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Abstract—This paper presents the implementation of a novel
microfluidic sensor based on a resonant cavity. The cavity is based
on the substrate integrated waveguide (SIW) technology and is
fabricated by using stereolithographic 3D printing, which
guarantees fast prototyping and allows arbitrary geometry. The
proposed sensor consists of a square cavity and an inner meander
pipe provided with two openings, where the liquid under test is
injected and extracted, and is fed by a coaxial probe, which
represents the microwave port of the circuit. S-parameter
measurement allows retrieving the electromagnetic properties of
the liquid injected in the pipe. In particular, the loss tangent of the
liquid is extracted from the variation of the cavity quality factor
compared to air-filled pipe, after removing the actual losses of the
structure. The dielectric permittivity of the liquid is retrieved from
the shift of the cavity resonance frequency relative to the case of
air-filled pipe, without any hypothesis of small losses. The
performance of the sensor is discussed through the
electromagnetic characterization of several fluids.

Index Terms—Additive manufacturing,
microfluidic sensor, permittivity measurement,
integrated waveguide (SIW) technology.
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I. INTRODUCTION

DDITIVE manufacturing technology is drawing a lot of
interest in science and engineering fields [1]. Nowadays,
commercial 3D printers merge low cost and high accuracy, and
a large number of degrees of freedom are available to the final
user. The most interesting feature of 3D-printing technology is
the suitability to realize devices with complex shapes [2]-[4],
not feasible by classical milling machines, based on subtractive
technologies. Moreover, the availability of flexible materials is
exploited to realize strain and wearable sensors [5]-[7]. Thanks
to these features, 3D printing technology has been widely used,
in the last years, to develop microwave devices for the new
generation of wireless sensors networks [8], expected for
Internet of Things applications [9]. Among the proposed
devices, great importance is given to biomedical “smart health”
applications [10].
Towards the development of devices for real-time health
monitoring, a lot of attention has been drawn by
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microfluidics-based microwave sensors. They are designed and
fabricated for handling small quantities of liquids for numerous
chemical and biological applications [11]-[14]. These sensors
can be small, inexpensive, and permit to detect and characterize
materials in an accurate way.

Microfluidic sensors are well known in the microwave
literature: they are commonly realized as coplanar waveguide
resonator [15], interdigitated capacitor [16], split ring resonator,
or complementary split ring resonator [17]-[19]. Generally,
these solutions are implemented by commercial (low-loss)
laminates, arranged in a stratified fashion, with
Polydimethylsiloxane (PDMS) or SU-8 layers for the
microfluidic channel.

The novelty of the microfluidic sensor proposed in this work
consists in the use of a 3D printed cavity resonator that embeds
a multi-folded pipe. The main advantage of the proposed
solution is the complete flexibility in the design of the pipe and
the cavity. Moreover, the whole structure of the sensor consists
of a single dielectric substrate, realized in a one-pass, low-cost,
and rapid fabrication process. The sensor is implemented by
adopting the substrate integrated waveguide (SIW) technology
[20]-[21], which enables the implementation of low—loss and
cost-effective structures, from components and antennas to
complete systems. The use of SIW technology in the
implementation of the microfluidic sensor offers a simple yet
effective solution for the metallization of the structure, which
can be achieved by using top and bottom aluminum or copper
tape [4], and screws or metal rivets for the side posts [22].

The other significant contribution of this work is the rigorous
approach used to retrieve the dielectric permittivity and the loss
tangent of the liquids under test: the loss tangent is obtained
from the quality factor, after deembedding the losses of the
sensor, whereas the dielectric permittivity is derived from the
resonance frequency shift, taking into account also the loss
tangent of the liquid.

The preliminary idea of this sensor and the geometry of the
microfluidic cavity was introduced in [23]. The present paper
significantly extends the theoretical work, discussing a more
accurate technique to retrieve the electrical characteristics of
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Fig. 1. Geometry of the proposed 3D-printed microfluidic sensor: (a) top view
(dimensions in mm: ¢=20.12, b=5.51, ¢=12.25,d=3.2, p=1.6, p'=0.76, s=6,
w=48.5, x=20.5, y=9, z=30.42); (b) side view (dimensions in mm: w=48.5,
w'=41, =6, t'=4).

the liquids, and it applies the sensor to the characterization of a
wide number of liquids. In particular, de-ionized
water/isopropanol mixtures were used, with isopropanol
volume fraction ranging from 0% to 100%. Moreover, a
rigorous comparison with measurements performed by a
commercial coaxial probe is presented and discussed through
the use of error bar diagrams.

