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To perform plant-protection operations, an unmanned aerial vehicle (UAV) based automatic control
spraying system was designed in China. The system used a highly integrated and ultra-low power
MSP430 single-chip micro-computer with an independent functional module. This allowed route plan-
ning software to direct the UAV to the desired spray area. The test results of route precision showed that
in a 3-4 m/s crosswind, route deviations were around 0.2 m. The result of multiple-spraying swath uni-
formity tests showed a minimum coefficient of variation of 25% when flying at a height of 5 m with a
spraying swath of 7 m and a wind speed of 0-2 m/s. When the spraying swath was 9 m or 5 m, the coef-
ficients were 34% and 41%, respectively. Spray uniformity for these UAV tests were superior to the
Standard Requirement for ultra-low volume spraying variation coefficient, 60%.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Aerial spraying by unmanned aerial vehicles (UAVs) has a large
application potential in many areas in Asia, including Korea and
Japan, where most fields are small-scale or fragmented. By the
end of 2012, the application area for UAV spraying in agriculture
and forestry was a hundred thousand hectares in Japan (JAAA,
2014). Yamaha Corporation (Japan) has pioneered the concept of
unmanned helicopters for agricultural applications. Yamaha heli-
copters have been adopted as a research platform by many coun-
tries worldwide. However, the export of Yamaha helicopters was
banned in 2007 to protect their technology from being used by
others.

During the last decade, China has systematically carried out
research on rice, maize and wheat diseases and insect prevention
using UAV spraying technology under the support of National
Science and Technology projects. For example, Xue et al. (2011,
2013) studied UAV (model N-3, Nanjing Research Institute on Sim-
ulation Technique) control efficiency for rice plant hopper and
cnaphalocrocis medinalis guenee. Zhang et al. (2012) used the pes-
ticide analogue to investigate the droplet deposition characteristics
of the PH642 unmanned helicopter. Gao et al. (2013) conducted
research on NF-811’s control efficiency for wheat midge and maize

* Corresponding author.
E-mail address: ylan@scau.edu.cn (Y. Lan).

http://dx.doi.org/10.1016/j.compag.2016.07.022
0168-1699/© 2016 Elsevier B.V. All rights reserved.

borer. However, little literature is available on automatic spraying
systems based on UAV platforms. The authors have conducted
research to develop a fully autonomous helicopter platform for
aerial application.

In order to improve the working efficiency, spraying systems on
UAVs should be configured to deliver high-concentration and low-
volume sprays. Spray rates for UAV systems are generally 1-2 L/ha,
which is 25-50 times lower than conventional spray application
systems. However, due to the use of higher concentration sprays,
applicators should ensure that there is no excessive overlap or gaps
in the spray pattern in order to avoid causing phytotoxicity or defi-
cient prevention. With the small droplets used in low-volume pes-
ticide spraying, UAVs should fly low at a height of 3-5 m in order to
avoid spray drift. Moreover, UAV spraying should ensure the stabil-
ity of low-altitude flight and precise control of the spray swath. The
accuracy of flight control has been improved through the optimiza-
tion of automatic guidance systems (Budiyono and Wibowo, 2007,
Raptis and Valavanis, 2011). The constant-level and flight stability
of the UAV at low altitude has been improved by adopting control
algorithms such as PD (Merheb and Noura, 2012) and Kalman filter
(Bar-Shalom et al., 2001; Rullan-Lara et al., 2011).

Spray systems for UAVs must be designed carefully to ensure
spraying accuracy. Huang et al. (2009) developed a UAV spraying
platform and carried out simulation spraying tests. The developed
spray system has the potential to provide accurate, site-specific
crop management when coupled with a UAV system. Zhu et al.
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(2010) designed an UAV precision spray system based on pulse
width modulation (PWM), which has promise as a high precision
technique for spray application systems. Zhou et al. (2011) used
electric centrifugal nozzles and an aerial irregular wave-
prevention pesticide tank to improve the spray quality from a
UAV. Ru et al. (2012) tested a UAV with a spray system which
was controlled remotely from the ground.

Global Positioning System (GPS) navigation has been widely
available for precision aerial applications. Spraying from a UAV fol-
lowing a preplanned flight route is an important way to ensure the
stability of low-altitude flight, the spraying swath seamless over-
lapping, and consistent spraying quality. At present, this technol-
ogy has been widely applied on agricultural aviation manned
aircraft and it has also been applied to other technologies such as
precision agricultural UAV aerial photography (Xue and Lan,
2013; Yu et al., 2009). However, there are only a few research pub-
lications on applying both navigation and automatic spraying con-
trol technology on UAV spray application platforms. Therefore, in
this study a UAV system has been designed to accommodate a
spray system, which was interfaced with electronic control sys-
tems to activate spray releases based on the GPS coordinates and
pre-programmed spray locations. This system has route planning
and real-time display, and can be configured for autonomous flight
following flight plans with automatic control of the spray system.

2. Materials and methods
2.1. Unmanned aerial vehicle (UAV)

The UAV system, named N-3-type, includes a helicopter and a
ground control system (Fig. 1). The helicopter is equipped with a
flight controller, gyro-scope, GPS receiver, image transmitter,
telemetry transmitter, altimeter, heading sensor, and spray system.
The ground control system consists of a telemetry receiver/display
system and a remote-control transmitter. The N-3-type was an
improvement over the original Z-3 type UAV (Xue et al., 2013). A
force-air engine cooling system was employed to solve the cooling
problem of the engine under the conditions of low-altitude and
low-speed flight. High-precision vertical gyroscopes (VG400, Moog

Ground control
console

Telemetry receiving
and displaying

Crossbow, Inc., Milpitas, CA) were used as the sensors for aircraft
heeling angle, pitch angle and 3D positional velocity. The magnetic
heading sensor (HMR2300, Honeywell, Morristown, NJ]) was
adopted to correct the error created by rapidly changing flight
directions. A pressure altimeter (HPA200, Honeywell Inc., Morris-
town, NJ) was used to measure and record the flight height of
the UAV and a position sensor (OEM4-G2GPS, NovAtel Inc., Calgary,
Canada) was used to determine the position of aircraft. The control
variables were calculated based on PID and Kalman filtering algo-
rithms. Flight control system and loop control schematic diagrams
are shown in Fig. 2. The interface used was RS422 serial. With the
use of these new components, this new UAV system was improved
in many ways, including the stable accuracy RMS of pitch angle
and tilt angle were smaller than 2°, the stable accuracy RMS of
yaw was less than 5°, and the RMS of stability of height was less
than 1 m. The main parameters of the N-3-type UAV spraying oper-
ation were: a remote control distance of 10 km, a height of 3-7 m,
a flight speed of 3-6 m/s, a tank capacity of 25 kg, and two cen-
trifugal rotary atomizers. The spray volume of each atomizer was
0.6-1 L/min.

2.2. Design of the spray control system based on GPS automatic
navigation

2.2.1. System structure and operation principle

The GPS-based automatic spray control system included the
flight control system, the task link, the route planning system
and the spray control system (Fig. 3). The flight control system
which included FMU (Flight Management Unit) and data link was
semi-integrated with the spray control system. The FMU was an
original part of the UAV. Based on spraying application, the data
link which included coordinate transformation, waypoint calcula-
tion and communication protocol was designed into the chip
PC104. The data link sent planned route data to FMU to control
the flight, read the position sensor data to calculate spraying
parameter, then sent control command to the spray control sys-
tem. At the same time, the data link read the spray control system
feedback to communicate to the ground station via the radio.

Spraying
part

-
A

= O,

Fig. 1. N-3 type of spraying helicopter system structure diagram.
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Before spraying, GPS waypoint and spraying control point infor-
mation were sent to the ground station through the upstream port
of the route planning system. After the UAV received the program-
controlled instructions sent to data link by the ground station, it
followed the predetermined route automatically. During the pro-
cess of spraying, the UAV controlled the aircraft according to the
predetermined GPS coordinates and sent a separate spraying con-
trol signal to the spray system. The spray system received the
spraying control signal which started and stopped the work with
feedback of the real-time status of the spray system to the host
computer. The host computer returned the real-time GPS informa-

tion and the status information of the spray system during flight
back to the ground station via telemetry channels. On the monitor
of ground station, the software interface displayed the real-time
spraying status and the flight path.

2.2.2. Spray control system design

The spray control system was installed on the UAV and used to
carry out the precise control of the spray equipment. The spray
control system consisted of a main control circuit, a communica-
tion module, a feedback module, a signal processing module and
a power transmission module (Fig. 4). The main control circuit

Resetting Deposit Jtag port
Voltase 422 interface E
Clock MSP430 isolation
switch | \de=d|| 232imerface |y g
Control port g
Control power module
Working state Malfunction Amplifying | Sepuntion | Interface Rectification
acquisition module alent circuit cireuit crcuit  |f==| Transformation
Feedback module Signal condition Power
Spraying equipment Airbome generator

Fig. 4. Spraying control system structure.

