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ABSTRACT: Recently, an agricultural monitoring system using the Internet of Things has
been developed to realize smart farming. The high performance of various sensors in
agricultural monitoring systems is essential for smart farming to automatically monitor and
control agricultural environmental conditions such as temperature and water level. In this
study, we propose resistive water level sensors based on an AgNWs/PEDOT:PSS-g-
PEGME hybrid structure to improve the already high conductivity and water stability of
PEDOT:PSS. After spin-coating the AgNWs/PEDOT:PSS-g-PEGME hybrid film, a laser
treatment method successfully patterns the resistive water level sensor with areas of higher
resistance. When water contacts the sensor, the variation in resistance caused by the water
level changes the current flow of the sensor, allowing it to be used to detect the water level.
Finally, we develop a water level sensor module as a component of the agricultural
monitoring system by connecting the sensor to a microcontroller for water level monitoring
in real time. The proposed water level sensors may be a new solution for detecting water
levels in agricultural monitoring systems.

■ INTRODUCTION

With the advent of the Internet of Things (IoT), an
agricultural monitoring system for smart farming has been
developed and utilized, enabling remote monitoring and
control of agricultural environmental conditions such as
temperature, humidity, light, and water level.1−8 Accordingly,
the agricultural monitoring systems for smart farming comprise
various sensors, such as temperature and humidity sensors,
light detectors, pH sensors, etc.9−11 The accurate detection of
water level is crucial for automatically and optimally watering
agricultural crops. Resistive type water level sensors are
suitable for agricultural monitoring systems owing to their
simplicity, ease of operation, and low manufacturing cost
compared with those of other types of water level sensors, such
as ultrasonic, magnetic float, and radar level sensors.12−15

When a plant is watered, the water comes in contact with the
resistive water level sensor next to the plant, resulting in the
detection of water level by the reduced the resistance of the
water level sensor.
Recently, poly(3,4-ethylenedioxythiophene):poly-

(styrenesulfonate) (PEDOT:PSS) has been considered as a
promising electrode material owing to its high conductivity,
transparency, flexibility, and solution processability.16−20

However, the limitation of PEDOT:PSS is that electrodes
are relatively difficult to integrate into circuits and desired
patterns once coated using the solution processes. The laser
treatment method can easily achieve the required patterning of
PEDOT:PSS, as discussed in our previous report.15 Moreover,

improved conductivity and water stability of PEDOT:PSS are
still required for water level sensors compared with conven-
tional metals.21,22 Hybridizing PEDOT:PSS with other
materials such as metal nanowires (NWs) and poly(ethylene
glycol) methyl ether (PEGME) may result in higher water
stability and conductivity.
In this study, we introduce resistive water level sensors based

on an AgNWs/PEDOT:PSS-g-PEGME hybrid film for
agricultural monitoring systems. To overcome the limitations
of ordinary PEDOT:PSS, we hybridized PEDOT:PSS-g-
PEGME with AgNWs, resulting in reduced solubility and
improved conductivity. The AgNWs/PEDOT:PSS-g-PEGME
hybrid film was successfully deposited onto the PET film by
sequentially and repeatedly spin-coating the AgNWs and the
fabricated PEDOT:PSS-g-PEGME solution, followed by
individual annealing at each step. The infrared laser treatment
method patterns the hybrid film with two separated patterns of
electrodes. The laser-treated region between the two groups of
electrodes exhibits a relatively lower conductivity (i.e., higher
resistance), demonstrated by scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS) analysis,
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as well as the electrical properties. The electrical characteristics
of the resistive water level sensor based on the AgNWs/
PEDOT:PSS-g-PEGME hybrid film were investigated under
various water levels. It was found that the current increased as
the water level increased due to the change in the resistance.
Conductivity and stability of this sensor based on an AgNWs/
PEDOT:PSS-g-PEGME hybrid film were higher than our

previous report, making it applicable to agricultural applica-
tions. Finally, we implemented a water level sensor module for
the agricultural monitoring system by connecting the sensor
and microcontroller (Arduino Uno), resulting in accurate
water level detection in real time. We believe that the proposed
water level sensors provide a new technique for detecting
accurate water levels for agricultural monitoring systems.

Figure 1. Depictions of the resistive water level sensor. (a) Graphic showing the application of the resistive water level sensor in an agricultural
monitoring system. (b) Diagram of the resistive water level sensor and equivalent circuit. (c) Photographs of the resistive water level sensor on PET
film and the sensor in a flowerpot beside a plant.

