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ABSTRACT The use of wearable textile Radio Frequency Identification (RFID) sensors is becoming
widespread in many different application areas because of their technical utilization advantages. In this
study, a textile-based Ultra High Frequency (UHF) RFID sensor that can be used to detect wetness has
been developed and fabricated with a pad printing machine using silver conductive ink. The overall physical
dimension of the proposed sensor structure is 75.0 mm x 38.0 mm x 0.12 mm. Two different types of
Received Signal Strength Indicator (RSSI) measurement setups in near field region and at practical separation
distances emulating more realistic environmental conditions have been carried out to test and validate the
applicability of the proposed sensor. Water, saline and urine solutions have been used to evaluate different
wetting conditions in the near field RSSI measurements by dropping different solutions on the RFID sensor
integrated diaper. A permissible signal difference of at least 17 dBm has been detected between the wet
and dry states of the proposed wetness detection sensor. The performance of the proposed RFID sensor has
been evaluated using different separation distances of 32 cm, 40 cm and 50 cm with the practical result of
maximum reading range to be 50 cm for the reliable determination of the binary wetness states. In addition,
the performance of the RFID wetness sensor against different bending and deformation conditions is almost
robust. It is concluded that the proposed sensor structure can be integrated onto the patient’s diapers to
facilitate the reliable detection of wetness states in cases such as urinary incontinence in remote health
monitoring systems.

INDEX TERMS Diaper, printing, received signal strength indicator (RSSI), RFID sensor, textile based-
sensor, ultra high frequency (UHF), urinary incontinence, wearable, wetness detection.

I. INTRODUCTION according to the needs of their usage areas, and sensing

Radio Frequency Identification (RFID) is defined as a
low-cost wireless technology that is used in businesses to
identify products, locate, and communicate, as well as estab-
lish connections between numerous objects [1]. The use
of RFID technology in many different application areas is
becoming widespread. Health monitoring [2], [3], goods [4]
or patient tracking systems [5], and logistics [6], [7] are the
areas where RFID technology is frequently used. The design
and operating frequency of RFID sensors are determined
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functions [8]. Generally, there are three different frequency
bands used for RFID tags. These frequency bands are the
low frequency band (120-150 kHz), the high frequency band
(13.56 MHz), and the ultra-high frequency band (433 MHz,
865-868 MHz in Europe, 917-922 MHz in China and 902-
928 MHz in North America) [9], [10]. Recently, Ultra High
Frequency (UHF) RFID tags and sensors are highly preferred
due to several advantages. Among these advantages are the
low cost, long-distance operation, and fast-easy identification
of UHF-RFID devices [8], [11].

Textile UHF RFID sensors have emerged as a result of
the combination of sensing data wirelessly with flexible, and
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wearable substrates. The signal strength indicator parameter
is a typical method used to detect data wirelessly [8], [12],
[13]. Received Signal Strength Indicator (RSSI) is an impor-
tant parameter which shows the signal strength received from
RFID tag to RFID reader in RFID systems for communication
to take place. There are limits that the reader, and chip used
in the RFID system, and these limits show the sensitivity of
the reader, and the chip. For communication to take place,
the RSSI value must be within these limits. Although RSSI
value changes depending on antenna gain, distance between
antenna, and path loss, RFID tag can be designed to function
as a sensor according to RSSI value, since it can also be
affected by different conditions. In this study, it is aimed
to design textile-based RFID structure to act as a sensor
according to the received signal against different wetness
levels.

Wetness detection systems for individuals are generally
developed for sweat, blood, skin wetness sensing and urinary
incontinence situations. In this study, urinary incontinence
was chosen for wetness detection. Urinary incontinence is the
involuntary leakage of urea during exertion and in situations
such as coughing and sneezing [14]. Urinary incontinence can
affect many conditions such as social, psychological, physical
and family life of the patient, and this situation reduces the
life quality of people and limits their social lives [15], [16].
Although there are many treatments for urinary incontinence,
none of these treatments are completely curative [17]. For
this reason, urinary incontinence patients have to use diapers.
Diaper changes of urinary incontinence patients in hospitals
and nursing homes are done by caregivers and health per-
sonnel. Caregivers check these individuals very often, as wet
diapers on patients and the elderly cause various diseases such
as dermatitis and infection [18], [19]. While these controls
are an extra workload for the caregiver, they also cause the
patients to be awakened and disturbed [18]. For these reasons,
there is a need wetness detection system that detect when
diaper changes are necessary.