Fig. 5. Onboard spraying system.
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included a single-chip microcomputer (MSP340149, Texas Instru-
ments, Inc., Dallas, Texas), a reset circuit, a memory module, a clock
module, a Jtag interface, and a 3-5V voltage converting module.
The reset circuit used GND port communication with a DVss port
of a single-chip microcomputer and sent the reset command to
the single-chip microcomputer to prevent a program runaway
(Fig. 5).

The memory module and the clock module coordinated record-
ing the working status of equipment in-flight as the basis for data
analysis. The communication module served as the auxiliary com-

munication terminal and main control circuit to connect the flight
control host computer, transmit the spraying control signals to the
main control circuit and accept the spraying system status infor-
mation fed back by the main control circuit. The processing module
communicated with the main control circuit and spraying equip-
ment, accepted the real-time position information transmitted
for the specified spraying sites and GPS, sent out the spraying con-
trol signal and provided the signal for the spray equipment after
the signal was amplified into an electric signal to control the work
of spraying components. The signal output terminal of feedback
module was connected with the feedback information input termi-
nal of the main control circuit and fed back the spray system status

Table 1 d liquid linf . h . 1 ci it. Th
Parameters of onboard spraying controller, and liquid level in ormatlgn to the main control circuit. The power
transmission module rectified and converted the voltage provided
ftems Parameters by the airborne generators and distributed them to the other mod-
Total rated power (W) 60 ules (Table 1).
Response time (s) <0.3
Supply voltage (V) 25-30
Output (liquid pump) Voltage (V) 16-24 2.3. Software design
Power (W) 20-35
Current (A) 1.1-1.8 .
Matlab (MathWorks Co., Natick, MA) was used to create the
Output (rotary atomizer) Voltage (V) 5-12 route planning software for the UAV system. The working principle
Power (W) 5-8 . .
Current (A) 02-05 of the route planning software was to collect GPS coordinates of
- the field boundary, connect all the coordinates into a region in
Upload the route file to the
flight control center
I
Real-timely obtain UAY GPS No
coordinate point (GPS Real)
Read the point data
from the file (Gps_A)
Get GPS coordinate of
working area vertex Gps_A == Gps_Real ?
No ¥

Read vertex coordinate
file, display area

Set working
parameter (width, heigh,
spray _amount etc)

Input UAV takeoff
coordinates
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Judge GPS_A point mark

Select a starting work

l Flight control computer
controls UAV to fly
along the specific route

Open/close working part

region boundary in graph

!

l Real-timely display
flight trajectory in
host computer
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Real-timely display the
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Whether are all the point
Jjudgements in the file finished?

Fig. 6. Control system software flow chart.
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certain order, establish GPS coordinate axis in this region and cal-
culate the fixed coordinate of various points in the region. Accord-
ing to various factors, such as spray system spray swath, loading
quantity of pesticide, quantity of flow, spraying time, flight veloc-
ity, and flight duration, several routes were calculated. Then, based
on Bayes theorem, the best route was selected by weighted value.
If the working area was very large and needed more than two
flights, the final spraying location of current flight was recorded
as the initial coordinates of the next flight. The standard earth
model used for GPS coordinates was the WGS-84 coordinate sys-
tem as issued by US Department of Defense. Usually, when GPS
equipment is used to determine a point on the surface of the earth,
longitude, latitude and elevation are used to describe the position
of this point. Because farms here are generally level or only have a
small slope, the change in elevation might be neglected here. If the
measured area of a farm is relatively small, a straight line is used to
replace the curve line to get a very simplified calculation formula.

XGE
ol

BRERK) REE) RWA) BV HSO) BHEH)
g 8 aa BB

63

In this simplified calculation model, it regulates that the X axis is a
line along the latitudinal direction, the Y axis is a line along longi-
tude line, and the 2-direction lines are considered to be perpendic-
ular within a relatively small range so that all the latitude lines and
all the longitude lines were mutually parallel. This method is used
to convert the longitude and latitude data determined by GPS into
the plane rectangular coordinates needed in a farmland planning
or UAV operation. After the UAV received the program-controlled
instruction, it entered into an automatic mode and the host com-
puter system of flight control completely controlled the flight atti-
tude of UAV, monitored the working status of the engine, the
machine equipment, the flight height, and other relative opera-
tional parameters. The GPS coordinate of the UAV was constantly
monitored and compared with GPS information read from the
route file. In addition, the host flight control computer system car-
ried out the transmission of information to the ground station, and
controlled the remote-control receiver, the telemetry transmitter
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Fig. 7. Real-timely displayed route map in monitoring equipment.
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Table 2
The deviation of measured routes.

Route S/ Maximum Minimum Average Mean square
No error error error deviation

1 0.636315464 0.01172269 0.290652946 0.147061299
2 0.658173857 0.003685479  0.203982657 0.118737027
3 0.799482973  0.002225141 0.303557583 0.185427617
4 1.086011 0.010150915 0.275153028 0.269631317
5 0.864670632  0.0007028 0.302637326  0.190806077
6 0.888022901 6.53089E-05 0.259016951 0.234683433
7 0.489243988 0.062112244 0.28523955  0.095577492
8 1.172550841 0.000527267 0.242461397 0.229709325
9 0.967847769 0.019968612 0.501344672 0.188618601
10 1.036375906 0.000319253  0.354250497 0.234300219
11 0.979418083 0.002403523  0.457082509 0.272624961
12 0.97147915  0.001969597 0.309276493 0.216652596
13 1.245716488 0.029122419 0.41821449  0.238485573
15 0.887775102 0.002446683  0.276838663 0.189535937
16 0.932954088 0.001586328 0.164812472 0.167489661
17 1.17026422  0.002649872 0.359569123 0.241256089
18 1.036035849 0.011783662 0.372890224 0.273028399
20 1.622227359 0.000083248 0.311411567 0.338129487
21 0.52458392  0.001391913  0.150239775 0.11489542
22 0.951096956 0.000725615  0.240653872 0.227373522
23 0.657545455 0.000310282 0.307566514 0.167763593
24 0.527687192 0.001035055 0.2428826 0.145673943
25 1.6858 0.1166 0.582660574 0.245718621
26 1.2081 0.005 0.33706095  0.153720256
27 1.070972017 0.003599846 0.589118637 0.203990893
28 0.568103513  0.007409369  0.254897949 0.137602382
29 1.595041005 0.081257004 0.614699205 0.256426507
30 1.111875016 0.000947041 0.248048904 0.182590693
31 1.51811876  0.014493667 0.679977452 0.310193728
32 1.209369793 0.012768051  0.445555128 0.190750387
33 0.969465465 0.267803524  1.000827526 0.423976255
34 1.060751115 0.002355456  0.480559998 0.244964468
35 0.967661306 0.046116889 0.720532638 0.305928956
36 0.625889684 0.004553732 0.273026123 0.133153884
37 1.577345777 0.01561421 0.645439859 0.290806143
38 1.011692255 0.000195632  0.22264885  0.198827597

Test condition: wind speed: 3-4 m/s, wind gust: 7 m/s, temperature: 34°, humidity:
75%.

and the airborne receiving and sending antenna. It also sent the
equipment status of the aircraft real-time, the GPS signal, and
the operation status of the spray equipment to the vehicle control
system. The flight control computer system also sent real-time
images for display on the monitoring equipment (Fig. 6).

2.4. Spraying uniformity test

The field-spraying swath uniformity test was designed to exam-
ine the uniformity of spraying deposition under outdoor condi-
tions. The designed flight height of was 5 m with a flight speed
of 3m/s. Three route widths (commonly called spray swath
widths) were evaluated at 5 m, 7 m, and 9 m. For each width, the
UAV flew three parallel lines. Mylar cards were used to collect
deposition with RHB florescence tracers. The samples were ana-
lyzed using a florescence Spectrofluorophotometer (Model 95,
Shanghai Lingguang Technology Co., Shanghai). The overlap spray
swath inner lateral value was measured at a sample interval of
0.5 m. This process was repeated three times with pure water plus
fluorescent tracer used as the spraying solution. The lateral unifor-
mity of the spraying system within the spraying swath was
described by the coefficient of variation.

3. Results and discussion

In order to verify the reliability of the system, open areas where
both length and width were greater than 500 m were selected at

the Anhui Mingguang UAV test base and at the Jiangxi Fengxin rice
production base. The main parameters of the N-3-type UAV spray
operation were a remote control distance of 10 km, a height of
3-7 m, a flight speed of 3-6 m/s, and a tank capacity of 25 kg. Each
of the two centrifugal rotary atomizers had a spray volume of
0.6-1 L/min.

To evaluate the UAV, the accuracy of the flight route was deter-
mined as well as the spray uniformity with the different spray
swaths.

