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Development of sensor system for real-time measurement of droplet
deposition of agricultural sprayers
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Abstract: During the chemical application process, droplet deposition on a target is an important reference indicator for
evaluating the spraying technique and its performance. In order to quickly obtain deposition results in the field, this study
proposed a novel system based on surface humidity sensors. The basic principle is to convert the measured physical quantity
change into a capacitance change, thereby realizing the physical quantity to electrical signal conversion. An Android
application for mobile terminal and the corresponding coordinator were developed, which allowed operators to control multiple
sensors simultaneously through the Bluetooth. The soluble tracer detected by spectrophotometer was used to calibrate the
system. The obtained results indicated a good correlation between deposition volume and voltage increment output from the
newly developed system (R? of the six nozzles with Dyos ranging from 107.28 um to 396.20 um were 0.8674-0.9729), and a
power regression model based on the least squares technique (R=0.8022) was developed. In the field test, the system
exhibited an optimal performance in predicting the deposition volume. Compared with the conventional method of measuring

tracer concentration, the deviation was less than 10%.

In addition, the system exhibited good fitting curve of the deposition

distribution with droplet number results measured by the water sensitive paper method.
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measurement of droplet deposition of agricultural sprayers.

1 Introduction

During the chemical application process of agricultural
sprayers, droplet deposition characteristics on the target mainly
include distribution uniformity and deposition volume, which are
direct indicators for testing the control effect of chemical liquids™=!.
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Development of sensor system for real-time

The primary objective in all spray applications is to obtain adequate
coverage and uniform pesticide deposition on the target, to provide
sufficient effectiveness against pest®®. In order to improve spray
application techniques, it is important to measure and quantify the
spray deposition and distribution®.  However, environmental
conditions, application parameters, application machinery and other
factors may lead to poor droplet deposition, which affects the later
biological control effect. The operator needs to re-spray or take
other remedial measures to improve droplet deposition based on the
results of the spraying test. Therefore, fast and accurate droplet
deposition detection can provide more efficient data support for
agricultural or scientific practitioners to make better chemical
application decisions or spray quality evaluations!"®.

Hence, various methods have been developed to obtain droplet
deposition during the spray process. The magnesium oxide
method adopts the principle of droplet color development to
determine droplet deposition characteristics. A magnesium strip
was burned on a glass slide to obtain a magnesium oxide coating.
When droplets contact with magnesium oxide, a circular mark is
formed™. A few researchers have used silicone oil to obtain
colored droplets based on the density of the two liquids™®.
Generally, these two methods are cumbersome to operate and have
a large workload.  Furthermore, they have been gradually
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eliminated in addition to a few special tests. Chemical tracers
have been widely adopted for pesticide spray deposition assessment
to simulate the deposition of pesticides!™. The analytical
methods used to determine tracer concentration based on
absorbency and spectral intensity, commonly used tracers include
brilliant sulfoflavine™?, tartrazine™, erythrosine®, pyranine!*.
Usually, passive collectors such as Petri dishes, filter paper and
mylar card are placed in the treated area as artificial targets.
When spraying is completed, the tracer is recovered by deionized
water and its concentration is determined by spectrophotometer or
fluorimeter. Some authors have reported the chemical tracers
will degrade when exposed to sunlight, and the recovery rate of
tracers recovered from artificial or natural targets affects the
droplet deposition result™®. To address these limitations of
chemical tracers, metallic salt tracers have been applied by
researchers in field trials™™.  This method does not degrade when
exposed to solar radiation compared with synthetic chemical tracers,
and as a natural product, it is perceived as less environmentally
damaging.

Water sensitive paper (WSP) card was developed
approximately 30 years ago. The cards have been widely used by
farmers and researchers to obtain deposition parameters such as
spray coverage rate, droplet density, and droplet number™®.  This
method mainly applies the image analysis technology to read
densely stained targets. Compared with quantitative methods for
measuring tracer concentration, WSP provides a fast and
inexpensive method for spray deposition assessment. However,
previous studies indicated that the yellow coating could return blue
in a high-humidity environment, and small droplet less than 50 xm
cannot produce detectable stains on the coating™. As a result, this
method is limited in some scenarios. At present, WSP is more often
applied to field demonstrations or assessing the spraying quality.