Textile-based UHF-RFID sensors are lightweight, wash-
able, flexible, and wearable compared to conventional UHF-
RFID sensors. This situation ensures the use of textile-based
RFID sensors to increase day by day [9]. In a study, a wear-
able knitted UHF-RFID compression sensor antenna has been
proposed for respiratory monitoring. As a result of the tests
performed on the reusable UHF-RFID sensor, the radiation
efficiency on the body has shown good values with permis-
sible sensitivity to the compression [12]. In another study,
textile-based UHF-RFID antennas produced by embroidery
method have been applied to surgical masks. The maximum
reading distance of the UHF-RFID antenna placed on the
surgical mask has been measured as 1.1 meters. It has been
emphasized that the proposed design can provide identifica-
tion or safe distance warning in case of an epidemic [20].
In another study using the embroidery method, the moisture
sensing performance of the textile-based UHF-RFID antenna
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has been investigated. As a result, it has been shown that
the use of RFID technology in moisture sensing studies is
very advantageous [21]. UHF-RFID antenna performance has
been investigated by applying different heat treatments to the
wearable sensor produced using the printing method. Accord-
ing to the results obtained, it is stated that the proposed sensor
structure can be used as a UHF-RFID antenna, especially in
areas sensitive to humidity [22]. In the study of Sen et al.,
moisture detection has been made with UHF RFID moisture
monitoring by utilizing absorbent polymers in diapers. The
proposed sensor structure has been designed using metal
and hydrogel in accordance with the diaper geometry [23].
Bluetooth-based detector developed for babies and the elderly
detects wetness and bleeding. The wetness sensor consisting
of two or four conductive thin wires has been connected to
pressing studs which placed in the diaper or bandage. When
the wires inside the diaper or bandage come into contact
with blood or urine, the conductivity of the pressing studs
exceeds the predetermined threshold value, informing its wet-
ness status [24]. A sensor mat that can be placed under the
sheets was recommended to detect urinary incontinence and
bed occupancy. This sensor consists of embroidered conduc-
tive yarns. While the wetness is detected by looking at the
resistance change of the sensor, the occupancy status was
determined by the capacitance change. An external unit con-
sisting of radio frequency (RF) connection or WiFi module
has been used for recording and transferring the obtained
data [25].

There are many printing methods available today and it is
extremely important to select the appropriate printing method
for printed electronic structures to perform at their best.
Printing technologies consist of two main groups; contact,
and non-contact methods. In contact printing method, the
surface with ink is in direct contact with the substrate, while
in non-contact printing method, the ink prepared in solution
is dispersed or sprayed onto the substrate [26]. Inkjet [27],
[28], and aerosol jet printing [29] techniques are the examples
of non-contact printing methods. On the other hand, some
kinds of contact printing techniques are screen printing [30],
gravure printing [31], flexographic [32], and pad printing [22]
methods. Pad printing, which is a versatile offset printing
technique, is one of the oldest printing techniques. Thanks
to the developments in pad printing, the application areas
of pad printing have expanded from conventional textiles to
sensors, biosensors, RFID tags, and photovoltaic cells [33],
[34]. The first step in the pad printing method is to create
the desired pattern on the printing plate called cliché. Then,
the ink reservoir comes over this pattern and the ink cov-
ers the pattern. At this point, the important thing is to remove
the excess ink from the cliché very well. Finally, the silicone
pad first takes the pattern onto itself and then transfers it to
the substrate [22], [34], [35]. Pad printing becomes advan-
tageous when compared to other printing methods due to its
low cost, simplicity, fastness, ability to work even with high

VOLUME 11, 2023



M. Tekcin et al.: Wearable UHF-RFID Sensor for Wetness Detection

IEEE Access

viscosity inks, printing on a wide variety of substrates like
flexible, curved, and rough surfaces, and printing layer by
layer [33].