3.1. Result of the route precision test

For the test of route precision, the designed flight height was
5m with a flight speed of 3 m/s. Each route (i.e. spray swath)
was 7 m and the length was 200 m. The real-time GPS position
information during the test is shown in Figs. 7 and 8 and the
deviation between the actual flight routes from the predeter-
mined routes for the UAV are shown in Table 2. Fig. 8 shows
the route test program at the Mingguang base for which there
were a total of 14 routes with each route generating 360 data
points based on the 0.2 s GPS reading. At the time of the tests,
the crosswind speed was 3-4 m/s with a wind gust speed of
7 m/s.

When the crosswind speed was 3-4 m/s, the deviation of the
mean square roots was around 0.2 m for the 38 routes. The max-
imum deviation was 1.68 m with a maximum average deviation of
1m. This showed that a small number of point deviations
exceeded 1 m due to the effect of wind gusts at the time of
operation.

3.2. Result of spraying uniformity test

With a wind speed of 0-2 m/s, the minimum coefficient of vari-
ation was 25% for the 7 m spray tests (Fig. 9). Although the relative
sedimentation changed slightly in the overlap area between spray
swaths, there was no significant difference in deposition. This
showed that the deposition between spray swaths was acceptable.
When the spray swath was 9 m and 5 m, the variation coefficients
were 34% and 41%, respectively. These results show that the UAV
system meets the Standard for ultra-low volume spraying variation
coefficient, which is less than 60% as set by the Civil Aviation of
China General Aviation Operation Quality and Technology
Standard.

4. Conclusions

1. In order to improve the spraying quality of UAV spraying oper-
ations, an automatic navigation unmanned spraying system
was developed. The system used a highly integrated and
ultra-low power MSP430 single-chip microcomputer as the
core control component of the system. The route planning
developed for this project used the farm field boundary to plan
the flight route automatically, then display the UAV position
and spray system status in real-time for precision spraying.

2. The system was installed on the N-3-type unmanned aerial
vehicle. The route precision examination and the multiple-
spraying swath spraying performance examination in Anhui
Mingguang and Jiangxi Fengxin showed that the system can
be used to make low-volume spray applications. The UAV flew
designated spray routes with sub-meter precision under field
conditions with wind speeds up to 4 m/s. Tests revealed that
a swath width of 7 m was optimal for this UAV system, and
all the spraying uniformities exceeded the CAAC general avia-
tion operation quality and technology standard.
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A small unmanned aerial vehicle (UAV) that can spray pesticide with high efficiency and with no damage
to crops is required for the timely and effective spraying of small fields and/or those in hilly mountains.
The current study aimed to illuminate the influence of spraying parameters, such as operation height and
operation velocity, of the UAV on droplet deposition on the rice canopy and protection efficacy against
plant hoppers. Droplets of 480 g 1~ chlorpyrifos-(Regent EC) (at a dose of 432 g a.i. ha~, spray volume
rate of approximately 15 1 ha~!) were collected using water-sensitive paper, and the coverage rates of the
droplets on the rice canopy and lower layer were statistically analyzed. The deposition and distribution
of droplets in the late stage of rice growth were closely related to the operational height and velocity of
crop spraying as executed by the UAV, further affecting insect control. The spraying parameters for
preventing plant hoppers were then optimized. When the spraying height was 1.5 m and the spraying
velocity 5 m s, the droplet deposition in the lower layer was maximized, and the droplets exhibited the
most uniform distribution (CV = 23%). The insecticidal efficacy was 92%—74% from 3 to 10 days after
spraying insecticide. Both the insecticidal efficacy and the persistence period were greater than those
achieved with a hand lance operated from a stretcher-mounted sprayer (at dose of 432 g a.i. ha™', spray
volume rate of approximately 750 1 ha™1), especially on the 5th day, indicating that UAV had a low-
volume and highly concentrated spray pattern to enhance the duration of efficacy. This work offers a
basis for the optimized design, improved performance, and rational application of UAV.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Rice is a staple food in 39 countries, including for 2.70 billion
people in Asia (Sarao et al., 2015; Sardesai et al., 2001). The pro-
ductivity of rice is strongly affected by biotic and abiotic factors.
Annually, approximately 52% of the global rice production is lost
due to damage elicited by biotic factors, of which nearly 21% is
caused by insect attacks (Brookes and Barfoot, 2003). More than
100 insect species have been recognized as pests of this crop
(Heong and Hardy, 2009). The brown plant hopper (BPH) Nila-
parvata lugens is a typical sap-sucking insect of rice and has caused
considerable crop loss globally, especially in southern China. The
damage that is caused by BPH usually occurs during the late stage of
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rice growth. At this time, leaves of the rice canopy overlap, making
it inconvenient for crop spraying using a conventional land-
spraying machine. Moreover, it is difficult to permeate the lower-
middle parts of the rice canopy where rice plant hoppers are
often found (Sheng et al., 2002). The high and stable yield of rice is
thus hampered. Due to the harsh walking conditions in rice pad-
dies, operating a land-spraying machine is very difficult and re-
quires high labor intensity. Large-volume spraying not only leads to
pesticide waste but also seriously endangers the environment and
the operators (Zhang et al., 2011). Furthermore, timely application
for the prevention of fast pest and disease outbreaks cannot be
rapidly achieved, the consequence of which is that plant diseases
and insect pests cannot be effectively prevented and controlled
(Sogawa, 1982). Therefore, special stress has been placed upon
dealing with the present dilemma by improving mechanization to
prevent rice pests and diseases in China (Zhou et al., 2013).

Aerial application, usually called aerial crop spraying, involves
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spraying crops with fertilizers, pesticides, fungicides, and other
crop protection materials using agricultural aircraft (Lan et al.,
2010). The countries that possess developed agricultural aviation
mainly include the United States, Russia, Australia, Canada, Brazil,
Japan, and Korea. In thinly populated areas of the United States,
manned fixed-wing aircraft is the most popular form of agricultural
aviation (Xue and Lan, 2013). The developmental mode of agricul-
tural aviation in Russia, Australia, Canada, and Brazil shares the
same characteristics as the United State, the main types of which
are manned fixed wing aircraft and rotor helicopters. In contrast,
there are many mountains and very little arable land in Japan and
Korea, which are unsuitable for the use of manned fixed wing
aircraft. Agricultural aviation in these area is thus dominated by
small unmanned aerial vehicles (UAV). Compared to conventional
agricultural aircraft, UAVs do not require a special airport and have
advantages, such as good mobility (Chen and Lu, 2012; Bae and Koo,
2013). UAVs are also more adaptable for spraying at low altitudes
due to geographical restrictions (Zhang et al., 2014; Lan et al., 2008;
Fritz et al., 2007). Recently, the use of aviation in plant protection
has developed rapidly in China (Xue et al., 2008), especially the use
of UAVs to implement aerial spraying. The topography in southern
China is mainly composed of paddy fields and hilly mountains. Xue
et al. (2013) studied the control efficiency on rice plant hopper and
Cnaphalocrocis medialis Guenee using UAV to spray insecticides.
Compared to traditional ground-based pesticide application, the
efficiency of UAV increased by more than 60 times. Meanwhile, the
pesticide dose decreased by 20—30%, associated with a remarkable
reduction in labor intensity. The use of UAVs provides a useful
operating platform for preventing rapid outbreaks of plant and pest
diseases in paddy fields and for upgrading technology for rice plant
protection.

As an emerging technology, there are still a series of practical
issues for UAV spraying for pest protection, such as ambiguous
optimal work parameters and poor penetrability into the crop
canopy, low droplet coverage ratio, and heterogeneous droplet
distribution. Recent studies revealed that unsuitable spraying pa-
rameters not only impact the control effect against the insects but
also cause the pesticide drift. Aerial spray drift has been studied
regarding spray droplet size, application release height, nozzle
configurations and weather (Xue et al., 2014; Fritz et al., 2009;
Hoffmann et al., 2009; Richardson and Thistle, 2006; Tsai et al.,
2005). Aerial pesticide application systems have focused on wing
aircraft spraying and UAV spraying. Kirk (2007) used a PMS laser
particle analyzer to measure the VMD of droplets in a fixed-wing
aircraft spraying system and constructed a mathematic prediction
model between droplet drift and spray parameters, i.e., droplet
VMD, aircraft height, and aircraft speed. Their results showed that
not only VMD but also aircraft height and speed, had a profound
influence on the droplet drift. Huang et al. (2009) developed a UAV
plant protection working system and found that the droplet size
was intimately correlated with spray flux. Small droplets were
prone to penetrate the crop canopy and to form a high coverage
density, while large droplets trended to flow away from the surface
of the leaf, resulting in a low coverage density.