As aforementioned, the techniques for detecting spray
deposition can effectively obtain the deposition amount; however,
there are several limitations of their application, which include the
fact that it is time-consuming, operation-complicated and
laborious®?. In addition, the deposition results infield cannot be
calculated in real time, but can only be measured under laboratory
conditions.

With the development of smart agricultural technology,
modern technical means are increasingly being applied in
agriculture. In the previous works on spraying tests, researchers
established a method for measuring droplet deposition on the
ground based on infrared spectroscopy and spectral reflectance rate
technology. Salyani et al.?! developed a deposition sensor based
on the principle of variable resistors, and a model of the
relationship between the output voltage of the sensor and the
droplet deposition was established. Zhang et al.[?? designed an
aerial deposition volume detection system based on spectral
analysis combined with the fluorescence excitation technology,
which can obtain the continuous distribution characteristics of
droplet deposition. These methods enable fast and efficient
acquisition of the droplet deposition. However, owing to the
limitations of the design, most of the testing equipment remain in
the experimental stage and cannot be widely used.

To address these limitations, an intelligent sensor system for
the real-time measurement of droplet deposition (ISSRMDP) for
agricultural sprayers was developed. The main objectives of this
research were: 1) to develop a simple and reliable deposition
indicator with wireless sensor networks (WSNSs) and 2) to test and
validate the novel system for real-time measurements.

2 Materials and methods

2.1 Electro-leaf sensor

A surface humidity sensor with a leaf shape was adopted as the
sensitive device (HSTL-YM10, Beijing Huakongxingye Inc.,
China). The basic principle is to convert the measured physical
quantity change into a capacitance change to realize the
measurement. The sensor has the advantages of simple structure,
high resolution, high temperature resistance and radiation
resistance, and it can work stably in the field, under harsh
conditions. The characteristic parameters are presented in Table 1.

Table1 Characteristics parameters of the electro-leaf sensor
used in the study

Items Values
Output voltage/V 0-2
Response time/s <1
Power consumption/W 0.22
Storage temperature/ C —40-85
Protection grade IP 65
Size/mmxmmxmm 65x13x145

2.2 Principle of deposition measurement

The structure of the sensor is presented in Figure la. The
surface is distributed with multiple parallel rows of variable
dielectric constant capacitors with equal spacing. As illustrated in
Figure 1b, A and B depict metal plates with a certain spacing d,
thickness t, and length L.  Capacitors are fixed on the resin board
and the surface is sprayed with an insulating coating.

65 mm

145 mm

a. Sensor structure b. Capacitor structure
Note: A and B depict metal plates; L, d, and t represent the length, distance
between metal plates, and thickness of the metal plates, respectively.
Figure 1  Sketch diagram of working principle of electro-leaf
sensor
In the absence of droplet deposition, the dielectric between the
two plates of the capacitor on the surface of the sensor is air, and
the capacitance C, of the capacitor is calculated as:

S
Gy = 2 &
S, =Lt @)

where, Cy is capacitance, F; g is air’s dielectric constant, F/m; Sg is
the covered area of metal plates, m% d is the distance between
metal plates, m; t is the thickness of metal plates, m; L represents
the length, m.

When spray droplet deposition is retained by the leaf sensor
surface, the dielectric between the two plates of the capacitor
becomes a mixture of air and droplets. Because the dielectric
constant of the droplet differs from that of air, the dielectric
constant between the two plates of the capacitor changes. The
spacing and thickness of the capacitor plates are small, and the
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covered area S, between the capacitor plates is divided into the
air-covered S; and the droplet-covered S,. The dielectric constant
of the chemical solution was set as 4.  According to Equation (1),
the capacitor capacitance Cy4 of the droplet deposition can be
expressed as:
£0S1 + &S, _ &(So —S;) + 84S, _ £0S0 + (&4 — &)S,

?gd —£)S; ’ ’ ’ )
= CO + f

Cd:

(&4 — &0)S> )

d

During the spray application process, once the concentration of
the sprayed solution was fixed, the dielectric constant of the
spraying solution was constant when the influence of ambient
temperature was neglected. Therefore, it is evident that the
capacitance change C4-Cy is linearly related to the univariate of the
droplet coverage area S,. In order to obtain an electrical signal
that can be easily detected, the capacitance is converted into a
voltage signal (Figure 2).  Finally the change in the voltage output
can be used to reflect the change in the deposition coverage area of

(7). Vottags output - /////// \'
\\\\\\\\\\
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Figure 2 Schematic diagram of electro-leaf sensor connection
2.3 Development of ISSRMDP
2.3.1 Description of the system
The system primarily comprises three parts: sensor nodes,
coordinator and mobile phone terminal (Figure 3).  The

Wireless sensor nodes

Wireless coordinator

coordinator and sensor nodes rely on the ZigBee information
technology for signal transmission, and the mobile terminal and
coordinator transmit the command signal via Bluetooth. In order
to meet the multi-region layout requirements, the system can
connect multiple sensor nodes for simultaneous deposition
measurement. Before the system was applied, each sensor node
was encoded and stored in the coordinator and mobile terminal, and
the data were guaranteed to correspond to the sensor nodes using
the transmission protocol. Once the system equipment was
deployed and worked, the sensor nodes and coordinator
self-organized to form a Zigbee and tree topology network
according to the network size and the distance between the
coordinator and sensor nodes. Deposition data obtained by the
sensor in the network was sent to the coordinator. The
coordinator sent data to the mobile phone via Bluetooth, and
mobile phone could also send command and configuration
information to the sensor nodes via the coordinator (Figure 4).

<50 m <200 m
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Sensors nodes

Figure 3 Diagram of the overall composition of ISSRMDP
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Figure 4  Schematic diagram of work flow of the sensor system

2.3.2  System design

The sensor nodes primarily comprised a circuit board, radio
frequency communication antenna, leaf sensor and power circuit
(Figure 5a).
China) processed the data and commands. To realize data
acquisition and transmission, a wireless circuit with CC 2530 chip
(WeBee Inc., China) was developed. The deposition information
was converted into a voltage of 0-2000 mV by a leaf sensor, and
the sensor node acquired the voltage signal at a fixed frequency of
2 Hz. To improve data accuracy, the amplified circuit with an
AD822 amplifier (Xinwei, Inc., China) and a 10-bit analog-digital
converter was designed. During the test, the deposition results
were temporarily stored in the microcontroller, and waited for the
data query signal. When the data query signal was received, the
data was sent to the coordinator by CC 2530 chip.

Sensor nodes operated at a voltage of 3.3 V. The system was
powered by a lithium battery with a full voltage of 4.2 V, which
was converted to 3.3 V by a linear voltage regulator. In general,

An atmega 168 PA-AU microcontroller (Yunhui Inc.,

we assume that when the battery voltage is below 3.6 V, the system
will be in a low charge state, indicating that it needs to be charged.
Also, the system supports the use of 5 V mobile power supply
instead of battery when working long hours in the field.

Antenna Circuit Battery
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a. Wireless sensor node b. Wireless coordinator
Figure 5 Hardware circuit of sensor system
The wireless coordinator was responsible for the transfer and
distribution of data (Figure 5b). It was connected to the mobile
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terminal using the HC-06 Bluetooth device, and data interaction
performed with the wireless sensor node using the CC 2530 chip.
HC-06 and CC 2530 chips were serially exchanged at 38 400 baud
through an onboard circuit.
2.3.3  Android application for mobile terminal

A virtual interface (VI) built in Java language (IntelliJ IDEA
Version2018.2, JetBrains, Co., Czech Republic) was used to
measure, process, control, compensate, and record the data
collected from peripheral devices. In the working process, the
Bluetooth node is connected by a Bluetooth adapter that comes
preinstalled with android system. When the connection was
successful, the hexadecimal data of the virtual voltage signals
representing deposition volume were transmitted to the application
by the Bluetooth. To facilitate further processing of the data,
thread class technology was applied to monitor the data in real-time,
and the acquired data could be saved in the mobile terminal
through the data access object mechanism. Also, to avoid
excessive memory consumption of the mobile phone, a
data-clearing function was added to the system.
2.4 Testing of ISSRMDP
2.4.1 Laboratory analysis

As mentioned above, when droplets are deposited on leaf
sensor surface, the system outputs different voltage signals. To
explore the relationship between actual droplet deposition on the
sensor and output signal from the sensor, a test was carried out in
laboratory.