The paper is organized as follows. Section II presents the
design procedure and the fabrication of the microfluidic sensor
by 3D printing. Section III reports the experimental
characterization of the sensor, to determine the resonance
frequency and the quality factor, when the micro-pipe is filled
with different liquids. Section IV discusses the novel techniques
developed to retrieve the dielectric permittivity and the loss
tangent of the liquids from the measured data. Finally, Section
V discusses the accuracy of the method through error bars, and
Conclusions are drawn in Section VI.

II. DESIGN AND FABRICATION OF THE SENSOR

The structure of the proposed sensor consists of a square SIW
cavity with an embedded multi-folded pipe, where the liquid
can be injected and extracted, respectively, through two vertical
access points (Fig. 1). This cavity operates with the
fundamental TM ;o mode (with respect to the z axis), whose
resonance frequency is related to both the cavity’s transversal
dimensions and the effective dielectric permittivity of the
material filling the cavity. When a liquid is injected into the
pipe, the effective permittivity inside the cavity changes, thus
causing a variation of the resonance frequency and of the
quality factor of the cavity mode. In particular, replacing the air
inside the pipe with a liquid (liquid under test, LUT), the
effective permittivity increases and, consequently, the
resonance frequency decreases. In addition, the losses

associated with the liquid are higher than losses of air, thus
causing a reduction of the quality factor of the cavity mode. In
practical applications, the variation of the resonance frequency
allows to retrieve the relative permittivity of the LUT, whereas
the variation of the quality factor permits to determine the
losses of the LUT (although the two relations are not rigorously
independent).

In this work, a 3D printer has been adopted for the fabrication
of the entire structure, including the cavity and the multi-folded
pipe. The use of 3D printing allows large flexibility in the
design of both the cavity and the pipe shape and size. A
drawback of using 3D-printed materials are the pretty large
dielectric losses associated with these materials, which leads to
a small quality factor of the (empty) cavity resonator. In the
specific case, large losses in the cavity resonator could
jeopardize the accurate retrieval of the loss tangent of the LUT.
To mitigate this issue and to keep the quality factor as high as
possible, the dielectric filling of the cavity was minimized in
the design. Instead of realizing a cavity completely filled of 3D-
printed dielectric material, the cavity consists of an external
dielectric shell. In the design of the pipe, the walls have the
minimum thickness that avoids leakage of the liquid. The pipe
was located near the bottom of the cavity for easier fabrication.

A. Design of the microfluidic sensor

The resonant cavity of the sensor is connected to the exterior
through a coaxial probe, located in a side portion of the cavity.
The location of the coaxial probe has been selected far enough
from the pipe, and optimized to have the best coupling
condition for the fundamental cavity mode. As shown in Fig. 5,
the return loss, in all simulations with LUTs, is larger than
10 dB. This guarantees pronounced peaks in the |S1i| parameter
and, in turn, it allowed to extract the resonance frequencies in a
more accurate way.

The sensor has been designed to operate in the lower portion
of the ultra-wide band (UWB), in the frequency range from
3.4 GHz to 3.8 GHz. This is an important point, if we consider
a future implementation with other blocks within the wireless
sensor network panorama [24]-[25].

The choice of the length a of the pipe, as well as the number
of turns, is the result of a trade-off: if the length of the pipe is
too short, the frequency shift of the cavity mode when injecting
the liquid is limited, thus resulting in small sensitivity in the
determination of the dielectric permittivity of the LUT. If the
length of the pipe is too long, the losses of the liquid reduce
significantly the quality factor of the cavity mode, thus leading
to a poor retrival of the dielectric characteristics of the LUT.

Finally, a dielectric layer with thickness 1 mm was located at
the top and the bottom of the cavity, to provide two planes
suitable for metallization in the fabrication phase. To realize the
side walls of the cavity, holes in the dielectric material were
printed, in order to accommodate metal screws.

B. Characterization of the 3D printed material

Before determining the optimized dimensions of the
microfluidic sensor, the precise knowledge of the dielectric
characteristics of the 3D-printed material are needed.
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Fig. 2. Broadband measurements of the dielectric characteristics of the 3D-
printed material (Clear FLGPCL02).