Considerable efforts have been devoted to exploring field spray
experiments based on the current situation of small UAVs in China.
For example, Qiu et al. (2013) studied the distribution regularities of
the droplet deposition sprayed by CD-10 UAV under the influence
of flight height and velocity. A relevant model was established to
clarify the interactive relationship between deposition concentra-
tion, deposition uniformity, flight height, and flight velocity. Qin
et al. (2014) investigated the effect of N-3 UAV pesticide applica-
tion on the droplet deposition distribution in the maize canopy.
Their statistical results showed that the total deposition number of
droplets on the target position was reduced to the minimum, with

the largest dispersion at a working height of 5 m. The total depo-
sition was higher at a working height of 7 m than at 5 m or 9 m, in
which the dispersion of deposition droplets was minimal. Despite
these preceding studies, the influences of spray manner and spray
parameters by the UAV on the droplet deposition uniformity and
pest control effect have not been reported.

The aims of this study were to explore the droplet deposition
levels of pesticide spraying in the canopy layer of rice using UAVs, to
study the uniformity of droplet distribution, and to evaluate the
control efficiency during a multi-swath spraying process. The HyB-
15L UAV was used to spray insecticide, and a common stretcher-
mounted sprayer was chosen for comparison.

2. Materials and methods
2.1. Materials

480 g 1~ 'Chlorpyrifos- Regent EC was used as the pesticide agent
was supplied by Dow Benefit Agriculture Co., Ltd., Shanghai, China.
The tested rice was Liangyou 1128, the growth period of which was
the heading stage. The planting spacing, planting height, and leaf
area index (LAI) were 10 x 17.5 cm? 0.9—1.1 m, and 8 m? m2,
respectively. The pest was the rice plant hopper (BPH).

2.2. Spraying platform and spraying systems

The type of aviation platform was the HyB-15L UAV, which was
equipped with a spraying platform. The main parameters of the
HyB-15L UAV are presented in Table 1. Using GPS, the accuracy of
the flying height and flying velocity was controlled within 0.5 m
and 0.3 m s~, respectively. The spraying platform consisted of a
medical kit with a capacity of 15 L, miniature straightway pump,
pipeline, spraying nozzle, and electronic control valve. Four
spraying nozzles (Tee Jet 110067) were symmetrically arranged on
both sides of the UAV at the same interval (450 mm), and the
installing angle of the spraying nozzles was vertically downward
with the spraying direction. At a working pressure of 0.3 MPa, the
measured flow rate of a single spraying nozzle was 280 ml min~",
and the average VMD of the droplets within 1 m of the spray nozzle
was 233.5 um. A laser particle size analyzer was used to measure
the size of the droplets using water as a measurement medium. The
average VMD was calculated by measuring the size of 2—3 x 10%
droplets, and the pesticide application dosage was —20 L/hectare.
To clarify the control effect, the conventional stretcher-mounted
sprayer was chosen for comparison (Fig. 1).

It is a hand lance sprayer (non-air assisted) with the pump and
spray tank carried separately on a stretcher. The hand lance is
attached to the pump and spray tank on the stretcher by a long hose.
Three persons are required to operate the sprayer, one to carry and
operate the hand lance and two persons to carry the stretcher on
which the spray tank and pump are mounted. The working pressure
and horizontal range were 15 MPa and 14 m, respectively. The flow
rate of a single spraying nozzle was —3500 ml/min, and the pesticide
application dosage was 750 L/hectare.

2.3. Environmental monitoring

Measures of air temperature and humidity were deployed at
heights of 0.8 m and 1.5 m, respectively, above the canopy every
5 min. To exclude the interference with spraying, the instrument
(8901, Wangyitong Instrument Co., Ltd., China) was placed 10 m
from the work zone to record the wind speed. Three wind speed
sensors were set vertically at heights of 0.8 m, 1.5 m and 2.0 m,
respectively, above the crop, and the data were collected every 60 s.
The calculated average was tabulated in Table 2.
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Characteristic parameters of the HyB-15L UAV and the stretcher-mounted sprayer.
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HY-B-15L

Stretcher-mounted sprayer

Rotor

Nozzle type
VMD

Pressure
Spraying angle
Single width
Spray rod length
Nozzle numbers
Flow rate (one nozzle)
Working height
Driving speed
Tank capacity
Spraying pattern

Single rotor
(Diameter = 2.08 m)

Tee Jet 1100067 Spray gun

233 um 500 pm

1 MPa 1.5 MPa

0° (vertically down) 45° (horizontal direction)
4-5m 8—10m

1.8 m 1.0m

4 1

280 ml min~! 3500 ml min~!
0.5-1.5m 0.5m
3—5ms! 08-1ms™!
15L 400 L

Low volume and high concentration

High volume and low concentration

power

Spray gun

water wiper

Fig. 1. The diagram of stretcher-mounted sprayer.

Table 2
Wind speed and air temperature averaged over 1 min during the measurement
arrays.

Measurement height Wind speed (m s~ 1) Air temperature (°C)

0.8 m 1.2+05 273 + 0.6
1.5m 1.3+08 292+ 0.5
20m 1.3+£07

The data in the table are mean + SD.

2.4. Evaluation of droplet deposition

The experimental methods that were used to evaluate the dis-
tribution of droplets that were sprayed by the UAV in the rice canopy
included the paper card method, measuring particle diameter
spectra, field control effect zone setting, sampling point arrange-
ment, operation parameters, and field environmental parameters,
deposition coverage measurement and statistical methods.

2.4.1. Measuring the diameter spectra of droplets by the paper card
method

A spray test was conducted on a windless day or under light air
conditions (wind speed < 1.5 m s~!). Water-sensitive paper (WSP,
25 mm x 75 mm) was placed in the upper part of the crop (the
second leaf), where the lateral interval (n = 7) and longitudinal
interval (n = 3) were 1 and 5 m, respectively, as shown in Fig. 1. The
flight height and speed of the UAV were 1.2 m and 4 m s~/
respectively. Under the above conditions, the deposition distribu-
tion rule of droplets with different diameters in the rice canopy was

investigated via statistical analysis using image processing software
(Sudheer and Panda, 2000; Qi et al., 2009).

2.4.2. Arrangement of the control zone

The experiment was carried out in the rice paddies of Jianxin
Farm (Junshan, Hunan Province, China) in September 2014, which
is the season for controlling the rice plant hopper. Rice paddies
were rectangular in shape, with a size of 20 x 60 m2.

480 g 1~ Chlorpyrifos-Regent EC (at dose of 432 g a.i. ha™!, spray
volume rate of approximately 15 L ha~!) was sprayed using the
HyB-15L UAV. The experiment field consisted of three zones: Zones
A, B, and C. Each zone was divided into six parts, and six different
treatments were performed randomly, as shown in Table 3.

2.4.3. Working parameter settings

A single-spraying swath droplet penetrating test, multiple
spraying swath droplet deposition distribution uniformity test, and
rice plant hopper control effect test were performed in the rice
canopy. The influences of the flight height and speed of the UAV on
the deposition density, coverage rate and control effect of the

Table 3
Design and division of the experimental zones.

Zone number Treatment code

A x1 X3 X6 X2 x5 x4
B X6 x4 X5 X2 x1 X3
C x3 x5 x1 x4 X6 x2
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Table 4
Testing program on deposition density, coverage rate and control effect.

Treatments Flight height (m) Flight velocity (m s~ 1)
x1 0.8 3

x2 0.8 5

x3 1.5 3

x4 1.5 5

x5 Stretcher spray as shown in Table 1

X6 Control

droplets were evaluated based on the design of two factors and two
levels (Table 4).

2.4.4. Arrangement of the sampling point

In the single-spraying swath droplet penetrating test, the WSP
(25 x 75 mm) was attached to the upper part (the second leaf) and
the lower part (250 mm above ground) of the rice by clips, as shown
in Fig. 3. The layout of WSP was consistent with that in Fig. 2.

The preset spraying zone for the multiple spray droplet depo-
sition distribution uniformity test is presented in Fig. 4. The WSP
was fixed on the upper part of the rice (the second leaf), where the
lateral interval (n = 7) and longitudinal interval (n = 3) were 1 and
5 m, respectively. The total number of measured points was 21, and
each collection was repeated three times.

The WSP was carefully picked down using clean tweezers and
sealed in Ziploc bags for qualitative analysis, i.e., droplet coverage
rate and deposition uniformity. The collected samples were
analyzed in the laboratory of Nanjing Research Institute for Agri-
cultural Mechanization, Ministry of Agriculture.