Figure 2. Schematic of the fabrication process of the resistive water level sensor.
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■ RESULTS AND DISCUSSION
Figure 1a depicts a conceptual 3D image of the water level
sensor for the agricultural monitoring system. Water level
sensors are placed next to agricultural crops for the real-time
monitoring of the water level. When humidity sensors in an
agricultural monitoring system detect crops that need water,
the farmer waters the crops using a smartphone. The water
level sensor notifies the farmer of the water level being applied
to the soil in real time while watering the crop, as depicted on
the right side of Figure 1a. Figure 1b illustrates the specific
water level sensor structure comprising two AgNWs/
PEDOT:PSS electrodes and a laser-treated AgNWs/PE-
DOT:PSS region as the resistive component. The water level
detection of the sensor relies on the decrease in resistance of
the sensor with increasing water level, as discussed in our
previous report.15 Once the water comes in contact with the
surface of the sensor, the resistance component can be
calculated using Rlaser treated AgNWs/PEDOT:PSS and Rwater in parallel
(i .e . , R t o t a l = R l a s e r t r e a t ed AgNWs/PEDOT:PSS ∥ Rwa t e r =
(Rlaser treated AgNWs/PEDOT:PSS × Rwater)/(RLlaser treated AgNWs/PEDOT:PSS
+ Rwater)). Rwater decreases with the increasing water level,
resulting in a decrease in Rtotal. Figure 1c shows both the
photographs of the fabricated water level sensor created using
the laser treatment method and the sensor located next to a
plant. The details of the fabrication process of the water level
sensor are depicted in Figure 2 and described in the Methods.
Figure 2 illustrates a schematic of the fabrication process for

the resistive water level sensor. AgNWs are first coated on the
top of the PET, and a PEDOT:PSS-g-PEGME copolymer was
overcoated on the AgNWs to fabricate the hybrid film. The
thickness of the hybrid film was 147 nm. The PEDOT:PSS-g-

PEGME copolymer was applied to utilize PEDOT:PSS as a
water level sensor. Ordinary PEDOT:PSS films easily dissolve
because the sulfonic acid group of PSS dissolves in water with
SO3

− and H+. To prevent this, a PEDOT:PSS-g-PEGME
copolymer, which is water resistant through an esterification
reaction between PEDOT:PSS and PEGME, is introduced in
this study. The atmospheric stability and water resistance of
the PEDOT:PSS-g-PEGME copolymer have been demon-
strated in previous studies.15,21 PEDOT:PSS-g-PEGME is
water resistant, maintaining its characteristics such as
conductivity, transmittance, and flexibility in water compared
to those of ordinary PEDOT:PSS. Therefore, PEDOT:PSS-g-
PEGME is a highly suitable conducting copolymer for water
level sensors. For lower resistance films, PEDOT:PSS-g-
PEGME was combined with AgNWs in a layer-by-layer form
to further improve the performance of the water level sensor.
IR lasers are utilized for patterning the hybrid film to create the
water level sensor as they are simple and easy to use, can
quickly handle large areas, and do not react with the substrate
PET, allowing only the coated hybrid film to be affected.23−25

The laser beam has a diameter of 20 μm and a wavelength of
1054 nm. Finally, the water level sensor can detect the height
of the water through both its ends.
Before and after the IR laser irradiation, the morphology of

the AgNWs/PEDOT:PSS-g-PEGME hybrid film was analyzed
using SEM, as shown in Figure 3a,b. Particles measuring tens
to hundreds of nanometers in diameter were split into many
smaller particles of approximately 20−30 nm diameter after the
IR laser irradiation. This suggests that the particles reacted
under the IR laser. EDX was used to analyze the patterning of
the IR lasers for the hybrid film. After the IR irradiation, the Ag

Figure 3. Spectroscopic analysis of the AgNWs/PEDOT:PSS-g-PEGME hybrid film on PET before and after IR laser irradiation. SEM images (a)
before and (b) after IR laser irradiation. (c) XPS spectrum of sulfur 2p. (d) Optical transmittance.
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element was completely removed, decreasing its content from
0.2% to 0%, as shown in Table S1 and Figure S1a,b. The S
content of PEDOT:PSS decreased by 94.5%, from 0.73% to
0.04%. XPS analysis was performed to confirm more accurately
the patterning of PEDOT:PSS by through laser irradiation
(Figure 3c). The binding energy of 163−167 eV corresponds
to the S element of PEDOT, and the binding energy of 167−
171 eV corresponds to the S element of PSS in the XPS
analysis.26,27 After IR irradiation, the PEDOT:PSS peak
disappeared, indicating that the IR laser with a wavelength of
1054 nm is also effective in patterning PEDOT:PSS as well as
Ag. Using EDX, the remaining 0.04% of S after the IR
irradiation was estimated to be the remaining residual after the
reaction with the IR laser (Figure S1 and Table S1). A pattern
on the hybrid film also affects the transmittance. As depicted in
Figure 3d, the transmittance of the hybrid film after IR laser
irradiation increased by 7.9% from 78.4% to 86.3% at 550 nm.
This is attributed to the increased transmittance of the hybrid
film by the IR laser irradiation.
Figure 4a depicts the electrical characteristics of the