1) Experiment set up and spray application approach

The experiments were conducted in agricultural aerial
application laboratory at the Beijing Research Center of Intelligent
Equipment for Agriculture. The layout of the test site is presented
in Figure 6. The nozzle was fixed at a height of 1.0 m, and the
leaf sensor was placed 0.5 m below the nozzle. Six types of
nozzles widely used in agriculture were applied in the test:
air-injector flat spray compact nozzles IDK120-03 and IDK120-04,
standard flat spray nozzle ST110-08, and hollow cone nozzles
TR80-03, TR80-04 and TR80-005. The spray time was set to 100
to 2580 ms, at an interval of 80 ms. In order to control the spray
time accurately, a timing switch was designed to control the
solenoid valve. When the spray time was reached, the timing
switch was de-energized and the solenoid valve closed. At this
point, the nozzle stopped spraying. To elucidate the stability of
the liquid transport in real-time during the test, a flow meter and
pressure gauge were installed on the upstream pipeline of the
nozzle. The spraying pressure was set to 0.35 MPa and the spray
mixture containing 1.5 g/L water-soluble food dye (Ponceau 4R,
Shanghai Dyestuffs Research Institute Co., Ltd. Shanghai, China)
was adopted as the tracer. [Each treatment combination was
repeated three times, and a total of 576 sets of tests were
conducted.

Flowmeter Pressure

5 gage

Solenoid
valve

Timing switch

Mobile NeEp
phone

Pump
5 << l Tank
$ 1.0m

Leaf sensor

0.5m

Figure 6 Schematic diagram of deposition test platform

2) Determination of tracer deposition

Once a trial was completed, mobile terminal recorded the
voltage, and the tracer droplets on the leaf sensor were washed with
20 mL of distilled water in a ziplock bag. To enable the tracer to
be completely eluted from the sensor surface, a pipette with a range
of 10 mL was used to remove the deionized water. This method is
easy to control the water flow rate artificially when using a fixed
volume of deionized water to completely elute the tracer on sensor
surface. The absorbance of the extracts was measured using a
spectrophotometer (752N INESA, Shanghai, China) at a
wavelength of 508 nm?®l.  The results were obtained in terms of
surface deposit, as defined by Equation (5)2*:

(ADSmp — AbSgy ) x Ve x10°
Bien = 5
‘ P bsspray ( )

where, fq, is the deposition volume on the sensor surface, ul;
Absg,m, is the spectrophotometer absorbance value of the sample;
Absy, is the absorbance reading of the blanks; Vy; is the volume of
dilution liquid used to solute the tracer from sensor surface, mL;
Absg,y is the spectrophotometer absorbance value of mixture in
tank.

3) Measurement of droplet diameter

The droplet size measurements of six types of nozzles used in
the experiment were performed using a droplet size distribution
analyzer  equipped with a laser diffraction  system
(HELOS-VARIO/KR, SYMPATEC Co., Ltd, Germany). The
transmitter and receiver were adjustable in the range of 123-
1400 mm. In this test, the distance between the transmitter and
receiver was set as 1200 mm. The device was equipped with
seven lenses (R1~R7) and can be selected according to the droplet
size range. The R7-lenses were selected because of their large
measuring range from 0.5 um to 3500 um. The data acquisition
time was 15 s. The nozzle was installed above the center of the
transmitter and receiver, and the distance between the lower end of
nozzle and the laser beam was 0.5 m. For flat spray nozzles
(IDK120-03, IDK120-04 and ST110-08), the fan atomized
spraying plane was perpendicular to the laser beam. The pressure
was 0.35 MPa, and the spraying time was set to 20 s. Each
treatment combination was repeated three times. In the
experiment, D1, Dyos and D¢ Were measured, and relative span
factor (RSF), which represents dimensionless indicator of the
uniformity of the drop size distribution was calculated according to
Equation (6)™!:

DVO,Q - DvO.l (6)

Dv0.5
where, RSF is the relative span factor; Dyg1, Dygsand Dy is the
maximum droplet diameter below which 10%, 50% and 90% of the
volume of the sample exists, respectively, um.
2.4.2 Field test

Field experiments were conducted at National Precision
Agriculture Research Center in Changping district of Beijing,
China. To access the performance of the sensor system, a
single-rotor plant protection agricultural unmanned aerial vehicle
(UAV, TTA-T8-PRO-5, Anyang Quanfeng aviation plant
protection technology Co., Ltd) was considered in this study. The
UAV was powered by gasoline, and the maximum load was 10 L.
The operating parameters of the UAV are presented in Table 2.
Six wireless sensor nodes (S1-S6) were mounted on a bracket with
an interval of 0.5 m at the height of 0.7 m above the ground, and
the total sample distance was 2.5 m (Figure 7). Six WSP cards
(26 mm>76 mm) were attached next to the corresponding coded

RSF =
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leaf sensor. Ponceau 4R solution with a concentration of 5.0 g/L
was adopted as spraying liquid.
Table 2 Spraying parameters of UAV used in experiment

Items Values
UAV type TTA-T8-PRO-5
Spraying equipment PLD-1206
Flow rate/L min™ 0.75
Flight height/m 25
Spraying swath/m 3

Flight speed/m s

When one trial was completed, the deposition data from six
sensors were recorded by mobile phone, and the tracer on sensor
surface was eluted into a ziplock bag with 20 mL deionized water. .
Then droplet deposition on sensor surface was determined
according to the spectrophotometer mentioned above. WSP cards
were scanned by a portable business card scanner (V8, Hanvon
Technology Co., Ltd.,, China) with an imaging resolution of
600 dpi. These images were processed with “DepositScan”
software developed by the USDA-ARS?®.  Finally, droplet
number per unit area and deposit coverage rate were calculated and
saved.

a. Leaf sensor and water sensitive paper at each sampling position

Sensor nodes Coordinator

b. Layout of the sensor system
Figure 7 Water sensitive paper and sensor system used to
measure droplet deposition

3 Results and discussion

A novel sensor system, ISSRMDP, was designed and
fabricated for the real-time measurement of droplet deposition.
The system was tested to determine the correlation between
deposition amount and voltage output from leaf sensor, and to
check the influence of droplet size from different agricultural
nozzles on sensor system output signals. In addition, field tests
were performed with an agricultural UAV.

3.1 Laboratory analysis
3.1.1 Droplet diameter of different nozzles

The droplet diameters of six types of agricultural nozzles were

obtained in pesticide application testing laboratory of the Beijing

Research Center of Intelligent Equipment for Agriculture. After
each test, the data including Dy, Dyos, Dyg and RSF were
obtained using a specific software  (WX5-RODOS,
HELOS-VARIO/KR, SYMPATEC Co., Ltd, Germany). The
droplet diameter parameters Dy, Dyos and Dyog for every nozzle
type were recorded, calculated, and presented in Table 3.

Among the various parameters characterizing the range of
droplet sizes during spraying, the most commonly used is the
volumetric median diameter (Dyg5). It can be deduced from Table
3 that the mean value of D5 for nozzle TR80-005 is the smallest
(107.28 um). The mean D,ys of nozzles TR80-03, TR80-04,
ST110-08 are 136.93, 168.81 and 207.51 um, respectively. The
IDK type nozzle was designed with air induction technology to
generate larger droplets and reduce the potential drift, thus, the
Dygs of IDK120-03 and IDK120-04 are significantly higher than
those of the other nozzles, and its maximum size is 396.20 um.
For all six types of nozzles used in this study, the range of droplet
size was 100-400 xm, which could basically cover the size of most
commonly used nozzles in agriculture. Based on the droplet
diameter, it is possible to test applicability of ISSRMDP designed
within the usual droplet size. In the case of RSF, the smaller the
RSF, the narrower the droplet size distribution. This indicates that
there are more droplets with diameters approximate to Dygs The
results demonstrated that the maximum RSF of the nozzles tested in
this study was lower than 2.02, which suggests that the selected
nozzles exhibited an optimal atomization effect.