2.4.5. Coverage rate of droplet disposition

The droplet coverage and distribution uniformity are two
important parameters of droplet deposition (Zhu et al., 2011). The
ratio of the pixel number of the droplets covered to the analyzed
zone gives the coverage of the droplets on the sample card (Cunha
et al., 2012) and could be calculated by the following equation:

o3 of (i)

5= MN

x 100% (1)

where M and N represent the pixels in the width and height of the
analyzed zone, respectively. f (i, j) is the gray value of the pixel at
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Fig. 2. Layout of the droplet sampling cards (top view).
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Fig. 3. Sketches of sampling collectors on the rice.

the relative coordinates of (i, j) in the analyzed zone. If the pixel is
black, f (i, j) = 1; otherwise, f (i, j) = 0.

The coefficient of variation (CV) was used as a measure of the
droplet distribution uniformity (Smith, 1992), according to the
equation below:

(2)

where S is the standard deviation; X; is the number of droplets per
unit zone in the sampling card; X is the average number of droplets
per unit zone in the sampling card; and n is the total number of
sampling cards in each rice layer.

The survey and recordation of rice plant hopper were carried out
according to pesticide field efficacy test criteria. To investigate the
control effect of pesticide on rice plant hopper, the parallel-jump
method was used to survey the population numbers of rice plant
hoppers in each zone before spraying and 3, 5, and 10 days after
spraying. During the survey, each zone was collected using 15
pieces of white porcelain (3 cm x 40 cm, 2 rice for each white
porcelain, total = 30 rice). The overall control effect against rice
plant hopper was calculated without regard to the types or instar of
rice plant hopper. The dropping rate and control effect were ob-
tained based on the population numbers of live insects in each zone
before spraying and after spraying according to the following
equation:

R:%x

100% (3)
where R is the dropping rate of insects, B is the number of live in-
sects before spraying and A is number of live insects after spraying.

Rpr — R
E; =L~ K« 100% (4)
1 —Rex
where E; is the correction control effect, Rpris the dropping rate of
insects in the spraying zone and Rck is the dropping rate of insects
in the controlled zone.
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Fig. 4. Layout of droplet sampling cards in a multi swath (top view).

3. Results and discussion
3.1. Regularity of droplet size distribution in rice canopy

Grasping the regularity of droplet size distribution is of great
importance to control the spray process because the droplet size is
one of the most important parameters for spray technology
(Knoche, 1994). Fig. 5 shows the distribution of the droplet diam-
eter sprayed by the HyB-15L UAV. The size spectra of the droplets
display a typically normal distribution curve, in which fine droplets
(50—100 pm) and coarser droplets (400—450 um) account for 13%
and 10% of the total size spectra in the upper layer, respectively. The
appearance of these droplets is not desirable in the pesticide
spraying process. The undersize droplet size (<50 pm) can easily
drift, while the oversized droplets (>400 pm) have difficulty
penetrating into the canopy layer of the crop. In the lower layer, the
percentage of the droplets corresponding to the size of 50—100,
100—200, and 200—300 um was 55.5%, 33.7%, and 8.1%, respec-
tively. In addition, droplets with a size exceeding 300 pm were only
2.8% of the total number of the droplets. Song et al. (2007) reported
that the fine droplets (<50 um) were inclined to lose their kinetic
energy quickly and maintained a suspended state in air, either

70 7)) Upper layer
] Y Lower layer
60 -
© 40-
g 30-_ . %§ \ 7
CCE 20 4 /\\ /
0—- 2 %&\ A§\\ %\\\\\\ % ,,,,,,,,

(50,100]  (100,200]  (200,300]  (300,400]

Droplet size spectra (um)

(400,450]

Fig. 5. Distribution of the droplet diameter in the upper and lower layers in the rice
canopy.

combined with other droplets or blown away to drift by the
external wind. In contrast, coarser droplets reduced the air-borne
drift loss significantly compared to fine droplet spray applications
(Jaeken et al., 2003; Wenneker et al., 2005). However, coarse sprays,
especially at a lower spray volume, might yield a poor spray
coverage, arousing growers' fears of reducing the biological efficacy
of the treatment (Smith et al., 2000). Jaeken et al. (2003) proposed
a feasible way to reduce drift by changing the droplet size distri-
bution and reducing the fraction of droplets below 100 um. The
desired size of the droplets is in a medium range between 50 and
300 um, the relative content of which is approximately 59.2% in the
upper layer and approximately 97% in the lower layer (Fig. 4). The
increase in the proportion of medium droplet size not only im-
proves penetrability but also inhibits drift (Hewitt, 2008). The use
of low-drift nozzles is beneficial for drift reduction.

The change in droplet size generates diverse kinetic energy even
if the nozzle velocity of droplets is the same. In addition, undersize
and oversize droplet diameters both have difficulty landing on the
target and forming a uniform disposition due to the interference of
meteorological conditions and wind field by the helicopter rotor
(Tolfo and Staudt, 1976). As seen in Fig. 5, the coarse droplets
(400—450 pm), whose proportion in the total droplets is 10%, were
prevailingly deposited along the central axis of the UAV and were
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Fig. 6. Percentage of droplet size spectra at different sampling sites.
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Fig. 7. Distribution diagram of spraying coverage under different working experimental conditions.

concentrated in the range of [-1, 2] m. The deposition amount of
droplets was the largest in the zero site of the central line, while the
deposition volume decreased with the distance from the central
line, and the distribution became uneven. This result occurred
because the kinetic energy of the droplets is large when they are
ejected from nozzle. Moreover, the airflow under the body of the
UAV caused by rotor wing is stable (Sunada et al., 2005). Therefore,
coarser droplets could deposit on the surface of the rice at a rela-
tively fast speed. Sunada et al. (2005) summarized the formation
rule of the vortex at both ends of the spray lance and the annular

flow at the wing tips during the spraying application from a large
helicopter. The vortex caused by rotor wing at both ends of the
spray lance changed the original morphology and trajectory of
droplets, leading to the superior distribution of coarse droplets
produced at both ends of the spray lance. As presented in Fig. 6, fine
droplets (50—100] pm constituting 13% of the total droplets
appeared at both ends of the spray lance. Although easy to drift, the
proportion of fine droplets was not high. Medium droplets
(100—300] um constituted 59.2% of the total droplets, and mostly
concentrated at two sides of the central axis, the portion of which
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was the lowest on the centerline and gradually increased outwards.

3.2. Analysis of deposition effect

3.2.1. Effects of spraying by UAV on droplet penetrability in the rice
canopy layer

To control the drift and to improve the adhesive rate of solution,
it is crucial to enhance the droplet penetrability and obtain a ho-
mogeneous deposited distribution by optimizing the working pa-
rameters of the UAV. As seen in Fig. 7a, a slow flight speed (3 ms~!)
makes abundant droplets deposit in the upper layer of rice. With
the increased flight speed (Fig. 7b and d), the spraying coverage
decreased in the upper layer of rice but increased gradually in the
bottom layer. The spraying coverage in the upper layer of rice was
higher under the treatment conditions of x1 and x3 than of x2 and
x4. Moreover, the spraying coverage under the x1 treatment
reached 2.18%, which was the highest. The average coverage rates in

the upper layer of treatment x1, X2, x3, and x4 were 2.2%, 1.6%, 2.0%,
and 1.7%, respectively. Due to the disturbance caused by the plant
height and leaf area index, the coverage rate in the lower layer was
smaller than that in the upper layer. Treatments x1, X2, X3, and x4
had average coverage rates of 0.5%, 0.5%, 0.6%, and 0.8%, respec-
tively, in the lower layer, while the maximum value was found in
treatment x4. This result is likely attributed to the fact that the
downwash airstream generated by the UAV was conducive for the
disturbance of leaves and that more droplets could reach the lower
layer across the canopy.

Canopy structure is one of the most important factors influ-
encing the droplet deposition and distribution (Xu et al., 200643,
2006b; Rawn et al, 2007). Generally, crops in the upper and
outside regions are likely to gain more depositions than are those
inside the canopy. In addition, in many practical situations, the
initial deposition is strongly related to spray technology, such as
sprayer type, sprayer settings, and nozzle type. Referring
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Table 5
The control efficiency of rice plant hopper at the rice heading stage.

Pesticide pattern Insecticide Dosage Treatments Base num. Days after Surviving Insecticidal effect Correction control
(g (ind.) treatment insect (%) efficiency (%)
ha™1) (d) (ind.) (mean + SD) (mean + SD)

HyB-15 UAV 480 g L~! Chlorpyrifos 432 x1 889+33 3 183+16 787 +6.7c 81.8 + 5.9¢

-regent EC 5 215+20 758 +27b 65.5 + 3.8b
10 276 +22 69.0 + 2.6 62.5 + 3.2¢
X2 876 +487 3 125+20 865 +3.0ab 88.5 +2.6ab
5 12.7 + 424 856 +48a 79.4 + 6.8a
10 219+33 748 +21b 69.6 + 5.8¢
x3 871+373 3 153 +28 83.8 +3.5bc 86.2 + 2.9bc
5 182+43 79.0+5.1b 70.2 + 7.3b
10 2448 + 1.56 71.9 + 1.6bc 66.0 + 1.9bc
x4 88357 3 85+16 903+ 1.8a 91.7 + 1.5a
5 116 +3.1 87.0+27a 81.6 + 3.9a
10 188+ 09 786+25a 74.1 +3.0a
Stretcher mounted 480 g L' Chlorpyrifos 432 - 888+14 3 125+20 854 +66ab 87.5 +5.6 ab
sprayer -regent EC 5 172 +32 80.6 +3.9b 72.4 + 5.6b
10 26.7+09 70.0 +0.8c 63.7 + 0.9¢
CK - - - 892+67 3 104.2 + 6.6 00+0.0d 0.0 + 0.0d
5 62.0+109 0.0+00d 00+0.0d

Note: Surviving insects were averaged from the leaves of 25 hills.
The data in the table are mean + SD.