Literature reveals that many textile-based sensors and
antennas have been introduced. However, the difference of
the current study compared to the alternative sensor designs
in the literature is that it proposes a novel sensor design that
senses through the RSSI level for the wetness detection. Thus,
in this study, textile-based wearable and flexible UHF-RFID
sensor is designed, numerically computed, and printed on
polyamide-based taffeta label fabric according to the pad
printing method using silver conductive ink. After RFID chip
is integrated onto the printed RFID sensor, water, saline and
urine solution have been dropped onto the fabricated RFID
sensor for wetness detection measurements. Wetness perfor-
mance of the produced RFID sensor structure is determined
by detecting the RSSI changes in the RFID sensor with the
help of RFID reader antenna. RFID sensor structure used in
the study can also be integrated onto baby diapers to detect
urinary incontinence in babies. However, the study targets
urinary incontinence in adults, as diaper changes are easier
in infants than in elderly and sick adults. The presented study
is one of the rare studies that uses the RSSI sensing principle
to detect urinary incontinence through the pad printed RFID
sensor geometric model with the chip integration. The novelty
of the study is that the disposable, flexible, textile-based
RFID sensor to be designed and fabricated for this application
can be produced by a very simple printing method, and it
is very thin and small to provide users’ comfort with the
biocompatible feature.

Il. MATERIALS AND METHODS

A. CHEMICALS, MATERIALS AND INK FORMULATION

In this study, silver conductive ink has been used to produce
e-textile based UHF-RFID wetness sensor. To adapt the vis-
cosity of silver conductive ink having 10.000 cP dynamic
viscosity to the pad printing method, a thinner from TRI Elec-
tronic is used. Polyamide-based taffeta label fabric supplied
by Huzhou Hengxin Label Manufacture Co. (Huzhou, China)
is used as a substrate for printing the UHF-RFID wetness
sensor. The technical characteristics of the substrate have
been detailed in the previous study [28]. Impinj Monza R6-P
tag chip was purchased to connect the UHF-RFID wetness
sensor with the RFID reader. The optimum ink formulation
for pad printing is given in [22].

B. UHF-RFID WETNESS SENSOR DESIGN, SIMULATION
AND FABRICATION

While RFID sensor circuit performance is greatly influenced
by the frequency-dependent complex impedance of the chip
to be integrated after the fabrication of the sensor model,
the input impedance of whole sensor geometric model has
to be determined through the parametric analysis and opti-
mizations. Therefore, the input impedance of the chip is
firstly obtained from the datasheet after the RFID chip to be
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FIGURE 1. Proposed RFID sensor structure.

TABLE 1. Dimensions of proposed RFID sensor structure.

Symbol Size Symbol Size
L 75 mm L5 40 mm
w 38 mm L6 21 mm
W1 2 mm L7 15 mm
W2 3 mm L8 10 mm
W3 3.25 mm L9 8 mm

L1 20.40 mm L10 25 mm
L2 27.50 mm L11 20 mm
L3 18 mm L12 6 mm

L4 11 mm L13 13 mm

integrated has been determined. In this study, Impinj Monza
R6-P RFID chip is selected. The complex chip impedance
at 867 MHz is nearly equal to 18.27 - j146.7 €2, which is addi-
tionally checked through the fabricated directional coupler.
After the chip impedance is obtained, the impedance of RFID
sensor structure is designed to be complex conjugated with
the impedance of the chip to be integrated. The RFID sensor
model is shown in Figure 1 along with the geometric param-
eters in Table 1. The proposed sensor model is composed of
E-shaped resonator and modified U-shaped resonator loaded
with the T-shaped extended stub where the RFID chip is to
be connected in between. The structural model of the pro-
posed sensor has been designed and numerically calculated
in Microwave CST Studio. The discrete port impedance has
been set to 18.27 2 and the required amount of capacitance
representing the reactive part of RFID chip has been modelled
through the capacitance lumped element of 1.25 pF in the
numerical model as shown in Figure 1. Therefore, the discrete
port representing the RFID chip has been completely mod-
elled through the series combination of discrete capacitance
and port resistance with the respective values of 1.25 pF
and 18.27 Q. The substrate material has been selected as
polyamide based taffeta with the relative permittivity and loss
tangent of 2 and 0.02, respectively. The metal parts have been
selected as silver. The overall dimensions of the proposed
sensor structure are 75.0 mm x 38.0 mm x 0.12 mm.
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FIGURE 3. 2D polar radiation patterns for RFID sensor structure.