Table 3 Measured diameter parameters of six agricultural

nozzle types
Droplet size characteristic parameters
Nozzles
Dyo.1/um Dyosium Dyo.glum RSF
TR80-005 51.58 107.28 173.50 113
TR80-03 56.63 136.93 292.44 1.72
TR80-04 62.35 168.81 403.92 2.02
ST110-08 79.94 207.51 463.37 1.84
IDK120-03 155.79 372.57 654.36 1.34
IDK120-04 156.31 396.20 698.19 1.36

3.1.2 Influence of droplet size on ISSRMDP output signal

When droplets are deposited on the sensor surface, the system
outputs a voltage signal. Hence, it is important to convert the
voltage signal into a deposition value. Meanwhile, multiple
electrodes are evenly distributed on sensor’s surface, and the
distance between the electrodes is fixed, thus, the droplet size may
affect the accuracy of the output signal. Figure 8 presents the
droplet deposition measured by a spectrophotometer and the
voltage increment output from ISSRMDP. Evidently, for nozzles
TR80-03, TR80-04, TR80-005, ST110-08 and IDK120-03 with
Dyos ranging from 107.28 um to 372.57 um, there were good
correlations (R?=0.9035 to 0.9729) between the two methods in
measuring deposition on sensor’s surface. Among the five
nozzles, the nozzle TR80-04 and ST 110-08 exhibit the best
correlation (Figure 8b and 8d, R?=0.9707 and 0.9729, respectively),
and the D5 of the two nozzles are 168.81 xm and 207.51 um,
respectively. In the range of D,os mentioned above, droplet size
had no significant effect on the correlation between the two
methods. Nozzle IDK120-04 exhibits a lower correlation (Figure
8f R? = 0.8674) between the tracer deposition and voltage
increment. This discrepancy may be attributed to the adhesion
between the large-size droplets. If the droplets are too large, the
adhesion between the droplet increases, and consequently affect the
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total area Sy between the plates (Equation (2)). Therefore, the
voltage of the sensor output generates random fluctuations,
resulting in some error. In general, these results indicate a strong
correlation between actual deposition and electrical signals of
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digital measuring system, with R? higher than 0.85. This means
that ISSRMDP could be an indicator for the accurate detection of
deposition volume in a typical droplet size range, based on the
calibrating model.
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Figure 8 Relationship between deposition and voltage increment obtained by spectrophotometer and ISSRMDP, respectively

3.1.3 Development of calibrating model

Usually the sizes of droplets that spout from a nozzle are not
completely consistent. As shown in Table 3, the RSF of the
nozzles used in the experiment are different. For example, for
nozzle TR80-04, the RSF is 2.02, but that of nozzle IDK120-03 is
1.34. Also, in actual spraying process, the types of nozzles
applied vary according to chemical kinds and application
technology. Hence, it is necessary to establish a calibration model
to meet the size range measurement requirements. Based on the
results presented in section 3.1.2, all the data were analyzed.

A power regression based on the least squares technique was
adopted to convert the sensor’s electrical signals into the deposition
volume. The model is presented in Figure 9, where the models in
Figure 8 are linear equations, while the adjusted model is a power
function after the regression analysis of all samples. The model is
expressed as:

y=0.7403x%90% )

where, y is deposition volume, uL; X is the voltage increment from
ISSRMDP, mV.
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Sensor output voltage increment/mV

Figure 9 The model for predicting deposition volume based on
ISSRMDP
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The determination coefficient R?> was 0.8022, hence the
80.22% variation in the signal of the developed sensor could be
explained by the measurement of the voltage increment, which
indicates its application in droplet deposition test is feasible. The
determination coefficient was lower than that of the individual test
for each nozzle, which can be probably explained by the excessive
or smaller size droplets shown in Figures 8a and 8f. In addition,
the power regression model demonstrates that when the deposition
volume is below 20 xL, the predicted value is concentrated around
the regression line, which means that it can obtain better prediction
results in this range.