Data followed by different small letters in the same column are significantly different among different treatments at P < 0.05 by Duncan's new multiple range test.

specifically to aerial spraying, the penetrability and homogeneous
deposited distribution of the droplets primarily rely on the flight
height and flight speed in minor natural wind. The downward air
flow from the rotor wing could actuate the movement of rice leaves,
thus augmenting the droplet deposition in the bottom layer of rice.
Because the research on UAVs is still in the initial stage, a handful of
open questions need to be clarified, such as route planning (Sujit
et al.,, 2013) and the functional law of pesticide droplets acted on
by rotor downward air flow (Steven et al., 2013).

3.2.2. Effects of UAV spraying on the uniformity of droplet
distribution

The uniformity of spraying droplet distribution on targets is
commonly described by the variation coefficient. The smaller a
variation coefficient is, the better is the uniformity of the droplet
distribution (Smith, 1992). The comparison diagram of droplet
deposition at different sampling sites, spraying heights and speeds
is shown in Fig. 7. Before spraying, a handheld GPS locator was used
to collect the coordinates of each spraying zone. The recorded data
were then imported into the operation system to ensure the flight
route of UAV along the preset central line. At a spraying height of
0.8 m and a speed of 3 m s~', the maximum value, minimum value,
and average value of the spraying coverage were 6.1%, 1.6%, and
3.9%, respectively, with a variation coefficient of 34.5% in three
spraying swaths. There was a lower spraying coverage associated
with spraying swath (Fig. 8a). It is likely that, due to the low flight
height, a combined interaction between horizontal wind and ver-
tical wind generated by rotor wing resulted in the droplet break up
and shifting (Wang et al,, 2013). As presented in Fig. 8b, the
maximum value, minimum value, and average value of the spraying
coverage were 5.2%, 2.0%, and 3.8%, with a variation coefficient of
29.5% at a spraying speed of 5 m s~ ! in three spraying swaths. The
uniformity of droplet distribution improved. At a spraying height of
1.5 m and a speed of 3 m s~, the maximum value, minimum value,
and average value of spraying coverage were 5.61%, 1.62%, and
3.97%, respectively, with a variation coefficient of 31.6% in three
spraying swaths (Fig. 8c). The spraying problems with overlapping
and missing areas were also observed at the junction of the
spraying swath. When the spraying height and speed were 1.5 m
and 5 m s, the maximum value, minimum value, and average
value of spraying coverage were 5.0%, 2.10%, and 3.7%, respectively,

with a variation coefficient of 23.2% in three spraying swaths
(Fig. 8d). Thus, when the spraying height was 1.5 m and the
spraying speed was 5 m s~ !, the uniformity of the droplet distri-
bution as implemented by a multi-spraying swath was optimal.

3.2.3. Effects of UAV spraying on plant hoppers control

To clarify the superiority of HyB-15L UAV spraying on rice insect
control, we compared the control effect of UAV spraying with low-
volume and stretcher-sprayer spraying on plant hoppers. As shown
in Table 5, the control efficiency of x4 on the 3rd day after pesticide
application was 91.7%, significantly outperforming that of x1 and
x3. However, there was no obvious difference between the x4
treatment and the stretcher sprayer in control effects. On the 5th
day, the control efficiency of x2 and x4 was 79.4% and 81.6%,
respectively, notably higher than that of x1 (65.5%), x3 (70.2%), and
stretcher sprayer (72.4%). As the treatment time further increased
to the 10th day, x4 (74.1%) still showed a better efficiency than did
x1, x2, X3, and stretcher sprayer. The control efficiency of the
stretcher sprayer decreased by 23.8% from the 3rd to the 10th day.
Compared to the stretcher sprayer, the control efficiency of x1, x2,
x3, and x4 showed a lower reduction, decreasing by 19.3%, 18.8%,
20.2%, and 17.6%, respectively. In a brief summary, the controlling
efficiency and duration period of the UAV greatly outbalanced those
of a stretcher sprayer, where the UAV spraying of x4 showed the
best control effect (91.7%—74.1%) from the 3rd to the 10th day. It has
been reported that the duration period of high-concentration
spraying was longer than that of the low-concentration counter-
part (Jiang et al., 2013). The spraying manner of the UAV was low
volume and high concentration. Moreover, the air stream that was
generated by rotor wings could perturb the rice, and the droplets
were prone to penetrating the canopy layer, reaching the bottom of
the rice. Lee (2008) used mist and colored smoke as displaying
carriers to determine the rules of the air stream of rotor wings on
pesticide droplet action and successfully observed the wind field of
the UAV and trajectory of pesticide droplets. However, the present
description of downwash flow under the UAV on droplet disposi-
tion remains non-quantitative, especially for the vertical compo-
nent of wind field, which needs to be further investigated.

In our current study, the spraying method of the stretcher-
mounted sprayer is chosen as the high volume and low concen-
tration, because of higher working efficiency. However, it is easy to



W.-C. Qin et al. / Crop Protection 85 (2016) 79—88 87

result in larger droplet sizes and run-off onto the soil. Due to the
absence of assistant airflow, the droplets were mainly deposited in
the upper or middle-upper hierarchy of rice rather than the bottom,
leading to prominent deterioration on the 5th day after pesticide
application. Take the advantage of UAV, the operator can keep away
from the pesticide field to avoid pesticide contiguity. As for the
environmental concerns, more meticulous work is required to
investigate the effect of chlorpyrifos at high concentrations in the
long-term, which have been mapped out in our following study.
In conclusion, the farm-oriented UAV HyB-15L was first applied
to control plant hoppers using low-altitude pesticide spraying
during the heading stage of rice. We studied in detail the deposition
distribution of droplets in the rice and the controlling efficiency
correlated with the operating altitude and velocity. The conclusions
from the experiments can be summarized as follows: (1) in the
certain range of height (0.8—1.5 m) and velocity (3—5 m s 1), the
coverage rate of droplets in the bottom of the rice increased with
the increased spraying height and velocity. The distribution of
these droplets became more uniform when multiple spraying
swaths were jointed. Meanwhile, repetitive and omitted spraying
were greatly reduced. (2) The spraying height played a significant
role in the uniformity of deposition distribution, and the spraying
velocity strongly affected the coverage ratio of pesticide droplets,
especially in the bottom of the rice. (3) For the control of plant
hoppers, the UAV spraying exhibited a superior efficiency than did
the conventional stretcher sprayer, especially when operated at an
altitude of 1.5 m and a velocity of 5 m s~ .. Moreover, even 5 and 10
days after pesticide application, a high controlling efficiency was
still reserved, indicating that the spraying method of low volume
and high concentration enhanced the duration of pesticide activity.
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Drift and deposition of ultra-low altitude and low volume

application in paddy field
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Abstract: Field trials were performed to evaluate various techniques for measuring spray deposition and aerial drift during
spray application to paddy field. The application of a spraying agent containing the fluorescent dye Rhodamine-B was applied
The

results showed that because the downdraft produced by a helicopter rotor increased the penetrability of crops, there is a higher

by an unmanned aerial vehicle (UAV) which flew at a height of 5 m, a speed of 3 m/s, and the wind speed of 3 m/s.
deposition on the upper layer and the under layer than the traditional spraying. The average deposition on the upper layer
accounts for 28% of the total spraying, the deposition on the under layer accounts for 26% of the total spraying. The
deposition on the under layer takes up 92.8% of the deposition on the upper layer. Droplets drift data showed that the drift of

non-target area took up 12.9% of the total liquid spray. The 90% drifting droplets were located within a range of 8 m of the

target area; the drift quantity was almost zero at a distance of 50 m away from the treated area.
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1 Introduction

Agricultural machinery is an important content of
agricultural modernization. Since the mid-19th century,
men began to widely use animal traction of simple
agricultural machinery in agricultural production in

Europe and the United States. In the early 20th century,
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men began to use the tractor of internal combustion
engine power which gradually replaced livestock-power
agricultural machinery. In the 1920s, the United States
began to use aerial application of pesticide, which created
a history of agricultural aviation".

