
Received 12 September 2023, accepted 16 September 2023, date of publication 20 September 2023,
date of current version 27 September 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3317697

Design and Fabrication of a Minimally Invasive
Dielectric Sensor for Biological Environments
I. MARASCO 1, (Member, IEEE), G. NIRO 1, F. RIZZI 2, A. D’ORAZIO1, (Member, IEEE),
M. GRANDE 1, (Member, IEEE), AND M. DE VITTORIO 2,3, (Senior Member, IEEE)
1Dipartimento di Ingegneria Elettrica e dell’Informazione, Politecnico di Bari, 70126 Bari, Italy
2Center for Biomolecular Nanotechnologies, Istituto Italiano di Tecnologia (IIT), 73010 Arnesano, Italy
3Dipartimento di Ingegneria dell’Innovazione, Università del Salento, 73047 Lecce, Italy

Corresponding author: I. Marasco (ilaria.marasco@poliba.it)

ABSTRACT In this paper, a minimally invasive dielectric sensor with a compact footprint of 24× 18 mm2 is
presented. It is based on two complementary split ring resonators (CSRRs) fed by a microstrip with coplanar
waveguide configuration and placed on a 200 µm thick Kapton substrate. The device has been fabricated by
means of a multi-material 3D printer NanoDimension’s Dragonfly IV and is characterized by exploiting two
different sensing methodologies. As a first step, the device has been characterized in the air by measuring the
volume of deionized water droplets placed on one of the CSRRs in the range between 3.6 µl and 9.6 µl. This
study has been performed through the analysis of the resonant frequency shift caused by the variation of the
dielectric constant. The results show a Q-factor of 702 and a sensitivity of 0.3% µl−1. Then, an additional
step has been carried out for the measurement of the temperature of the water in which the sensor is totally
dipped. We analyzed the frequency shift due to the water temperature variation in the range between 20◦C
and 40◦C which corresponds to a variation in relative permittivity. In this case, the sensor shows remarkable
results in terms of Q-factor, equal to 501, and a sensitivity to dielectric variations in out-of-body and in-body
temperature ranges equal to 0.5% and 1.5%, respectively.

INDEX TERMS 3D printing, complementary split ring resonator, dipped sensor, finite difference time
domain, flexible complementary split ring resonator, flexible sensor, ingestible sensor, kapton, radio
frequency identification, sensor, wearable sensor.

I. INTRODUCTION
Flexible sensors offer big opportunities for the development
of non-invasive systems for healthcare applications on the
human body [1]. Indeed, the possibility to adapt their shape
to curve surfaces together with the higher robustness to exter-
nal strains make these sensors the most suitable choice for
wearable, implantable, and ingestible applications [2], [3],
[4], [5], [6], [7], [8], [9], [10]. The literature contains a huge
number of sensors based on thin and stretchable substrates
[11], [12], [13], [14], [15], [16]. In this context, wireless
communication is of paramount importance in order to avoid
cables and connectors, [6], [17]. To face this challenge, radio
frequency identification (RFID) technology comes to the aid
[18], [19]. An RFID system is composed of sensing elements
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(the tags) and a reader. The reader sends an interrogation
signal to the tag whose response is dependent on the measure-
ment conditions. An RFID sensor with optimal performance
is characterized by a very high sensitivity and, as a conse-
quence, the effects of material and liquids under test become
more intelligible. In the quest for microwave devices sensing
the dielectric properties of materials and liquids, a commonly
adopted methodology is the analysis of dielectric variations.
The dielectric constant varies according to a huge number
of parameters such as temperature, humidity, and so on. The
sensitivity of dielectric sensors is defined as the ratio between
the frequency shift of the device’s resonant frequency and the
variation of the relative permittivity due to the presence of
materials/liquids under test. To be applicable in biological
environments, sensors need high robustness against water
presence. For example, to function optimally on the skin,
sensors need to deal with the formation of drops on their
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surface, while for operations inside the body, sensors have
to work optimally when fully inserted in tissues, mostly
composed of water. Reference [20] details the development
of a low-cost flexible RFID humidity sensor. The reported
value of its sensitivity is very low, about 0.18%. Another
issue can be the absence of standard bands reserved in the
working range of the device (7 GHz) which can complicate
its integration in RFID systems. In addition, at this frequency,
the power consumption is high, and it results more difficult
to extrapolate the response of the tag using the backscattering
approach. Reference [21] details a flexible RFID sensor for
the analysis of the water. Although the very promising results
the sensor needs circuitry for the reading, and it is not suitable
for wearables.