3.2 Applying ISSRMDP in the field

To further explore the applicability of the ISSRMDP, a field
experiment was conducted. Droplets number per unit area on
WSP were analyzed using professional software, and the deposition
volume on leaf sensor was determined via spectrophotometer and
real-time measurement system. The result is shown in Table 4.
Regarding the deposition volume, ISSRMDP exhibited an optimal
performance, as the minimum deviation of deposition volume
measured by this sensor system from spectrophotometer method
was 0.974% and the overall deviation was less than 10%.

Table 4 Droplet deposition determined by WPS,
spectrophotometer and ISSRMDP

Sample number
Value Average
S1 S2 S3 S4 S5 S6

Droplet number on

WSP/cm™2 8.337 22.455 49.263 62.169 12.017 11.399 27.607

Deposition volume
measured by 3.337 3.678 9.425 12107 2835 2682 5.677
spectrophotometer/ul

Deposition volume
predicted by 3.105 3.960 10.262 11.989 2.991 2415 5.787
ISSRMDP/uL

Deviation (absolute

value)/% 6.952 7.667 8.880 0.974 5.502 9.955 /

Note: Deviation represents the relative percentage of the deposition amount
measured by spectrophotometer and ISSRMDP, respectively.

WSP is a conventional method for measuring the droplet
number in real-time to compare the spray performance of different
application techniques and equipment. Therefore, in the
experiment, WSP was introduced to compare the correlation
between the real-time predicted value and droplet number. As
shown in Table 4, the average number of droplets in six sample
points was 27.6 cm?.  Figure 10 illustrates the deposition curves
detected by the three methods. The results indicate that the
change in the deposition trends was consistent. Before spraying

4T _o— Spectrophotometer  --Xe- ISSRMDP =& - wWsp |70

60
2 -
= =]
2 -
& 40 2
z g
£ 30 £
= il
a 20.°8

10

0 1 1 1 1 0

S1 S2 S3 S4 S5 S6
Sample number

Figure 10 Droplet deposition volume or droplet number at
different locations with three methods

operation, it is indispensable to test spraying performance of plant
protection machinery.  Accordingly, the nozzle spacing, spray
boom height, spraying parameters were calibrated to ensure a
uniform deposition distribution. Based on the system, operator
can freely determine the number of sensor nodes according to the
sprayer characteristics, and monitor the droplet deposition pattern
in real-time. For example, for a large boom sprayer with a boom
length of 30 m, 60 sensor nodes can be used simultaneously to
obtain the deposition distribution curve in boom direction.

4 Conclusions

A novel system was developed based on surface humidity
sensors with extreme environment operation and wireless data
transmission for the real-time measurement of droplet deposition
for agricultural sprayers. An Android application for mobile
terminal and the corresponding coordinator were developed, which
allowed operators to control multiple sensor nodes simultaneously
via the Bluetooth.

Tests using six agricultural nozzles with different droplet sizes
were conducted, and the results exhibited an optimal correlation
between deposition volume and voltage increment output from
sensor (R?=0.8674-0.9729). In addition, a power regression
model based on least squares technique was developed based on all
sample data, and the determination coefficient R?> was 0.8022.
Also, it was verified that when deposition volume is less than
20 uL, the novel system exhibits a better ability of prediction.

The proposed system exhibited a better performance than
conventional method of measuring tracer concentration in
predicting the deposition volume in terms of real-time detection.
The minimum deviation of the deposition volume measured by this
sensor system from spectrophotometer was 0.974%, and the overall
deviation was less than 10%. In addition, the system exhibited a
good fitting curve of deposition distribution with droplet number
results measured by water sensitive paper method.

The deposition sensing system provides a real-time detection
method for testing deposition volume and droplet distribution
characteristics. Operators can obtain deposition data in the field
by mobile phones, avoiding complicated processing procedures
such as collector samples eluting and water-sensitive paper
scanning in the laboratory. Further experiments with various
spraying chemical mixtures and different sprayers will be carried
out to verify the suitability of the system. In addition, more field
trials will be conducted to build an optimized calibration model via
the analysis of a large amount of data to improve detection
accuracy.
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