The printable material selected for the implementation of the
microfluidic sensor was Clear FLGPCLO02, a photopolymeric
resin used by Formlabs stereolithographic (SLA) printers. Clear
FLGPCLO2 was chosen because it permits to realize watertight
walls for the micro-pipe where the fluid is injected, and because
it is transparent, thus allowing to control the integrity of the pipe
once the sensor is printed.

The 3D-printed material has been characterized in the
frequency range of interest, and the dielectric permittivity &:3p
and the loss tangent tands;p have been retrieved by using a
microstrip line approach [26],[27]. Two samples with equal
thickness of 1 mm and different lengths have been 3D printed
and then two microstrip lines have been fabricated by using
aluminum tape pasted on substrate faces to realize the ground
plane and the microstrip line. The retrieved values are shown in
Fig. 2. The 3D-printed material exhibits a rather constant
behavior, and the values of & 3p=2.9 and tand;p=0.03 have
been adopted in the design.

Based on the results of the electromagnetic characterization
of the 3D-printed material, the final dimensions of the sensor
have been optimized by adopting the commercial
electromagnetic solver Ansys HFSS. The dimensions of the
sensor are reported in the caption of Fig. 1.

C. Fabrication of the microfluidic sensor

The fabrication of the sensor substrate has been performed
by using a FormLabs Form2 SLA printer. This process consists
in having a vat of liquid photopolymer resin, out of which the
model is built layer-by-layer by photo-polymerization. An
ultraviolet light determines the link of chains of molecules, thus
forming polymers. While the light cures or hardens the resin,
the printer platform moves the object. For the manufacturing of
the sensor, 20 ml of resin has been used, with a spacial
resolution of 50 um. A photograph of the 3D-printed structure
is shown in Fig. 3(a).

Once the photopolymeric portion of the sensor has been
printed, the metallization was applied in two steps: firstly, the
top and bottom layers were covered with adhesive aluminum
tape; subsequently, stainless steel screws were used to define
the side walls of the SIW cavity. The distance s between these
screws was set to fit them in the cavity boundary, also taking
into account the recommended spacing needed to avoid
radiation leakage, which is twice the screw diameter [28].

Micro-
pipe

Metal
via

()

Fig. 3. Prototype of the microfluidic sensor: () Photograph with colored water
to highlight the embedded micro-pipe; (b) Photograph of the sensor after
metallization.

Finally, the pin of an SMA connector was inserted in the
small hole created during the 3D-printing phase, with the aim
to feed the cavity. Moreover, a conductive paint from Bare
Conductive was used to guarantee the electrical contact
between the connector and the metal tape. A photograph of the
sensor after metallization is reported in Fig. 3(b).

III. MEASUREMENTS

A. Measurement setups

Two measurement setups have been prepared (Fig. 4) for the
determination of the electrical characteristics of the LUT.

In the first setup, the proposed microfluidic sensor is
connected with a flexible cable to a PXIe VNA Keysight
MO9375A, which performs S-parameter measurements. The
measurement frequency was swept from 2 GHz to 5 GHz, and
the VNA output power was set to -20 dBm, to prevent any
microwave heating. A pressure pump by Fluigent was used to
inject the LUT inside the pipe of the sensor with a constant
pressure. Using the software interface by MAESFLO, it was
possible to adjust the pressure of the pump and stop the
injection as soon as the pipe is full. This measurement setup is
shown in Fig. 4(a).

The second one is based on the commercial open-ended
coaxial probe Keysight N1501A Dielectric Probe Kit, operating
over the frequency range from 0.5 GHz to 50 GHz, and which
is used as the reference method. As shown in Fig. 4(b), the
open-ended coaxial probe is connected through a flexible
coaxial cable to the vector network analyzer (VNA) Keysight
E8361A. Proprietary software converts the measured reflection
coefficient into the complex dielectric permittivity of the LUT.
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Fig. 4. Measurement setups: (a) S-parameter measurements of the sensor;
(b) Commercial coaxial probe for the liquids characterization.

B. Results

By using the first measurement setup, the scattering
parameter |S11| at the coaxial port of the microfluidic sensor was
measured when filling the pipe with different LUTs.
Fig. 5 shows the measured |Sy;| for four different cases (air,
isopropanol 100%, a mixture of 85% isopropanol and 15%
water, and distilled water). As expected, the resonance
frequency of the cavity decreases when moving from air-filled,
or empty, to water-filled pipe, i.e., when increasing the
dielectric permittivity of the LUT. More specifically, the
resonance frequencies change from 3.826 GHz with the empty
pipe to 3.408 GHz with the water-filled pipe. In addition to the
frequency shift, the quality factor of the cavity changes when
modifying the liquid in the pipe.