Among other alternatives, Complementary Split Ring
Resonators (CSRRs) offer an optimal trade-off between per-
formance, footprints, and costs [22], [23], [24], [25]. Their
integration with RFID protocols can open the door to a new
generation of high-sensitive RFID sensors. Reference [26]
details a flexible chipless RFID tag based on CSRRs; how-
ever, the footprint is large (almost 50 × 50 mm2 at 1 GHz).
Moreover, the tolerances in the fabrication process have intro-
duced uncertainty in the response of the devices. In addition,
the Q-factors and the sensitivities of the sensor have not been
detailed and the operation in contact with fluids has not been
proven.

In general, the low sensitivities of CSRRs when in con-
tact with fluids, related to low Q-factors, are an extremely
important issue to solve. Reference [27] details a CSRR
applied for the analysis of fluids, but the Q-factor of the
device has a very low value equal to 35. In [28], a device
having a higher Q-factor has been designed by combining
two resonators which have taken to a sensitivity of 0.87%.
In [29] a sensor reporting an even higher sensitivity is
detailed. The sensor is implemented using a CSRR on the
ground plane of a microstrip and the exposure of the device
to the Liquid Under Test (LUT) is obtained using a Poly-
DiMethylSiloxane (PDMS) coil-shape microfluidic channel.
The use of microfluidics maximizes the effect of LUT on
the resonator and leads to a value of sensitivity (0.98%).
The contact between the LUT and the resonator is extremely
difficult to control. In this sense, submersible sensors are an
optimal solution to overcome this challenge. Reference [30]
details on a submersible sensor fabricated using two CSRRs
(Multiple CSRR, M-CSRRs). However, the sensor has only
been tested in oils and presents a Q-factor after the dipping
in fluids, very low as the magnitude of the S11 dip magnitude
becomes lower than 10 dB.

Besides the development of water submersible high-
sensitive sensors, the design of flexible CSRR having optimal
sensing characteristics is still a challenge to overcome. Planar
geometries help the fabrication processes on flexible sub-
strates. Indeed, this configuration leads to two advantages;
firstly the patterning of a single metallic layer is needed,
therefore alignments are not necessary. Secondly, grounded

microstrips imply thicker stacks and ground metallic bottom
layers reducing the flexibility of the substrate [31]. A flexible
planar CSRR on a 125 µm-thick polyethylene naphthalate
is proposed in [32]. However, the device reports a very low
Q-factor of 35.1 and it has not been applied for fluid analysis.
Reference [33] details a sensor formed of a ring resonator
coupled with a coplanar microstrip line. However, the posi-
tion of the liquid needs to be carefully controlled. In addition,
the device is not flexible and presents a large footprint
of 40 × 8 mm2.

In this paper, we propose an innovative dielectric sensor
based on two CSRRs fed by a coplanar microstrip line placed
on a 200 µm-thick Kapton substrate which can be exploited
for the development of a sensing platform composed of two
main blocks, an antenna, and the sensor itself. The sensor
presents a twofold sensing methodology coming from the
analysis of dielectric variations at two different frequency
ranges. For the first methodology, the analysis has been
focused on the evaluation of the sensitivity of the device
when different volumes of water droplets have been placed
on its surface. The working frequency for this study is around
4.6 GHz, (suitable for Internet of things [34] sub-6GHz band
of 5G [35], [36] and RFID [19], [37]). The idea behind this
choice regards the advantages of using the RFID technology
for future applications of the proposed sensor. Indeed, RFID
presents some important advantages in the quest for mini-
mally invasive sensors for biological environments such as
(i) non-intrusive and real-time monitoring, (ii) data accuracy
and precision, and (iii) cost-effectiveness. The sensitivity to
water volume is defined as the ratio between the frequency
shift of the device’s resonant frequency and the variation of
the relative permittivity due to the presence of water droplets
on the surface. In the proposed analysis the sensitivity is
equal to 0.33% µl−1 and the Q-factor is equal to 702. For
the second methodology, the study has been focused on the
measurement of the water temperature when the sensor is
totally dipped in it: the aim is to measure the water tempera-
ture by analyzing the shift of the working frequency. In this
situation, the sensor resonates at around 840 MHz because
of the higher dielectric constant of the water (in the range
between 72 and 80) with respect to that of the air (equal
to 1). Finally, the device reports one of the highest Q-factors
in liquids (501) and a sensitivity to dielectric variations in
out-of-body and in-body temperature ranges equal to 0.5%
and 1.5%, respectively. The performance of the proposed
device will be compared with the state of the art in Table 2.
The device has been fabricated using a multi-material 3D
printer NanoDimension’s Dragonfly System. The use of a 3D
printer has taken to a very precise fabrication process with
a minimum shift between simulations and measurements.
Moreover, the process is characterized by the high repeata-
bility of the devices and by a very big yield of 9 resonators
printed in less than 2 hours. The feature of being mini-
mally invasive combined with a very compact footprint of
24 × 18 mm2 (0.06 λ × 0.05 λ and 0.375 λ × 0.28 λ ,
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where λ is the electrical wavelength at the frequency
of 850 MHz and 4.7 GHz, respectively) makes this device
an optimal choice for biological environments.