The input reflection parameter of the proposed RFID
wetness sensor integrated with the RFID chip is shown in
Figure 2 to point out the impedance matching between the
sensor geometric model and the RFID chip. As deduced from
Figure 2, the RFID sensor structure operates in the frequency
band of 857 MHz and 872 MHz with the resonance frequency
of 867 MHz. The polar radiation patterns for X-Y, X-Z, and
Y-Z planes, and surface current distribution of RFID sensor
structure at 867 MHz have been shown in Figure 3 and
Figure 4, respectively.
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FIGURE 5. a) Printed RFID sensor structure (b) Printed RFID sensor
structure with chip integration.

The surface current distribution in Figure 4 shows which
sensor sections in the main resonator geometry are more
prone to the liquid drops to obtain possibly high value of RSSI
value changes between the dry and wet states of RFID wet-
ness sensor. This provides additional practical information on
how the relative placement of RFID wetness sensor has to be
managed in the adult diaper with the targeted consequence
of increased exposure level of wetness sensor to more liquid
drops.

After the RFID wetness sensor model has been verified
through the numerical computations, the fabrication of the
sensor has been carried out. To fabricate the RFID sensor
structure, according to determined dimensions based on the
simulation results, a pad printing method is used and a cliché
is prepared. COMEC, EAZY90 pad printing machine has
been used in the study. The working principle of the pad
printing machine (COMEC, EAZY90) is explained in [22].

Printing process is carried out using cliché and silver ink
for which the prescription is given on the polyamide-based
taffeta label fabric. The print pass number has been deter-
mined as 3 to increase the conductivity of the RFID sensor.
After each print, drying process is applied for 2 minutes in
order to avoid print slipping. Finally, the sintering process is
applied on the printed RFID sensor in an oven at 150°C for
30 minutes.

After this process, the RFID IC must be connected to
the RFID sensor in order to make the sensor ready for the
measurement with RFID reader. The RFID IC has two contact
pads and it has been mounted on the sensor through these
contact pads using conductive paste and ready for the mea-
surement. The printed RFID sensor and the chip integrated to
the RFID sensor are shown in Figure 5.
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FIGURE 6. Schematic view of the integration of the RFID sensor into the
diaper.
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FIGURE 7. RSSI near field measurement setup.

C. INTEGRATION OF THE RFID SENSOR ONTO ADULT
DIAPER FOR RSSI MEASUREMENTS

RFID sensor is printed on adhesive polyamide-based taffeta
fabric for easy integration of the RFID sensor onto the adult
diaper. The adult diaper consists of many different layers.
In order for the RFID sensor not to come into direct contact
with the skin, the sensor must be placed between the layers.
Therefore, the top layer of the diaper is removed and the RFID
sensor is placed between the top layer of the diaper and the
ADL (Acquisition/Distribution Layer). Then, the top layer
separated to restore the original form of the diaper is sewn to
the diaper with an ultrasonic sewing machine. The schematic
view of the process is shown in Figure 6.

For RSSI measurements, different amounts of water,
saline, and urea solutions have been dropped onto the RFID
sensor integrated into the adult diaper, and RSSI values
are measured with the help of a near field RFID reader
through near field communication. Figure 7 indicates the
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FIGURE 8. RSSI measurement setup with highly directive 2 x 2 antenna
array at practical separation distances emulating the real life.

schematic view of the near-field RSSI measurement setup.
The near-field RSSI measurements are performed as pre-
liminary test and validation steps in the scope of proof of
concept in order to observe whether the detectable amount
of changes in RSSI levels could be obtained between the wet
and dry states of RFID wetness sensor in near field reading
ranges.