The resonance frequency f and the unloaded quality factor

Lo of the cavity can be derived from the measured
S-parameters. The resonance frequency is obtained as the
frequency corresponding to the minimum of |Sy;|. The unloaded
quality factor is calculated along the lines of [29], [30]. Starting
from the measured reflection coefficient |Sy;|, the half-power
width is calculated as f>— fi, where fi and f are the frequencies
where

Ista [ |t
2

ISy 1= (D

where |St1’1 | is the base-line value of |S;;| out of resonance, and
| ‘ﬂi“| is the value of |S;;| at the resonance frequency. The
loaded quality factor Q" is determined as the ratio between

the resonance frequency fy and the half-power bandwidth f>— fi

meaS: fi 2
Lo )

To derive O}, the coupling coefficient k has to be determined
min

from the linear value of | 1 | as
_ st
- 1+|As,x]1*1]in|

min
s

or k= 1_|S1|nlin| (3)

for the undercoupling and overcoupling cases, respectively.
From Q™ and £, the unloaded quality factor Q" of the
resonator can be calculated as

Eeas: aneaS(l+k). (4)
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Fig. 5. Simulated (solid lines) and measured (dashed lines) reflection
coefficient |S,;| for air, pure isopropanol, mixture of 85% isopropanol and 15%
water, and distilled water.

The values of fy and Q[ retrieved from measured data are

reported in Table I, for air, distilled water, isopropanol, and
seven different mixtures of water and isopropanol.

By using the second measurement setup, the dielectric
characteristics of different liquids have been measured over the
entire frequency range of interest. The dielectric permittivity
and the loss tangent of all LUTs, each measured at the
resonance frequency obtained in previous case, are reported in

Table II.
TABLE I
VALUES OF MEASURED RESONANCE FREQUENCY, FREQUENCY SHIFT AND
UNLOADED QUALITY FACTOR WHEN THE PIPE IS FILLED WITH LIQUIDS

Resonance Frequency Unloaded
Mixture Under Test frequency shift quality factor

/o(GHz) Af(GHz) 0
Air 3.8267 0 43.12
Water 100% 3.4077 0.4190 36.73
Isoprop. 10%/Water 90% 3.4150 0.4117 34.24
Isoprop. 20%/Water 80% 3.4174 0.4093 31.78
Isoprop. 30%/Water 70% 3.4243 0.4024 29.06
Isoprop. 45%/Water 55% 3.4287 0.3980 27.31
Isoprop. 60%/Water 40% 3.4474 0.3793 24.03
Isoprop. 75%/Water 25% 3.4757 0.3510 21.47
Isoprop. 85%/Water 15% 3.5147 0.3120 18.12
Isopropanol 100% 3.6095 0.2172 17.48

TABLEII

REFERENCE VALUES OF DIELECTRIC PERMITTIVITY AND LOSS TANGENT
MEASURED BY A COAXIAL PROBE

Mixture Under Test € tand
Water 100% 75.6 0.17
Isoprop. 10%/Water 90% 64.9 0.24
Isoprop. 20%/Water 80% 59.2 0.36
Isoprop. 30%/Water 70% 49.9 0.45
Isoprop. 45%/Water 55% 353 0.57
Isoprop. 60%/Water 40% 24.9 0.67
Isoprop. 75%/Water 25% 14.8 0.78
Isoprop. 85%/Water 15% 8.04 0.81
Isopropanol 100% 3.90 0.55
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Fig. 6. Simulated values of the dielectric permittivity versus the resonance
frequency shift, and experimental validation example for water.

IV. RETRIEVAL OF LUT DIELECTRIC PROPERTIES

The dielectric permittivity of the LUT can be retrieved from
the shift of the resonance frequency. To this aim, HFSS
simulations have been performed, considering the pipe filled
with materials with different dielectric permittivity (€, ranging
from 1 to 100) and null loss tangent, to calculate the
corresponding frequency shift Af. These analyses led to the
simulation curve shown in Fig. 6.