II. DESIGN OF THE RESONATOR
Fig. 1(a) sketches the geometry of the sensor. The device is
characterized by a coplanar waveguide (CPW) configuration
with two CSRRs working in parallel.

FIGURE 1. Geometry of the sensor: (a) top view with respective
geometrical parameters, (b) front view with geometrical parameters,
and c) simulation layout.

Each CSRR behaves like an LC resonant circuit [38], [39],
and it is characterized by a resonant frequency equal
to (1)

fr =
1

2π
√
L0Cc

(1)

where L0 and CC are the inductance and capacitance of the
resonator, respectively. Since its CPWs configuration, it is
necessary to properly design the lateral dimensions to achieve
a matched line and the central strip can be made wide enough
to provide the required space to etch the CSRRs on it. With
this approach, the ground plane can be preserved from being
etched, and the fabrication step results very fast. After the
design of the first CSRR, the second one has been designed
in the same way to enhance the Q-factor. The width of the
microstrips (wm1, wm2), are constrained by the footprint of
the connector and the diameter of the CSRRs respectively,
while the gaps gm1 and gm2 have been designed to achieve

an input impedance of 50 �. The distance between the two
CSRRs has been optimized to enhance the Q-factor of the
device and it is equal to 0.5 mm. Since the presence of
two CSRRs, the electromagnetic signal traveling into the
microstrip is trapped by the resonators, therefore the signals
having these frequencies are not reflected on the open circuit
at the end of the coplanar waveguide. As a consequence,
the S11 trend is characterized by a notch frequency for that
value.

Fig. 1(b) sketches the vertical cross-section. The substrate
is a 200µm-thick Kapton (hk) with a dielectric constant of 3.8
and a loss tangent equal to 0.002. On the top of the flexible
substrate, there is a thin dielectric adhesion layer with a
thickness equal to hd having a dielectric constant of 2.9 and
loss tangent of 0.002, and a metallic layer of 35 µm (hm).
The corresponding values of the geometrical parameters are
detailed in Table 1.

FIGURE 2. Comparison between simulations of the device composed of
one resonator (blue curve) and two resonators (red curve) in the air:
(a) scattering parameter S11, (b) impedance.

As a first step, the response of the sensor has been
simulated in the air by solving the Maxwell equations in
the time domain through a Finite Difference Time Domain
(FDTD)-based commercial software CSTMicrowave Studio.
In addition, the 3D model of the SMA connector has been
placed in the feeding point (Fig. 1c)).

Fig. 2 shows the comparison between the response of
the device composed of one resonator (blue curve) and two
resonators (red curve) when in air, in terms of scattering
parameter S11 and impedance. As it can be noted the device
composed of two resonators works properly at a frequency of
4.64 GHz with a dip of the magnitude of about 30 dB.

It is worth stressing that the Q-factor in the case of two
CSRRs is equal to 940, a significantly higher value with
respect to the single one which presents a Q-factor of 280,
at the resonant frequency. The evaluation of the Q-factor
has been carried out by exploiting the 3dB method from
the scattering parameter [40]. The choice to consider two
resonators working in parallel represents a trade-off between
the sensitivity of the sensor, given by the Q-factor, and the
sizes of the footprint compatible with a minimally invasive
sensor.