Near field RSSI measurement results can be basically
affected by the relative positioning of the RFID sensor with
respect to reader antenna on which the RFID wetness sen-
sor has been directly located in addition to other nearby
substances in the environment and ambient conditions [36],
[37]. For these reasons, attention is paid to ensure that the
substances in the environment are at the same distance and
position in each measurement to preserve the same mea-
surement conditions. However, in order to investigate the
wetness detection performance of the RFID wetness sensor
at practical reading distances, in addition to the measurement
setup indicated in Figure 7, versatile measurements have
been carried out by using highly directive antenna array for
RFID wetness sensor in salty water at different polarization
orientations. The measurement setup shown in Figure 8 has
been arranged to emulate the RFID wetness sensor embedded
patient diaper-reader antenna distances in the real-life envi-
ronment.

In real life, it is appropriate to locate the reader antenna
at a practical separation distance of 40 cm from the diaper
under the patients bed at right antenna orientation. More-
over, in order for the proposed RFID wetness sensor to be
used in real life, the RSSI values obtained from the RFID
reader have to be firstly calibrated with previously measured
data in the wetness detection environment as in other sensor
applications. Based on the laboratory measurement results,
it can be deduced that the circular polarized antenna can be
conveniently used as a reader antenna to increase the RSSI
level for the better detection of wetness level in large amounts
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FIGURE 9. Four layered human body phantom model.

of urine in addition to the utilization of new generation RFID
systems with lower reading sensitivity levels.

D. BENDING SIMULATION AND BENDING
MEASUREMENT OF RFID SENSOR STRUCTURE

In order to make the RFID sensor structure printed on the
flexible label fabric wearable, the proposed structure should
be resistant to bending, stretching, and other deformations
[38]. For this, bending simulations and deformation tests have
been applied to the sensor structure. The performance of the
RFID sensor against different bending conditions has been
simulated in the CST Studio [39]. During the simulations,
different bending angles, 15°, 45°,90°, — 15°, — 45°, and —
90°, were applied to the structure. Apart from the numerical
computation, a manual deformation test has been carried out
by combining the right and left edges of the RFID sensor
integrated adult diaper at the middle point [40]. This process
has been done 10 times.

The proposed RFID wetness detection sensor can be sub-
ject to different bending states in practical applications when
it is placed into the adult diaper, which has been worn on
the human body. A human body phantom has been therefore
modelled to gain more information about the change in the
input impedance of the RFID sensor affecting the measured
RSSI values under these bending conditions. Considering
four-layered human body model, parametric numerical com-
putations of RFID sensor have been conducted for varying
bending angles. The four-layered human body model consists
of skin (ogx = 0.85 S/m and g5y = 41.58), fat (ox = 0.05 S/m
and egy = 5.46), muscle (omys = 0.93 S/m and &y, = 55) and
bone (op = 0.14 S/m and e, = 12.48) [41], [42]. The RFID
wetness sensor has been located on the top of all these four
layers with the bending angles ranging from 15° up to 90°
with 15° steps. The schematic view of four layered human
body model is shown in Figure 9.

Ill. RESULTS AND DISCUSSION

The proposed RFID sensor structure shows the varying sens-
ing performance due to the input impedance change and
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respective degradation in gain as a result of nearfield coupling
to the exposed liquid drops and the corresponding change
in RSSI value to be deduced from the Friis Transmission
equation shown below:

Gr (QT,@T) GRr (QR,@R) e
(4mr)?
x |pr-prl’ (1)

Pr=P

(1 =T — |TrI%)

The term Pp in the equation represents the power received
by RFID sensor structure, Py term is the power trans-
mitted by RFID reader antenna, whereas the Gr indicates
RFID reader antenna gain and the Gy represents RFID sen-
sor structure gain and r denotes the distance between the
reader antenna and the RFID sensor structure. The term
(1= T71)(1=|Tr>) represents the transmission loss due
to the reflection, |pr .ﬁR|2 term indicates the losses due to
the polarization mismatch. For a reliable communication to
be realized between the RFID reader and the RFID wetness
sensor, the reading sensitivity of the whole reader system
imposed by the RFID chip used in the sensor structure is
extremely important. The RFID reader in the current study
can achieve the reading capability up to —84 dBm RSSI level.
However, since distance and environmental factors influence
the sensing capability of the proposed sensor structure, these
parameters have been tried to be kept constant in all near field
measurements for different situations.