The simulation results were fitted with a rational function,
relating the dielectric permittivity &, of the LUT to the
frequency shift Af'and whose expression is

3 2 .
_ DA AT A Aty )
2
Af +qlAf+ qy

where p1=14.96, p,=-8.889, p3=1.826, p4=0.2086, q1=-0.924,
and ¢>=0.2183. This particular fitting function was chosen
because this shape allows to get a very low RMSE < 0.4 and R?
=0.999. In this way, the plot in Fig. 6 or the expression in (5)
allow to retrieve the dielectric permittivity of the LUT from the
measured frequency shift.

The example of water is shown in Fig. 6. When water is
injected in the pipe, the measured frequency shift (with respect
to the case with empty pipe) was Af=0.419 GHz. According to
(5) or the plot in Fig. 6, the corresponding permittivity of water
resulted in €.=76.6 (square marker in Fig. 6). This approach
was applied to all LUTs considered in this work. The resulting
values of dielectric permittivity were then used in the following
section.

7

A. Loss Tangent Retrieval — Proposed Method

In order to retrieve the loss tangent tand of the LUT, the
variation of the unloaded quality factor is exploited. This
section presents a method to retrieve the correct loss tangent of
the LUT, independently of potential inaccuracies in the
determination of the value of the characteristics of the 3D
printed material, and in particular its loss tangent tandsp.

In the simulations, the unloaded quality factor of the cavity

sim
U
the conductors (characterized by O

depends on the losses in the 3D printed structure and on
3D+
liquid in the pipe (characterized by QO

) and on the losses in the
sim

liq ), according to the

relation

==+ (6)

sim  Hsim
9y Yiq Y+

Based on (6), the value of the quality factor leiim, due to losses

q
in the liquid, can be expressed as

11 1

Sim Sim
20 @pic

(7

where ijim is the quality factor obtained from the simulation of

the entire sensor (including the lossy liquid in the pipe), while

;i[r)nJrC is related both to the 3D-printed structure and to the

conductors losses , and it is obtained from the simulation of the
sensor with lossless liquid in the pipe (so that losses depend on
the 3D-printed material and conductors only).

Assuming that the main source of error is the poor estimation
of the losses due to the 3D-printed structure, a different strategy
to estimate Q51
in the 3D-printed structure can be obtained from the

measurements. In fact, the quality factor QL. can be

3D+C
reasonably estimated by the measured quality factor QIS:?? of

is needed. A reasonable estimate of the losses

the structure with empty pipe. Therefore, in (6)
ymeas (8)

U,air

Sim meas __
3D 3D+C
It is noted that the accuracy of this approach is limited by the
fact that the field distribution in the cavity is slightly different
with or without the presence of the liquid in the pipe.
By substituting (7) and (8) in (6), a modified expression for

the quality factor extracted from a combination of simulations
sim,ref

and measurements is obtained, which is defined by O},

where the first term of the right-hand side takes into account the
losses in the LUT, and the second and third term represent the
refinement of the losses in the 3D-printed structure, obtained by
replacing the simulated value with the measured one.

This transformation is shown in the plot reported in Fig. 7.
By using the values of permittivity extracted according to the
method described at the beginning of this section, HFSS
simulations were performed for each material, with the
retrieved value of ¢, and the loss tangent varying from 0 to 1.
The results of these simulations are represented by the black
markers, which can be fitted by a rational function

RO Y A
O+, 0 44,
where p1=-0.002965, p1=0.04461, ps=17.92, ps=1.533,

q1=-12.49, and ¢,=0.4673. The fitting function is represented
by the black dashed curve, and relates the loss tangent to the

tand =

(10)

quality factor ijim. If the refined estimation of the losses in the
meas
U, air

the white markers are obtained, which represent ijim’ref. The

metallized 3D-printed structure ( ) is taken into account,

fitting function used to interpolate the samples of ijim’““’f has the
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Fig. 7. Simulated values of the loss tangent versus the unloaded quality factor,
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with the experimental validation example for water (Q;*).

same expression of (10) apart from the coefficients, which in
this case are p;=-0.01036, p»=0.2325, p3=9.03, ps=1.609, ¢;
=-12.42, and ¢»=-0.448.

In Fig. 7, the example of water is reported: in this case, the
simulated value of the quality factor related to losses of the

metallized 3D-printed structure is Q;igl+c=71.26, whereas the
measured quality factor of the structure filled with air is

mes_43 12 (Table I).