AgNWs/PEDOT:PSS region and laser-treated AgNWs/
PEDOT:PSS region. The AgNWs/PEDOT:PSS region ex-
hibits ohmic resistor behaviors with high conductivity, whereas
the laser-treated AgNWs/PEDOT:PSS region demonstrates
significantly low conductivity owing to the reduction in
conductive elements by the laser treatment. Figure 4b depicts

the resistances of these regions calculated from Figure 4a using
the equation R = V/I, where R is the resistance, V is the
applied voltage, and I is the current. The calculated resistance
of the laser-treated AgNWs/PEDOT:PSS region (∼107 Ω)
was 104 times higher than that of the AgNWs/PEDOT:PSS
region (∼103 Ω), indicating that the laser treatment removed
almost all the conductive elements such as Ag and S. Figure 4c
depicts the electrical characteristics of the water level sensor
under various water levels measured at both the AgNWs/
PEDOT:PSS region as the electrodes and the laser-treated
AgNWs/PEDOT:PSS region as the resistive component. The
current gradually increased with increasing water levels from 0
to 2.5 cm. When the water came in contact with the surface of
the sensor and increased the water level, the resistance
between the two AgNWs/PEDOT:PSS electrodes (i.e., the
laser-treated AgNWs/PEDOT:PSS region) was reduced,
resulting in a current increase of the sensor. Therefore, the
current variation caused by the watering can be used to
measure water level (see Figure 6). The extracted resistance of
the water level sensor decreased sequentially as the water level
increased in 0.5 cm steps (Figure 4d). The laser-treated
AgNWs/PEDOT:PSS region acts as resistive component
(Rlaser treated AgNWs/PEDOT:PSS). When water comes into the
surface of the sensor, a variable resistance (Rwater) that changes
according to the water level is created. Therefore, the sensor in
water has two parallel resistors (Rlaser treated AgNWs/PEDOT:PSS ||

Figure 4. Electrical characteristics of the resistive water level sensor. (a) I−V curves of normal and laser-treated AgNWs/PEDOT:PSS regions. (b)
Resistance of AgNWs/PEDOT:PSS copolymer and laser-treated AgNWs/PEDOT:PSS. (c) I−V curves of the resistive water level sensor dipped in
water levels from 0 to 2.5 cm. (d) Resistance of the resistive water level sensor with increasing water level from 0 to 2.5 cm.
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Rwater; see Figure 1b), which is expressed as the equation of
R t o t a l = (R l a s e r t r e a t e d A gNW s/ P EDOT : P S S × Rw a t e r )/
(Rlaser treated AgNWs/PEDOT:PSS + Rwater). As the water level rises,
Rwater decreases, and eventually Rtotal becomes smaller, resulting
in current changes according to the water level.
Figure 5 shows the stability tests of the sensor for

agricultural applications, which were conducted by using
various parameters (time for long-term detection, temperature
by sunlight, and surface robustness against soil and mud).
Current−time characteristics of the resistive water level sensor
under a water level of 1.5 cm for 24 h exhibit great detection
stability, as shown in Figure 5a. The resistances of sensor were
measured under various temperatures to investigate temper-
ature stability of the sensor. The slight resistance change of the
resistive water level sensor in temperature increasing as shown
in Figure 5b, which is negligible in measuring the water level
for agricultural applications. Next, we performed an adhesion
test through the attaching Scotch tape (3M, Model No. 801)

on the surface of the resistive water level sensor as shown in
Figure 5c. Figure 5 panels d−f show optical microscope images
of the AgNWs/PEDOT:PSS-g-PEMGE film on the substrate
before and after the Scotch tape test, indicating great adhesion
on the substrate. The enhanced stability performance of the
sensor compared to our previous report15 made it applicable to
agricultural monitoring system.
To investigate the real-time monitoring performance of the

water level sensor, current−time curves were measured for 120
s under water levels of 0−2.5 cm in intervals of 0.5 cm at an
applied voltage of 1 V, as depicted in Figure 6a. The current at
each water level was maintained until 120 s of equal
performance passes. The current variation ratio was calculated
using the equation ΔI/I0 = (Iw − I0)/I0, where I0 and Iw denote
the initial and final current for each water level, respectively.
This clearly indicates the relationship between ΔI/I0 and the
water level, as shown in Figure 6b. The average current values
linearly increased with increasing water level, and their