In the measurement process, RSSI values have been
obtained with the measurement software of the RFID reader.
To detect the wetness, different amounts of salt water mix-
ture have been dropped onto different points of the sensor
structure by using a dropper, and the response of the structure
for these different situations has been determined through
RSSI measurements. Figure 10 shows the variation of RSSI
values according to different salt water amounts in near field
measurements. When Figure 10 is examined, the RSSI value
of the designed sensor structure is — 35.31 dBm in the dry
state, while a certain amount of degradation in RSSI value is
then observed when water and saltwater mixtures are dropped
in different amounts. Measurements have been made using a
reader antenna with a gain of 2 dBi in the near field. When
water has been dropped over 100 mL on the sensor structure,
it could not be read from RFID reader because the sensitivity
of the RFID reader is — 84 dBm. Since all environmental
values are kept constant during the measurement, the reason
for the RSSI change is that water and saltwater drops affect
the gain of the RFID sensor structure.

Especially in health monitoring applications, both the
health personnel and the patient have difficulties in determin-
ing the urinary incontinence status of adult patients. In order
to prevent this situation, an easy-to-fabricate RFID wetness
sensor providing remote warning and directly integrable to
diaper is needed. In order to test RFID sensor performance
with a diaper, different solutions containing saline, and urine
have been prepared and poured onto diaper where the RFID
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TABLE 2. RSSI levels for different situations on RFID sensor structure.

RFID sensor situation Avez‘(zlllg;:nl)lSSI

Dry -35.49
12 mL water -41.19
Between moist nonwoven surface -48.52
Between very wet nonwoven surface -52.77
Between salty and moist nonwoven surface - 49.22
Between salty and very wet nonwoven -54.35
surface

Between nonwoven surfaces moistened -42.00
with urine solution

Between nonwoven surfaces wetted with -50.50

urine solution

-34 4 —— RSSI

=36 1 1: Dry
2:5 ml water
=38+ 3: 5 ml salt+water
4: 9 ml water
—_ 40+ §: 9 ml salt+water
E _4] 6: 11 ml water
m 7: 11 ml salt+water
E -44 4 8: 15 ml water
—_— 9: 15 ml salt+water
g -46 10: 30 ml water
[ 11: 30 ml salt+water
-48 - 12: 45 ml water
13: 45 ml salt+water

-50 4

=52

-54

T T T T T T T T T T 1

T
06 1 2 3 4 5 6 7 8 9 10 1
Situations

FIGURE 10. RSSI levels for different salt water amounts on RFID sensor
structure.

sensor is hidden between diapers’ layers. Urine solution is
prepared with 20 mL of distilled water, 0.4 g of urea, and
0.2 g of NaCl. Table 2 shows the RSSI values measured in
the sensor structure for different situations.

When Table 2 is examined, it is seen that the RFID
sensor structure responds to different wetness conditions in
the direction of lower RSSI value as observed in previous
measurements. Since the purpose of the sensor is to detect
wetness, it is seen that it meets the main purpose of use.
The sensor structure is thought to be suitable for detect-
ing the wetness of any textile-based product in different
situations.

On the other hand, in more practical situations realized
in the measurement setup shown in Figure 8, the maximum
RSSI level received by the reader antenna for the RFID sensor
immersed in 6 mg / mL salt water from a distance of 50 cm
is — 55.24 dBm. Therefore, the maximum reliable reading
range of the RFID sensor is considered to be 50 cm. The
minimum RSSI level received for the different polarizations
is — 68.24 dBm. The maximum and minimum RSSI levels
received by the reader antenna are still higher than the sensi-
tivity of the RFID reader module, whose reading sensitivity
level is — 84 dBm.
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FIGURE 11. RSSI values of RFID sensor structure for different orientation
angles with the separation distance of 32 cm, 40 cm, and 50 cm.
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FIGURE 12. |S11] values of RFID sensor structure placed on the human
body model against different bending angles.