Rice is the major grain crop in China. It accounts
for about 42.2% of national cereal production, 35.2% of
the total grain sowing area, and about 34% of insect pest
control area over the years, which is one-third of the total
control amount. For a long time, the rice disease
relied on the
which

labor-intensive, poor in quality and low in efficiency.

prevention and control mainly

human-carrying  motorized  sprayer was
Aerial spraying operation can control severe diseases and
insect pests over a large area quickly and effectively, and
it is an effective way to solve the special field operating
condition of the rice fields™*). However, for a long time,

the application of large-scale agricultural aircraft

developed slowly due to the poor economic and
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low-flying control. Compared with manned aircraft, the
advantages of light unmanned aircraft are obvious: @ by
the spraying at very low altitude fly, it avoids the problem
of aircraft flight control; 2 without special takeoff and
landing at airport, it has good mobility; (3) the weight is
light and cost is low. Therefore, in recent years, people
have started to pay attention to using unmanned
helicopters in agriculture. At the same time, according
to the land management mode in China, such as the status
quo that rice mainly grow in the small area of slope fields
or terraces, the high adaptability of unmanned spraying
aircraft has good market potential and industrial prospect.

At present, there are many reports about pesticide
spray quality research conducted by researchers from
China and other countries, which can provide a very

useful basis for the transformation of

[4-7]

spray
components Aviation spraying methods have been
reported both in China and in international journals, such

], who used the

as the method developed by Franz®
fluorescence spectrometry to quantify the deposition by
analyzing the picture of plant leaves and leaves
light-sensitive test paper, and determined the droplet
deposition impact of the plant

canopy cover

characteristics and climatic parameters on cotton,
cantaloupe, leafy plants in aircraft spray conditions. Ru
et al.”) studied on the air electrostatic spray and measured
deposition with carbon paper and determined drift by
cosin staining. Lan et al'®” at USDA Southern
Research Center collected droplet deposition in the cotton
canopy, wind drift by water-sensitive paper and mylar
cards in the research of fixed-wing aircraft spray. The
water-sensitive paper and mylar cards was marked and
collected after dried. They read and analyzed the
water-sensitive paper with droplet analytical instruments,
and analyzed the mylar cards with fluorescence
spectrometry. It was used to calculate the deposition,
droplet size, droplet coverage, total droplet number, drift
distance, additive concentration, and spray height
correlation. The results of the research contributed to
the selection of appropriate anti-drift additives for aerial
spraying, and facilitated aircraft spraying to meet the
standards of aviation drift. Fritz et al.l'""! took this

method to carry out aerial spray drift and ground

equipment spray drift comparison test for the research of
spray drift control technology.

Based on the situation that spray distribution research
of unmanned helicopter in paddy crops has not been
reported, the current research did a UAV spray droplets
deposition and drift law test to provide s theoretical basis
and data support to the spray drift control and the

development of aviation spray standards.
2 Materials and methods

2.1 Location and spray environmental conditions
This experiment was implemented in the rice fields of
Xiongfeng Village, Lili County, Wujiang Town, Suzhou
City, Jiangsu Province, China. It was one of the
designated test areas of China’s National 863 Project.
The plots were planned as a rectangular land, with no
buildings or trees around. Spray in the same conditions
for both the control area and the treated area would not
affect spray drift and deposition. The spray solution was
pesticide mixed with fluorescence tracer (Rhodamine-B,
Shanghai Huachen Co., Ltd.). The collector was
polyester cards and polyester fibers according to
1SO22866 standard.  Zhou and Xue'*'"' used the
electric centrifugal nozzle in the research of the UAV
aerial spray optimum operating parameters, and
determined the spray height, flow rate, diameters of
droplet size, nozzle settings and crop characteristics that

are summarized in Table 1.

Table 1 Application: sprayer settings and crop characteristics

Nozzle type Rotary atomizer

Droplet size 296.29 um

Working width (two nozzles) 7 m above canopy

Flow rate (one nozzle) 850 mL/min

Spray equipment Z-3 UAV

Tank capacity 20L

Working width iic}r:n in total; divided into 3sections of 7 m
Driving speed 10.8 kmh’!

Spray volume 15 L+ha!

Rh-B concentration 2gL"

Crop type rice paddies-Wugengyu 23
Plant age Mid-tilling stage of crop growth
Soil coverage 90-100%

Crop height 0.65-0.70 m

Leaf Area Index 7.05 m* m™




August, 2014  Xue XY, etal. Drift and deposition of ultra-low altitude and low volume application in paddy field

Vol. 7No.4 25

We used the digital temperature and humidity
indicator (Wanyitong Instrument-meter Inc., Shenzhen,
Guangdong), China to record the temperature and
humidity from 1.0 m and 2.0 m above the crops every
60 seconds. And we used the wind speed measuring
instrument 8901 (Wanyitong Instrument-meter Inc.,
Shenzhen, Guangdong, China) to record the wind speed
from 1.0 m, 2.0 m, and 5.0 m above the crops and the
wind direction from 2.5 m above the crops every 60
seconds.

2.2 Sampling methods

Figure 1 shows how the sampling collectors and
deposition and drift collectors were arranged at the spray
area. The sampling collector consists of polyester card
(¢ = 90 mm) and polyester fiber (¢ = 1 mm). The
direction of aircraft was perpendicular to the wind
direction.  The deposition collectors were arranged
along the direction of flight, and the drift collectors were
arranged along the direction of wind. In order to make the
pesticide spray more stable, the aircraft took off and was
hovering 20 m from the spray area, and stopped spraying
10 m away. The flight height (above the crop surface)
was 5 m. We measured the droplet deposition on the
rice in the spray area and the droplets drift volume in the
drift area.

were arranged into a matrix of 5x3 and divided into two

In the spray area, the rice sampling points

layers (Figure 2).
——p
Flight line
6 m
.............. A..A. 8. 0. 0 an
.............. R 5 N 1 Y 1 S 1 U pon
Wind
direction ----------- D---—D----D---—D----D -------------- 0
1l I 2m
MEI!r ) Spray sampling collector 2 m O 4m
samplers monofilament at 5 heights:
O 0.5,1,2,3,4m [} 6m
d ] 8m
D D 10m
O O 20m
O : [} 50 m
Drift sampling towers
50 m monofilament at
= 3 heights: 2, 5 and 8 m | 100 m
Figure 1 Layout of field sampling locations for aerial drift studies

Upper layer mylar

Under layer mylar

T T

Figure 2  Sketches of sampling collectors

The interval of lateral sampling points and the interval
In the drift area,

the collector was arranged 2 m, 4 m, 6 m, 8§ m, 10 m,

of vertical sampling points were 2 m.

20 m, 50 m, and 100 m away from the spray area, in order
to collect the droplet drift on the ground. We placed a
trestle 2 m away from the spray area, and arranged
monofilament fibers at 0.5 m, 1 m, 2 m, 3 m, and 4 m of
the trestle. We placed another trestle at a distance of
50 m away from the spray area, and arranged
monofilament fibers at 2 m, 5 m, and 8 m of the trestle, in
order to receive the drift of the droplets in the air.

After the droplets on the collector were drying in each
trestle, we wore disposable gloves to collect the polyester
cards and monofilament fiber. Then we marked them,
putted them in Ziploc bags, placed them in coolers, and
We used

deionized water to elute the Rhodamine-B on the film of

took them back to the laboratory for analysis.
each  collector, and used the fluorescence
spectrophotometer (F95) to determinate the fluorescence
of each eluent. The deposition of Rhodamine-B in the
eluent could be calculated according to the “concentration
— fluorescence” standard curve of the Rhodamine-B
standard. Liquid deposition on a unit area could be
determined precisely.
The formula of deposition is
ﬁd@p _ (psmpl B pblk) X Fcaz X Vdii
Papray X Aoy

B,,, x10000
By = ﬁ—

where, B4, is the spray drift deposit, expressed in

microliters per square centimeter r (uL/cm’); Baep 1s the

spray drift percentage (%); B, is the spray volume,



26 August, 2014 Int J Agric & Biol Eng

Open Access at http://www.ijabe.org

Vol. 7 No.4

expressed in liters per hectare (I/ha) ; By is the
fluorimeter reading of the sample; pyy is the fluorimeter
reading of the blanks (collector + dilution water); F., is
the calibration factor; Vy; is the volume of dilution liquid
used to dilute tracer from collector, expressed in liters (1);
Pspray 18 the spray concentration, or amount of tracer
solute in the spray liquid sampled at the nozzle, expressed
in grams per liter (g/l); 4., is the projected area of the
collector for catching the spray drift, expressed in square

centimeters (cm’).