After the analysis in air, a surrounding medium has
been introduced in the simulations with relative permit-
tivity and tangent loss equal to that of the deionized
water at different temperatures in the range 20◦C - 40◦C.
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The dielectric constant of the water has been varied using (2),
where T represents the temperature in ◦C [41]:

εr (T ) = 78 · (1 − 0.00461 · (T − 25) + 0.0000155

· (T − 25)2) (2)

The scattering parameter S11 has been evaluated in the tem-
peratures under test (24◦C−45◦C) and as result, the trend of
the resonant position (fr) versus the value of the dielectric
constant (εr) is reported in Fig. 3. The relative permittivity
of the pure water is directly proportional to its temperature;
moreover, the resonant frequency of the device increases with
the relative permittivity of the pure water in which the sensor
is dipped. As a consequence, as can be noted from (2), the
higher the temperature the higher the working frequency of
the resonator. The resonant position of the sensor is always
contained in the 800MHz band and the simulated values have
been interpolated using a polynomial function of degree one
having expression in (3).

fr = 1.2224 − 0.0046ϵr (3)

FIGURE 3. Simulation of the device dipped in deionized water: resonant
frequency versus dielectric constant.

TABLE 1. Geometrical parameters of the sensor.

The sensitivity of the sensor (S) has been evaluated as
re-ported in (4).

S =
dfr
dεr

1
f0
100 =

0.046
0.8

100 = 0.56% (4)

III. FABRICATION AND CHARACTERIZATION
The device has been fabricated by means of a multi-material
3D printer, NanoDimension’s Dragonfly IV directly on a
200 µm-thick Kapton substrate. 35 µm of silver-based ink
(AgCite) have been deposited by hundreds of nozzles at a
temperature of 140 ◦C, necessary to ensure proper atomiza-
tion of the ink and to guarantee an electrical conductivity
of about 2 ∗ 107 S/m. The adhesion between the Kapton
and the metal has been strengthened by depositing a very
thin layer of less than 3 µm of a proprietary dielectric
ink (DI 1092), characterized by a relative permittivity equal
to 2.3, as for the Kapton. This procedure enables very precise
and accurate designs and because of its parallel processing
characteristic, this technique shows a high process yield.
In addition, the entire process is controlled by the user via a
simple interface and does not need to be performed in a clean
room to avoid contamination [42]. After the printing pro-
cess, the device was cut, connectorized, and passivated with
1.02 grams of Parylene C, deposited using room-temperature
chemical vapor deposition (CVD) (corresponding to a layer
of a thickness of 1 µm).

FIGURE 4. Fabrication and characterization- (a) Result of the printing
process (b) Proposed resonator, (c) comparison between the simulated
and measured S11, (d) measured scattering parameter S11 of the device
under different bent conditions.

This last step is necessary before the test with water since
it makes the surface of the CSRR hydrophobic. The printed
sheet containing 9 devices, and the obtained sensor, are shown
in Fig. 4(a) and 4(b), respectively. The resonators have been
characterized in terms of scattering parameter S11 using a
Vector Network Analyser (VNA, Anritsu MS432B) and an
SMA rigid cable. Fig. 4(c) compares the measured S11 with
the simulated values. The sensor works properly at the fre-
quency of 4.66 GHz and presents a dip of the S11 scattering
parameter of about −25 dB. As it can be noted there is an
optimal agreement with the simulated model with a minimum
shift of a few megahertz due to fabrication tolerances. It is
possible to also note a lower S11 dip in the measurements,
due to the effect of the soldering. The sensor has been tested in
bent condition on polystyrene cylinders having radii of curva-
ture compatible with different parts of the human body, equal
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to 5, 10, 20, and 25 cm. As it is possible to note from Fig. 4(d),
the trend of scattering parameter S11 is characterized by a
shift of a few MHz with respect to the flat one, in case of
bending radius equals to 5 cm and 10 cm.

IV. ANALYSIS OF THE SENSITIVITY
The device has been developed to work in different environ-
ments and, to prove the effectiveness of this approach, the
sensitivity of the sensor has been tested in both two cases,
where in the air the sensitivity to water droplets has been
analyzed, while in water, the influence of the temperature on
the frequency response has been exploited.

FIGURE 5. Sensitivity of the sensor to water droplets: (a) Sensor
connected to the VNA, (b) Scattering parameters S11 of the device for
various volumes of water droplets, (c) Frequency vs volume of water
droplets, (d) Q-Factor vs volume of water droplets.