Moreover, the reading ranges have been checked through
versatile RSSI measurements while changing orientation
angles of RFID sensor with respect to RFID reader antenna
set at fixed orientation. RSSI values obtained at different
orientation angles for reading ranges of 32 cm, 40 cm and
50 cm have been indicated in the Figure 11. Different ori-
entation angles from 0° to 360° with 45° increments have
been selected to change the position of the RFID sensor.
These RSSI measurements have been carried out by placing
the RFID sensor in 6 mg / mL salt water. According to the
Figure 11, RFID sensor gives permissible RSSI results for
different orientations at all reading distances between 32 cm
and 50 cm to detect the wetness state. Therefore, it has been
determined that the different orientation of the RFID sensor
with respect to the reader antenna is not a major disadvantage
at the reading ranges up to 50 cm. When the effect of dif-
ferent reading distances has been examined at fixed relative
orientation of 90° between RFID wetness sensor and reader
antenna for maximum RSSI value, the measured RSSI values
at the separation distances of 32 cm, 40 cm, and 50 cm are —
47.50 dBm, —50.18 dBm, and — 55.24 dBm, respectively.

[S11] results of the RFID wetness sensor placed on four
layered human body model against different bending angles
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FIGURE 13. (a) |S11] values of RFID sensor structure against positive
bending angles (b) |S11| values of RFID sensor structure against negative
bending angles.

ranging from 15° to 90° with 15° steps have been shown in
the Figure 12.

According to the Figure 12, the input impedance of RFID
wetness detection sensor is severely affected due to the
nearfield coupling of resonating sensor sections with the
stacked human body model layers having different elec-
tric permittivity and conductivity parameters. This can be
deduced from the numerically computed radiation patterns
shown in Figure 3. However, the effect of different bending
angles on the reflection parameter is in negligible amount.

In addition, in order to figure out the input impedance
behavior of RFID sensor structure in free space without
human body phantom model against different bending con-
ditions, the reflection parameter results for different bending
angles are shown in Figure 13. According to |S11| graphs
given in Figure 13, when positive bending angles are applied
to the structure, it is concluded that the resonance frequency
of RFID sensor structure shifts to the lower frequencies with
smaller than 2.3% frequency change with reference to the
resonance frequency in the unbent condition. Likewise, the
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TABLE 3. Near field RSSI measurement results of RFID sensor structure
before and after deformation test.

Average RSSI Average
RFID sensor before RSSI after RSSI
situation bending bending change (%)
(dBm) (dBm)
Dry -3545 -35.48 0.09
5 mL water -37.60 -37.97 0.98
9 mL water -38.90 -39.23 0.86
11 mL water -40.28 -40.95 1.68
15 mL water -42.09 -42.56 1.12
30 mL water -48.98 -49.62 1.30
45 mL water -53.02 -54.92 1.69

TABLE 4. RSSI values of RFID sensor structure with diaper for different
bending angles at 30 CM.

Maximum
Bending RSSI after
angles (°) bending
(dBm)
0 -23.50
15 -26.00
20 - 28.50
25 - 28.50
30 -29.00
40 -29.50

tendency of the structure to shift in the resonant frequency
is similar when negative bending angles are applied. When
the shifts in the resonance frequencies in both graphs are
examined, it is seen that the shifts are quite low. Therefore,
the resistance of the RFID sensor structure to bending is good.

