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Abstract

Introduction

Tree canopy is exposed to light, external environment becom-
ing the main place for photosynthesis and respiration [1]. Sensors
are being built for precision agriculture of intensive orchards.
These sensors installed in robots or UAV are important for deci-
sion-making on orchard pruning [2] and flowering management
[3]. With global water shortage and climatic changes, applying defi-
cit irrigation can overcome the demand from fruit trees. Slight wa-
ter stress can maintain fruit quality and yield [4]. Remote sensing
platforms collect sensor data from planes, satellites or drones [5,6].
Thermal sensor and optical sensors can detect water status and
diseases [7,8]. RGB and hyperspectral find new application every
day [9,10]. Water droplets due to rain, sprinklers, etc., act as free
water on plant leaves. This free water under proper environmental
conditions (temperature and humidity) allows fungal germination,
becoming some days later in the focal point of disease [11]. Millions
of hectares are attacked globally by different pests that require of
leaf moisture to survive. Producers rely on disease-warning sys-
tems that require of leaf wetness duration data (LWD) to operate
[12]. LWS (leaf wetness sensors) are attached with a clip to the leaf

Leaf water content is an important physiological parameter that limits plant growth. It limits photosynthesis efficiency and
biomass productivity. Also, it encourages plant diseases and weed growth leading to more of 33% of crop losses in agricultural
fields. Tree and crop canopies have to be monitored in order to take important production decisions. Orchard and crops are
considering remote sensing techniques for precision agriculture. Moisture sensors can be classified as leaf wetness sensors (LWS)
and capacitance sensors. LWS predict fungal crop and tree diseases that appear in the leaves. Capacitance sensors were developed
and tested in mango leaves and on ornamental plants variety Codiaeum variegatum sp. grown in the house to measure leaf moisture
in situ. The correlation between capacitance leaf moisture and leaf moisture obtained from a laboratory oven was 0.96. Mango
leaves were classified in 2 stages the ones in the tree and those that fell to the floor.
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and measure electrical impedance changes of a wire grid. These
sensors are commonly referred as artificial leaves. Oval capacitive
artificial leaves were printed on a 1.6 mm thick fiberglass plate
(PCB substrate). The principle of measurement of these capacitive
static LWS depends on the relative dielectric constant; water dielec-
tric is er ~ 80, meanwhile fiberglass has a er between 3 and 6 [13].
On the other hand, electronic LWS offers more stability and reliabil-
ity, but it is much more expensive, and famers do not acquire them
[14]. Lightweight built LWS embraces the interdigitated electrodes
(IDEs) on the polyimide flexible substrate. The response time once
water contacts it, is of 10 seconds and sensor capacitance varies by
6% over a temperature range from 20°C to 65°C [15].

Water content in leaves can be determined in laboratories by
the weight change between fresh and dried leaves but is certainly
destructive and time-consuming. The electrical conductivity (EC)
is a physical variable related to how electricity flows within a sub-
stance [16]. Itis measured by the complex permittivity of water but
requires of a sinusoidal voltage supply. Manual sensors use capac-
itance to measure the dielectric changes, but the sensing material
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should be inserted within the plates. Capacitance soil sensors 5TE
(Decagon Devices, Inc., Pullman, USA) measured bulk electrical
conductivity in field conditions [17]. The moisture of tea leaves was
also measured with capacitance by means of electrical impedance
[18]. A parallel plate capacitor was designed and tested to estimate
water content and biomass in spinach grown within a greenhouse
[19]. Ceap and precise Capacitance probes use their complex rela-
tive permittivity for soil moisture IoT sensing [20,21]. Remote plant
water stress caused by drought in the field, can be detected with
vegetation indices using red and NIR [22]. The spectral band of
956 nm of wavelength correspond to the 2nd overtone of free O-H,
meanwhile the spectra at wavelengths of 1,320, 1,420, and 1,458
nm are associated with the 1st overtone of free O-H [23]. It would
be practical to measure leaf moisture without removing the leaf
from the tree. Therefore, in this paper a small capacitor is built and
an analysis of different capacitance reading systems are considered
so that the embedded microcontroller can acquire its value, trans-
mit via Bluetooth to a smartphone that will show the moisture val-
ue in the screen.

Flat Capacitor design

Capacitance (C) in an ideal flat capacitor is obtained from equa-
tion 1, being the permittivity of vacuum € = 8.854 x 10> Fm™. €r
represents the dielectric constant of the material between the
sheets of the capacitor having a space d given in meters. The area
(A) is given in square meters.

11 1
C Ery Epdfdy

1)

Different plate capacitor designs have been reported [24-27]

EraEphSds

varying in size. For example, the capacitor developed by Afzal et al.,
2010, [25] has two oval-circular plates of 4 and 3 c¢m, and a gap of
1.3 mm. The parallel plate capacitor used to measure moisture in
paddy grains had dimensions of 10.8 x 15.8 x 5 cm [27].

Leaf capacitance measurement

Several solutions are available for the measurement of the val-
ue of the capacitive sensor. Oscillation circuits are simple for ca-
pacitance measurement, being those based on the relaxation-based
technique [28] and the VCO (voltage-controlled technique) [29].
Wheatstone bridge circuits can provide stable and accurate mea-
surements [30]. Measurement errors are high, unless directly im-
plemented on chip [31,32]. The proceeding of the leaf moisture
sensing in shown in Figure 1. All starts when the capacitor with a
clip structure is fixed to the leaf. Capacitor weight is 6 grams and
the clip weights another 2 grams. A box fixed to the closest branch
has the embedded circuit together with a pair of circuits that will
be discussed in Figures 2, 3. All the circuits selected worked with a
lithium battery. In order to transmit wirelessly the capacitor values,
the Bluetooth of the cell phone had to be initialized. The system is
ready, and a reset will cause the capacitor to read the leaf moisture
and the values will be acquired by a microcontroller (TTGO LoRa32
OLED V2.1.6,, Lily go, China).

place the sensor on the leaf

initialize bluetooth on cell phone

Reset the sensor on the leaf

l

| Acquire capacitor data

L J

Use phone application to put the moisture value

Figure 1: Procedure for leaf moisture sensing.
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Figure 2: Block diagram (a) of the circuit (b) that generates a square wave depending on the value of the capacitor.
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Figure 3: A stable multivibrator using the CMOS 555 circuit.