A. IN AIR SENSITIVITY
When attached to the skin, the sensor is constantly exposed
to sweat droplets which influence the frequency response
and can be analyzed to extract important information. The
sensitivity of the sensor to the water droplets has been tested
by measuring the scattering parameter S11 after the deposi-
tion of volumes of deionized water ranging from 0.3 µl to
9.6 µl. The results are reported in Fig. 5. The sensor has been
connected to a VNA in a self-standing configuration as shown
in Fig. 5(a). In order to avoid frequency variations due to the
position of the drops on the resonator, the analysis has been
performed by fixing their position at the center of the one of
CSRR (the right one in Fig. 5(a)) using a micropipette and
welding loupe. It is worth mentioning that a possible future
approach which could be implemented in the case of on-skin
analysis, regards the use of microfluidic channels made with
hydrophobic/hydrophilic interfaces for the sensitive central
zone [43]. As it can be seen from Fig. 5(b) the sensor shows
two resonant dips, one at 4.7 GHz, and a second varying
with the amount of water placed on the first CSRR leaving
the other resonator (the left one in Fig. 5(a)) unexposed to
exploit the sensor in differential mode. It can be noted that

the higher the water volume, the higher the distance between
the dips, and the lower the Q-factor of the first dip. The
trend of the distance between the resonant dips versus the
volume of deionized water is reported in Fig. 5(c). It is worth
stressing that the relationship between the water volume and
the differential frequency is linear. The experimental points
have been interpolated using a fit curve having the expression
in (5)

1f (V ) = 0 − 0.16718 − 0.014861 · V (5)

where 1f (V) is the distance between the resonant dips and
V is the volume of the water in microliters. From (5) the
sensitivity of the sensor has been evaluated as in (6) reporting
a value of 0.3% µl−1

S (t) =
d (1f (t))

dV
1
f0
100 (6)

where f0 is the resonant position of the second dip.
As can be observed from Fig. 5(d), there is an inverse

relationship between the Q-factor and the sizes of the water
droplets because of an increase in the dielectric losses. The
relation between Q and the water volume has been evaluated
using a fitting curve having the expression reported in (7).

Q(V ) = 721.3124 − 116.877V + 5.8434V 2 (7)

Further analysis has been carried out in order to emulate
the presence of sweat droplets on the CSRR surface. A vol-
ume of 9.6 µl with a NaCl concentration in the range
of 1%-2% has been considered for the study [44]. The com-
parison between simulations and measurements has been
reported in Fig. 6. It is possible to see that there is a very
good agreement between them without any shift of resonant
frequency, equal to 4.47 GHz. The reason behind these results
is the very small amount of NaCl considered in a small
volume of water.

B. IN WATER SENSITIVITY
The human body is made up of 60% water, therefore it is
extremely important for an ingestible sensor to work properly
when totally dipped. The characterization in deionized water
has been performed by dipping the sensor in a PET container,
large enough to avoid effects on the measurements due to its

FIGURE 6. Scattering parameter S11 at different concentrations of NaCl in
a volume of 9.6 µl of deionized water.
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walls. Below the container, a hot plate (IKA C-MAG HP 4)
set at a fixed temperature of 100◦C has been placed. The
temperature has been recorded periodically with a digital
thermometer (TFADostmann LT-102), whose probe has been
placed at around 4 cm (Fig.7a)). The analysis of scattering
parameter S11 has been performed in the range of temperature
between 20◦C and 40◦C.
In Fig. 7(b) the comparison between the measured and

simulated scattering parameter S11 of the device when dipped
in the water at 35◦C is reported. The simulated water is char-
acterized by a relative permittivity derived from (2) and a loss
tangent reported in [45]. It is possible to note that there is a
very good agreement between simulation and measurements
with only a shift of 2 MHz: the measured scattering parame-
ter S11 shows a dip of−20 dB at 828MHz (blue curve), while
the simulated one presents at 826 MHz a dip of −19.7 dB
(red curve). Fig. 7(c) illustrates the scattering parameter S11
taken at various water temperatures; an increase in the res-
onant frequency with the temperature can be observed. It is
worth stressing that increasing the temperature reduces the
dielectric losses of the water sharpening the dips of the S11
and increasing the Q-factor of the resonator.

