.
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