Two different circuits were implemented to acquire the leaf
moisture capacitance (Figure 2,3). The circuit (Figure 2) works by
charging and discharging the flat plate capacitor, C. The two resis-

Once the smartphone application is initialized it will show the

moisture value in % of weight basis (Figure 1).
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tances should have the same impedance to generate a 50% duty
cycle square wave (Figure 2b). The capacitor starts charging when
the multiplexer (switch) connects the resistance to the power sup-
ply (BAT).

The charging capacitor voltage enters two comparators with
high input impedance providing output signals for the control
circuit. The control circuit will provide the clock output and will
activate the multiplexers, according to the low and high voltages
introduced to the comparators (V, & V). The equation for charging
a capacitor is given by equation 2. The capacitor voltage v(t) at a
given time (t) starts from the capacitor initial voltage until reaching
the final voltage V.

vit) = V(1 — e¥RE) (2)

The time taken (t) to charge the capacitor to a given voltage
v(t) depends on the capacitor and resistance values, and is given
by equation 3:

t = RCIn(V|(V — v(£))) 3)
t
R p— )

Equation 4 will provide the capacitor value, proportional to
the leaf moisture measurement. The logarithm value is a constant
where V is the battery voltage and v(t) will correspond to the maxi-
mum voltage V1 fixed at the comparator in Figure 2. When the com-
parator reaches this value its output changes of state and the capac-
itor will start its discharge state. The second circuit uses a CMOS
555 timer (Figure 3) being fed by a 3.3 lithium rechargeable bat-
tery. Another researcher [20] used a low pass filter at the output to
obtain an average voltage that could be connected to the microcon-
troller ADC. A regulator is connected between the battery to avoid
changes in the CMOS 555 output. The circuit first charges the ca-
pacitor through R1+R2 and then discharges the capacitor through
R2 to generate the output. After turning on the circuit, the output of
the 555 goes high until the charging capacitor C reaches 2/3 of the
supply voltage. After reaching it, the 555 output switches to zero
and capacitor begins to discharge through resistor R2 (Figure 3).
When the voltage on capacitor C1 reaches 1/3 of the supply, it starts
charging again, and so on as long as the supply is maintained. The
capacitor in pin 5 avoids that noise enters the system. Equation 5

gives the capacitor charging period, and from equation 6, the capac-
itor value can be calculated.

t.. = 0.69(R, + R,)C (5)
— tan (6)
a69{R,+Ra)

Embedded system operation

The microcontroller has a Bluetooth unit, ADC and input/out-
put digital ports. Its operation depends on the circuit used. With
the first circuit (Figure 2) the embedded ESP32 microcontroller
waits until the first compactor turns on (changes from 0 to 1). The
battery is disconnected from the capacitor and the microcontroller
generates a 10us delay turning on the multiplexer and discharge
the capacitor. The ESP32 counts periods of 100 ms, until the oth-
er comparator provides a 0 to 1 transition. The number of 100 ms
periods represent the value of t, and once this value is introduced
in equation 4, the capacitance can be calculated. A regression al-
gorithm provides the leaf moisture value. Ten measurements are
automatically taken and averaged to obtain the final value. In the
case of the second circuit, it will only read the CMOS 555 output and
count this period.

Results

The capacitor was fixed to leaves (Figure 4) of ornamental
plants variety Codiaeum variegatum sp. that were held under dif-
ferent watering conditions in order to obtain diverse leaf water con-
tent. Capacitance varied from 11.2 to 14 in the ornamental leaves,
being the latter value obtained for moist leaves (Figure 5). Capac-
itance was also measured in mango leaves, Figure 6. Leaves had 3
stages: fresh, mature and recollected from the soil. Leaves picked
from the soil were still green and fall during strong winds during
storms. Light green colored tender leaves presented the highest
moisture and capacitance was over 14.2 pF. Dry leaves presented
a capacitor average value of 10.3 pE. The effect of V1 and V2 in the
circuit of Figure 2 was studied for mature mango leaves. For V1 and
V2 values of 0 and 3.3 V (battery voltage), the average capacitance
obtained was of 14.03 with a standard deviation of 0.452. If V1 was
changed to 0.7 VBAT and V2 to 0.3 VBAT, average and standard de-
viation decreased to 13.95 and 0.278, respectively. The CMOS 555
was simpler and worked precisely.

Figure 4: Ornamental plant with capacitor sensor.
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Figure 5: Capacitance measured under different mango leaf moisture.
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Figure 6: Capacitance measured in mango leaf, being tender leaves circled in violet, green mature leaves in circled in green
and red circled leaves collected from the floor.

Conclusion

This work shows an automatic system for measuring the mois-
ture of leaves based on a parallel plate capacitor. The capacitor is
light and can be easily fixed to the leaf plant. Two circuits to measure
capacitance were tested being the CMOS 555 simpler and cheaper.
In mango trees it was difficult to obtain leaves with different mois-
ture levels as the soil is humid, so measurements were classified as
dry or humid. In the case of the ornamental Codiaeum variegatum
sp. held under different watering conditions a correlation of 0.964
was found between leaf moisture and capacitance.
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