In addition to the numerical computations, a deformation
test has been applied to the RFID sensor structure integrated
onto the adult diaper. The RSSI values of the RFID sensor
structure in the dry and wetted with water state before and
after deformation are measured in near field measurement
setup shown in Figure 7. The RSSI values measured after a
total of 10 deformation cycles are shown in Table 3. Accord-
ing to the percent RSSI changes given in Table 3, it is seen
that the difference between the RSSI values measured before
and after deformation for each condition is quite small. This
situation shows that the RFID sensor structure performs well
even after 10 cycle deformation. The main purpose of the
deformation test is to have an idea of how the stress result-
ing from bending the RFID sensor can affect the solders of
the chip integrated onto the RFID sensor. While applying
different bending angles to the chip integrated sensor, it has
been determined that the soldered chip could be disconnected
from the attached points at angles above 30°. Therefore, the
threshold bending angle is determined to be 30°. In addition
to these studies, a bending test has been applied to the RFID
sensor integrated diaper in the dry state. The RSSI values
measured according to the bending at different angles applied
to the diaper have been indicated in the Table 4. Table 5
indicates the comparison of this study with the other studies
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TABLE 5. Comparison of passive RFID diaper wetness sensors.

Wireless Sensing Fabrication Dimensions Detection Reading Polarization Flexible Disposable  User Ref.
Technology Principle Method Range Testing
Passive UHF Received Hand <100 x 80 x Dry/wet 1.0m NA Yes Yes Testing [23]
RFID signal fabrication 20 mm? with doll

strength (Hydrogel-

indicator metal hybrid

(RSSID) tags)
Semi-passive HF  Built-in Screen <5 x 5 mm? Dry/wet 1.5m NA NA Yes NA [43]
RFID energy printing (for sensor)

conversion ~25 x 35 mm?

sensor (for tag)

(Action-

Activated

Tag)
Passive HF Near-field Attaching the  ~3%x3 mm? Dry/wet 0.12m NA Yes NA Testing [44]
RFID inductive tag antenna, with

coupling of metal sheet adult

the and paper

transponder

tag
Passive UHF Received Commerciall 105x6x0.1  Dry/wet 44m Considered Yes Disposable/  Testing [36]
RFID signal y available mm? (adult) Reusable with

strength (Monza E64 3.6m human

indicator Viper tag (baby) avatar

(RSSI) antenna)
Passive HF Received Conductive 550 x 300 Dry/wet 0.263 m NA NA Yes Testing [45]
RFID signal tracks mm? with

strength adult

indicator man

(RSS])
Passive UHF Degradation Commerciall NA Wet 14m NA NA NA Testing [37]
RFID of the y available in

antenna (Gen-2 RFID laborator

performance  tags) y
Passive UHF Received Pad printing 75 x 38 x Dry/wet NA NA Yes Yes Testing This
RFID signal 0.12 mm? in work

strength laborator

indicator y

(RSS])

on diaper wetness sensor. When other passive RFID wetness
sensor for urinary incontinence are evaluated in the litera-
ture, polarization is considered in very few studies and it
is generally linear polarization. Although it can be implied
that the polarization mismatch effect can cause approximately
20 dBm signal degradation in RSSI level, the reliable reading
performance can be still accomplished at maximum reading
range of 50 cm in wet state.

IV. CONCLUSION

In this study, wearable and flexible RFID sensor structure
that operates in UHF RFID band has been designed and then
fabricated using pad printing machine. Two different types
of RSSI measurements have been carried out to determine
the behavior of the RFID sensor structure against wetness to
point out the technical applicability potential of the proposed
wetness sensor. Water, saline, and urine solutions are dropped
onto the RFID sensor to simulate different wetting conditions
while conducting the multiple RSSI measurements in the near
field with the result of at least 17 dBm signal difference
in measured RSSI values between the dry and wet states.
RF performance of the proposed RFID wetness detection
sensor has been investigated in more practical applications
with three different separation distances ranging from 32 cm
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up to 50 cm. The maximum reliable reading range of the
RFID sensor is determined to be 50 cm under the different
polarization angles with respect to the reader antenna in wet
state. According to the results obtained, the proposed RFID
sensor structure can detect wetness with varying RSSI values.
At the same time, the bending test has been applied to the
RFID sensor integrated onto the adult diaper to evaluate the
performance of the RFID sensor structure against bending.
As a result, it is implied that the RSSI values of the structure
after bending are changed quite little compared to the RSSI
values before the bending. In addition, the dimensions of the
developed sensor are very suitable for the integration onto
adult diapers or pads. It is thought that the proposed sensor
structure can be used to detect wetness situations such as
urinary incontinence.
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