U,alr_
By using the unloaded quality factor O[}** obtained from the
measured S-parameters, the loss tangent tand of the LUT can be
retrieved by using Fig. 7. Since the unloaded quality factor of

water was Q]°°=36.7, the resulting loss tangent was

tan3=0.150 (square marker), reasonably close to the reference
value obtained with the coaxial probe (tan5=0.174).

The same technique was applied to all LUTs considered in
this work, and the results are reported in Table III. The error in
the determination of the loss tangent is in all the cases less than
or at least equal to 12%.

B. Dielectric Permittivity Retrieval — Proposed Method

The method for retrieving the dielectric permittivity
described at the beginning of section IV does not provide

TABLE III
L0SS TANGENT RETRIEVED WITH THE PROPOSED METHOD AND REFERENCE
VALUES MEASURED WITH THE COAXIAL PROBE

Mixture Under Test Mi;;(;f;gidic C;r iﬁsl % l:rerl(z)i;ive
Water 100% 0.150 0.174 -13.9
Isoprop. 10%/Water 90% 0.238 0.242 -1.61
Isoprop. 20%/Water 80% 0.331 0.356 -6.93
Isoprop. 30%/Water 70% 0.478 0.451 +6.09
Isoprop. 45%/Water 55% 0.594 0.574 +3.49
Isoprop. 60%/Water 40% 0.755 0.675 +11.86
Isoprop. 75%/Water 25% 0.776 0.775 +0.12
Isoprop. 85%/Water 15% 0.910 0.815 +12.03
Isopropanol 100% 0.597 0.554 +7.79

accurate results. In fact, that approach is based on the
assumption that the resonance frequency of a cavity resonator
depends on the real part of the dielectric permittivity, as the
imaginary part (which involves the loss tangent) can be
neglected when losses are small.

The general formula for the complex resonance frequency f;
in a resonant cavity can be expressed as [31]

(11)

where k, is the wave number in vacuum and € and p are the
complex values of permittivity and permeability, respectively.
In the case of lossless, non-magnetic dielectric materials, the
permittivity becomes € = g,¢€, and the permeability becomes
K = po. Consequently, expression (11) can be reformulated as

(12)

_ ko
f= 2myER

— ko _ koc
f= mfeoer o 2nEr
where ¢=1/ /¢, b, is the speed of light in vacuum.
Conversely, in the case of materials with dielectric losses, the
permittivity is expressed as € = gy¢,(1 - jtand), and (11) can
be expressed as

koc

= (T (13)
thus showing how the resonance frequency also depends on the
loss tangent of the material in the cavity.

In the simple method used to retrieve the dielectric
permittivity of the material, the frequency shift was completely
attributed to the dielectric permittivity €,, being the simulations
performed with tan 6=0. A more accurate retrieval of the
permittivity can be obtained by accounting for the effect of
losses.

By considering that the resonant frequency f0=Re[fC] and
comparing (12) and (13), a correction factor can be derived for
the value of dielectric permittivity retrieved by the simple
method, where the frequency shift was attributed to the
permittivity value only. From (12) and (13) it results

1 1
E ~Re [118,4(1 —jtanﬁ)] (14)

By algebraic manipulation of (14), the correction factor is
obtained

s,_.\/l+tan82+l 15
2 1+tand® ( )

Table IV reports the values of g, obtained from (15),
compared with the nominal values obtained through the coaxial
probe characterization method.

Table V presents a comparison between the performance of
the proposed sensor and the state-of-art sensors proposed in the
literature. The advantage of the proposed microfluidic sensor,
with respect to the other devices, is the fact that it allows to
characterize liquids with a wide range of permittivity and with
a good sensitivity. Moreover, it has to be noticed that, while the
other sensors were realized on standard low loss substrate, the
proposed sensor has been completely fabricated through 3D-
printing.

g —
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TABLE IV
DIELECTRIC PERMITTIVITY RETRIEVED WITH THE PROPOSED METHOD
AND REFERENCE VALUES MEASURED WITH THE COAXIAL PROBE