Figure 5. Stability tests of the resistive water level sensor. (a) Detection stability test of the sensor under a water level of 1.5 cm for 24 h. (b)
Resistance of the sensor with a water level of 1.5 cm under various temperatures (25−50 °C, +10 °C steps). (c) Photograph of the resistive water
level sensor during the Scotch tape test. The test was performed by attaching and then detaching Scotch tape on the surface of the sensor. Optical
microscope images of the resistive water level sensor (d) as prepared, (e) attached with Scotch tape, and (f) detached with Scotch tape.
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coefficient of variation remained below 6%, indicating a high
sensor stability. Figure 6c depicts a water level sensor module
connected to a water level sensor fabricated on the AgNWs/
PEDOT:PSS-g-PEGME hybrid film with a microcontroller
(Arduino Uno) to demonstrate the real-time monitoring of
agricultural systems. The detection of the water level sensor
module in real time was performed while the sensor was
inserted into the water with a manual dipping speed of ∼0.8
cm/s from 0 to 2.5 cm. Figure 6d depicts the calibrated water
level−time curves, which in turn demonstrate excellent water
level sensing in real time. These results indicate that our study
provides a novel approach for agricultural monitoring systems
in smart farming.

■ CONCLUSION

In this study, resistive water level sensors were developed on
the basis of a AgNWs/PEDOT:PSS-g-PEGME hybrid film for
agricultural monitoring systems. Hybridization of AgNWs and
PEGME into PEDOT:PSS improved the conductivity and
water stability, respectively. Laser treatment enabled the
fabrication of a resistive water level sensor comprising two
electrode regions and between them a laser-treated region with
high resistance. When the sensor next to the crop was in
contact with the water, the variations in the resistance detected
with the water level allowed an accurate detection of the water
level. Thus, the water level module connected to the sensor
and microcontroller for real-time monitoring was successful.

We believe that the proposed water level sensor may provide a
novel promising approach for agricultural monitoring systems
in smart farming.

■ METHODS

Materials. Poly(3,4-ethylenedioxythiophene) (PE-
DOT:PSS, Clevios PH 1000) solution and silver nanowires
(AgNWs) solution were purchased from Heraeus Ltd. and
C3Nano Inc., respectively. Poly(ethylene glycol) methyl ether
(PEGME, Average Mn 550) and dimethyl sulfoxide (DMSO)
were obtained from Sigma-Aldrich. Capstone fs-30 (wetting
agent) was sourced from Chemours Co. All materials were
used without further purification.

Fabrication of Water Level Sensor Using AgNWs/
PEDOT:PSS-g-PEGME Copolymer. To fabricate the resistive
water level sensor based on the AgNWs/PEDOT:PSS-g-
PEGME hybrid film, AgNWs were spin coated on the PET
film at 60 °C and dried at 120 °C for 2 min. This coating
process of AgNWs was repeated once. DMSO (5 wt %),
PEGME (PSS/PEGME weight ratio = 1:0.5) and capstone fs-
30 (0.2 wt %) were added to the PEDOT:PSS solution. The
mixture was stirred for over 1 h at room temperature (25 °C)
before being spin coated through a 0.45 μm PVDF syringe
filter on the PET film at 1500 rpm for 60 s and thermally
annealed at 120 °C for 15 min in air. Finally, the AgNWs/
PEDOT:PSS-g-PEGME hybrid film was patterned using an

Figure 6. Real-time measurement of the water level using the resistive water level sensor. (a) Time−current curves of the resistive water level
sensor for 120 s at 1 V applied voltage. (b) Statistical analysis of the current with varying water levels at 1 V applied voltage. (c) Photograph of the
resistive water level sensor connected to a microcontroller. (d) Response of water level sensor module to the resistive water level sensor under
water level increments (dipping rate ∼0.8 cm/s up to 2.5 cm).
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infrared (IR) laser (laser irradiation wavelength = 1054 nm) to
fabricate the resistive water level sensor.
Characterization and Measurements of the Water

Level Sensor. To characterize and measure the resistive water
level sensor, X-ray photoelectron spectroscopy (XPS, Thermo
UK, K-alpha) was performed to analyze the elemental
composition of the AgNWs/PEDOT:PSS-g-PEGME hybrid
film before and after IR laser irradiation. The transmittance
and surface morphology were measured using an ultraviolet−
visible−near-infrared (UV−vis−NIR) spectrophotometer
(Agilent, Cary 5000) and SEM (JEOL JSM-6710F),
respectively. The thickness of the AgNWs/PEDOT:PSS-g-
PEGME hybrid film was measured using atomic force
microscopy. Electrical characterization of the resistive water
level sensor was performed using a Keithley 4200-Semi-
conductor Characterization System.
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