The sensitivity of the sensor has been evaluated in all the
temperature ranges to analyze the influence of the Q-factor
on the response of the device using (8), (9), (10):

1 =
1f (T )

f0

1
1εr (T )

100 (8)

1f (t) = fr (T ) − f0 (9)

1εr = εr (T ) − εr (20◦C) (10)

where fo is the resonant frequency when the water tempera-
ture (T) is at 20◦C, and the variation of the dielectric constant
at the different water temperatures (εr (T)) has been evaluated
using (2). The trend of 1 and Q concerning the temperature
have been compared in Fig. 7(d). From Fig. 7(c) and 7(d), the
water temperature variation has two effects on the response
of the device: the variation of the resonant frequency and of
the sensitivity. So, it results that the relation between tem-
perature and working frequency cannot be considered linear
in all the ranges between 20◦C and 40◦C. For these reasons,
the experimental data (frequency vs temperature) have been
subdivided into two linear sets: below and above 35◦C. Then,
two expressions have been extrapolated for the calibration
curves reported in (11) and (12).

f (T ) = 0.8 + 1.4 ∗ 10−3T , T ∈ [20◦C, 35◦C] (11)

f (T ) = 0.823 + 5 ∗ 10−3T , T ∈ [35◦C, 40◦C] (12)

As can be noted from Fig. 8(a), the out-of-the-body tem-
perature range has a slope of 1.4 ∗ 10−3 GHz◦C−1 and
a sensitivity to dielectric constant variation equal to 0.5%;
while the sensor in the body temperature range (Fig. 8(b))
has a higher slope of 5 ∗ 10−3 GHz GHz◦C−1, with the
corresponding sensitivity of 1.5% if referred to as dielectric
variations.

FIGURE 7. (a) Measurements setup, (b) Comparison between simulation
and measurements at 35◦ (c) S11 for various temperatures, (d) Sensitivity
and Q-factor vs temperature variations.

FIGURE 8. Calibration curves: (a) Lower-sensitive region outside the
body, (b) higher-sensitive region inside the body-temperature region.

FIGURE 9. Parametrical sweep of the tangent loss of the deionized water
at (a) 25◦C and (b) 40◦C.

A further analysis has been carried out in order to estimate
the losses of the water at temperatures equal to 25◦ and 40 ◦C.
A parametric sweep for tangent loss has been performed
in order to verify the good agreement between simulations
and measurements. As reported in Fig. 9, the agreement has
been obtained for tag(δ) = 0.03 at 25◦C (Fig. 9(a)) and for
tag(δ) = 0.02 at 40 ◦C (Fig. 9(b)). The obtained values are in
line with those reported in [45].

Finally, the performances of the sensor have been
compared with the state of the art in Table 2. As it is possible
to observe the footprint is about eight times smaller than
the others if compared with electrical lengths. Moreover, this
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sensor is the only one suitable for RFID applications as works
in the 800 MHz band with the highest Q-factor and the best
sensitivity in liquid environments. Finally, this sensor is the
only flexible and is characterized by a planar geometry, very
lightweight and straightforward to be produced in roll-2-roll
processes.

TABLE 2. Comparison of the proposal with the state-of-the-art.

V. CONCLUSION
Low-invasive microwave sensors offer big advantages for
classical bulk and low-frequency technologies. The use of
flexible materials allows the devices to adapt their shape
to curve surfaces as the human body enhances wearability.
Moreover, with the use of microwave frequencies cables and
connectors can be avoided minimizing the impact of the
sensors. In this scenario, the design and fabrication of sensors
able to operate in water take interesting new perspectives,
especially in sweatmonitoring or edible sensors. In this paper,
a CSRR-based sensor on a flexible Kapton substrate has
been proposed. The device has been fabricated using a 3D
multi-material 3D printer and coated with Parylene C. The
obtained process yield is high as 9 resonators have been
obtained in less than 2 hours. The device presents optimal
performance with very high Q-factors of 702 and 501 when
in air and in water, respectively, proving its suitability in
healthcare applications. This is also demonstrated since the
sensor presents an identical behavior on different bent condi-
tions. High sensitivity to water droplets when in the air has
been proven suggesting its use in wearable sweat or humidity
sensors. Then the sensitivity versus temperature in water has
been tested, reporting optimal performances that overcome
the state of the art in terms of footprint, sensitivity, and
Q-factor. In addition, a further analysis has been performed
to estimate the losses of the water at two temperatures equal
to 25◦C and 40◦C. Moreover, the integration of the sensor
with external antennas can pave the way for the development
of a passive and wireless water temperature sensing platform
[17], [46]. Future developments regard the test of the sensor
out of the water, against other agents such as pH or external
strains and in the water under bending conditions. Finally, the
use of a multi-material 3D printer allows the fabrication of
dielectric containers, microfluidic channels, or needles. This
approach can reduce drastically the times for prototyping
high-sensitive sensors on flexible substrates.
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