Mixture Under Test Mig:;lf:girdic CPOr i};)i:l % l:rerl:)irtive
Water 100% 753 75.6 -0.4
Isoprop. 10%/Water 90% 64.7 64.9 -0.4
Isoprop. 20%/Water 80% 59.7 59.2 +0.9
Isoprop. 30%/Water 70% 48.9 49.9 2.1
Isoprop. 45%/Water 55% 42.0 353 +19
Isoprop. 60%/Water 40% 26.9 24.9 +8.3
Isoprop. 75%/Water 25% 16.5 14.8 +11.6
Isoprop. 85%/Water 15% 8.60 8.04 +7.5
Isopropanol 100% 4.20 3.90 +7.1

TABLE V

COMPARISON OF THE PROPOSED SENSOR WITH THE STATE OF THE ART

£ Frequency Meas. Sengitivity
Sensor (G;Irz) shift & 5= Saie _fs, 1100 Ref.
(GHZ) range fair(gr'l)

Planar
resonator
& PDMS 22.6 4.7 20-40 0.53 [32]
pipe
CSSR& 1539 | 0.065 | 9-79 0.03 [33]
glass pipe
CSSR &
PDMS 2 0.48 9-79 0.30 [34]
pipe
CSSR &
PDMS 2 0.7 30-80 0.44 [35]
channel
3D-printed .
cavity & 382 | 042 | 476 0.15 This

. paper
pipe

V. ERROR BARS AND DISCUSSION

The assessment of the accuracy of the proposed method is
performed through the analysis of measurement error bars.
Fig. 8 reports the values of dielectric permittivity and loss
tangent retrieved from measurements, compared with the
reference values obtained by using the coaxial probe, for the
different liquids considered in this work. For both methods, the
plots show the corresponding measurement error bars. The

black error bars are relative to the coaxial probe results, while
the grey ones correspond to the values retrieved by using the
microfluidic sensor.

The black error bars have been generated considering the
typical accuracy of the coaxial probe, reported in the datasheet.
For the Keysight Slim Form Probe, the error is given in terms
of the uncertainty in the real and imaginary parts of the
dielectric permittivity. The uncertainty in €. and tand is then
extracted:

Ag, =+0.1¢, |1 - jtand)| (16)

2
Amm=ioum5uqmﬁ|@+§9 (17)

In particular, in the case of tan §, the uncertainty is computed by
using the error propagation formula [36].
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Fig. 8. Comparison between the retrieved and reference values of the dielectric
characteristics, with error bars: (a) Dielectric permittivity; (b) Loss tangent.

In order to generate the error bars corresponding to the values
extracted from the S-parameter measurements, we used the
datasheet of the PXIe Vector Network Analyzer, which reports
the uncertainty of the reflection coefficient with 85052D
standard mechanical 3.5 mm calibration kit. In the frequency
range of interest (2-4 GHz), the uncertainty in the magnitude of
the reflection coefficient |S};| is equal to +0.0041. This
potential error has an effect on the value of |S};| at resonance
and, consequently, on the measured quality factor and
resonance frequency. A variation of | 'lnlm| determines a change
in the half-power bandwidth and in the coupling factor 4, and,
therefore, in the unloaded quality factor. On the other hand, if
| I,“f“| changes, the value of the resonance frequency can be
different, either higher or lower, which implies a change in the
frequency shift, thus giving rise to an inaccuracy in the
calculation of the dielectric permittivity.

In the computation of dielectric permittivity inaccuracy, it
was not mentioned the contribution of the VNA step size in the
measurements. This is because it can be completely neglected:
in the VNA measurement setup, the step size was set equal to
0.94 MHz, which thus gives a maximum percentage error in the
calculation of ¢, which is less than 2%.

As shown Fig. 8, the uncertainty in the values of dielectric
permittivity and loss tangent retrieved with the proposed
method are considerably lower than the uncertainty of the
probe, especially in the case of loss tangent measurements.
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VI. CONCLUSION

This paper presents a novel kind of microfluidic sensor,
which combines the benefits of 3D-printing with the advantages
of SIW technology. The structure of the proposed sensor
consists in a one-port SIW cavity with an embedded micro-
pipe, where the fluid can be injected and extracted, with the aim
to determine its electromagnetic properties. A novel method
was developed to retrieve the dielectric permittivity and the loss
tangent of the liquid from the measured scattering parameter
|S11]- The main feature of this method is the deembedding of the
losses of the 3D-printed structure, which represent the largest
source of error. Several measurements have been performed,
and mixtures with different concentration of isopropanol have
been used in order to test the efficiency of the proposed method
over a wide range of values of dielectric permittivity and loss
tangent.
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