3 Results and analysis

3.1 Environment
The average air temperature and wind speed of the
test is shown in Table 2.

Table 2 Wind speed and air temperature averaged over a

minute during the measurement arrays

Measured quantity Wind speed/m-s™ Air temperature/C
p

Height of

1.0 m 2.0 m 5.0m 1.0 m 2.0m
measurement

Field conditions 2.2+0.5 33408 43+07 283+0.6 293105

Figure 3 shows that the wind speed increased with

height, and the phenomenon was fitted with an

exponential curve.  Therefore, wind speed can be
calculated from one height to another. We can take
measurements on spray drift pertinently by setting
different sampling heights at longer distance.
Experiments were carried out at a relatively humidity of
55%+10% and a vapour pressure deficit (v.p.d.) of
37.8+6.3 mbar.

the air humidity could not be too high (such as just under

In the process of spraying pesticides,

the rain), otherwise the droplet would fall from the leaf
surface easily; and if it was too low (such as the hot noon),
droplets would easily evaporate during the falling.

6

y=0.1775e%7641%

X . e
s R’=0.9885

4

him
w

v/m-s™

Figure 3  Curve fitting of wind speeds with height

3.2 Spray deposition between different layers of the
rice plants

As we can see from the results of analysis, there was
no significant difference between droplet deposition of
the upper and lower rice plants in the sprayed area. In
Figure 4, the dashed line indicates the average percentage
of deposition in the upper and lower layers of rice
plants.

Because of powerful backspin airflow, rice leaves had
high deposition in the upper and lower blades. The
average deposition on the upper part took about 28% of
total spray volume, and the average deposition on the
lower part took about 26% of total spray volume. The

deposit volume on the lower part reached 92.8% of the

upper part deposition.
60.0
s00) e
% k3.59
& 400 - —=— Rice
s lower
8 433.09
g 308 o> Tty /e == 2o nn o5 3040 === Upper
= average
g€ 200f 2 oo  ¥oss . Lower
[a] average
10.0
0 s . : . )
1 2 3 4 S

Sampling interval/m

Figure 4 Rice upper and lower deposition (cm?)

3.3 Determination of spray drift

In the test the flying height was 5 m above the crop
top, and the speed was 3 m/s. The wind speed was 4-
5 m/s, temperature was 34°C, and the relative humidity
was 60%.
volume was 1.8 L, and the sampling area was 1 000 cm °.

The result of Figure 5 shows that: the droplet drift

The spraying area was 1 170 m’, liquid

volume accounted for 12.9% of the total spray volume;
while 90% of the drift was concentrated within eight
meters of the sprayed area. As seen in Figure 6, on the
trestle which was two meters away from the spray district,
the drift of at 0.5 m height was 14.6%, and the drift of at
4 m height was 4.8%. As the altitude increased, the
spray drift decreased by nearly 10%. However, on the
trestle which was 50 m away, the droplet drift was almost

Z€10.
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Figure 6  Drift percentage of the different heights deposition at

2 m and 50 m locations in drift area

4 Conclusions

1) We used tracer Rhodamine-B aqueous as spray
liquid, and proved by the aircraft low-volume spraying
test that all tests could be implemented without any
auxiliaries in liquid in the operating environment where
relative humidity was no less than 60% and wind speed
was less than 5 m/s.

2) Because the propeller can produce a powerful
downward air stream, when we use the low altitude
helicopter, droplets can penetrate to the lower part of
crops, and the liquid deposition of the lower part can
reach 92.8% of the upper part, which has great
significance in pest control.

3) In the condition that the wind speed is smaller than
5 m/s and the aerial spray height is 5 m, we can control
90% of the drift in 8 m effectively. It provides a
reference for the division of buffer strip in spraying.

4) Very little research has been conducted about the
basic theory of air spray technology in China up to now.

The settlement laws of low-altitude spraying and the

operating standards of aviation spraying safety will be the

focus.
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Agricultural Aviation Applications in USA
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Abstract. The United States has the most advanced equipment and applications in agricultural aviation.
It also has a complete service system in agricultural aviation. This article introduced the current status of
aerial applications including service equipment and aerial application techniques. It had a complete
system including various components for aerial applications which could fit into the different applications.
It had practical application of different advanced technologies such as GPS autonomous guidance variable
rate technology and application models. This article also summarized the techniques in remote sensing

spatial statistic and variable rate controls and how these technologies had been used in yield estimation
and monitoring for crop water and nutrient stresses and also pest damages. This article also showed the
current status of USA precision aerial application and also provided some thought of the future direction in
precision aerial applications including real-time imaging processing variable rate technologies and
multisensory data fusion.
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Optimization and test for spraying parameters of cotton defoliant

sprayer

Qin Weicai'?, Xue Xinyu®", Cui Longfei?, Zhou Qingqing?,
Xu Zhufeng?, Chang Feilong?

2. Nanjing Research Institute for Agricultural Mechanization, Ministry of Agriculture, Nanjing 210014, China)

Abstract: Boom sprayer is widely used in large farm crops because of its high working efficiency and favorable spraying effect.
But there are still some problems in cotton defoliant spraying in Xinjiang, China. Cotton is planted in a high density in
Xinjiang, the row space is 10+66 cm, leaves in two adjacent rows are seriously overlapped, the lower leavers are poorly sprayed,
so the defoliation effect is poor, and the cotton quality is degraded. To solve this problem and improve the defoliant droplets
coverage on the cotton canopy, the original boom spraying was modified, and the spraying pardameters was optimized by the
central combination test and design concept of Box-Behnken based on a single-factor test. A quadratic polynomial model of
droplets coverage was created by using working parameters including horizontal spraying boom height, hang boom height and
nozzles angle as the influential factors and the mean droplets coverage on cotton canopy as the target function, and the
effectiveness of mode and interaction of factors were analyzed. The model was optimized and analyzed using the regression
analysis method and response surface analysis method of software Design-Expert 7.0.0, and the optimal combination of
spraying parameters was obtained. The results showed that the droplets coverage on cotton canopy were influenced by boom
height, sprayer height and angled nozzles sequentially from large to small, and the optimal combination of spraying parameters
The

mean droplets coverage of experimental value and predicted value on cotton canopy were 19.6% and 20.43% respectively in

was under horizontal spraying boom height of 134 cm, hang spraying boom height of 27.5 cm and nozzles angle of 21°.

(1. Key Laboratory of Modern Agricultural Equipment and Technology, Ministry of Education, Jiangsu University, Zhenjiang 212013, China

t)

such conditions, and the relative error to the estimated value on the model was —4.25%.

The research result can provide a

reference for further optimizing the spraying parameters of cotton defoliant sprayer.

Keywords: pesticide sprayer, cotton, spraying parameter, optimization, mathematical model, response surface
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1 Introduction

Defoliant spraying is a key link in the mechanized

cotton harvest, as sufficient and uniform spraying can

Received date: 2015-06-09 Accepted date: 2016-05-13
Biographies: Qin Weicai, MS, research interest: precise pesticide
spraying, Email: 278886580@qq.com; Cui Longfei, MS, research
interest: mechanical design and control theory, Email: cuilong.fei@
163.com; Zhou Qingqing, MS, research interest: precise pesticide
spraying, Email: 912311431@qq.com; Xu Zhufeng, MS, research
interest: mechanical design and control theory, Email:
1092461058@qq.com; Chang Feilong, MS, research interest:
mechanical design and control theory, Email: 43747835 @qq.com.
*Corresponding author: Xue Xinyu, PhD, Professor, research
interest: crop protection and machinery engineering, mailing
address: Nanjing Research Institute for Agricultural Mechanization,
Ministry of Agriculture, Nanjing 210014, China. Tel: +86-25-
84346243, Email: 735178312@qq.com.

Int J Agric & Biol Eng, 2016; 9(4): 63—72.

improve the defoliation quality and decrease the cotton
trash content, and it is significant to solve defects of the
cotton quality!'’. But in practice, the anticipated effect
are hardly to realize as the defoliant is influenced by
weather and the spraying way'”. Xinjiang is the major
cotton producing area in China, where cotton is planted in
a high density and cotton leaves are overlapped densely,
and it was found in the production and test that the
general low defoliation rate and high trash content are
caused by the reason that lower leaves cannot be
defoliated timely™. The key to improve the defoliation
effect is to manually improve the droplets coverage on
leaves in the middle and lower layers, and spraying the
defoliant sufficiently and uniformly on the leaves.

Distribution of droplets is influenced by many factors
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Effects of Pesticides Aerial Applications on Rice Quality

Xue Xinyu' > Tu Kang' Lan Yubin® Qin Weicai’ Zhang Ling’
(1. College of Food Science and Technology Nanjing Agricultural University Nanjing 210095 China
2. Nanjing Research Institute for Agricultural Mechanization Ministry of Agriculture Nanjing 210014 China
3. Southern Plains Agricultural Research Center United States Department of Agriculture-Agricultural
Research Service Texas 77845 USA)

Abstract: The effects of two types of commercial pesticides on the rice quality were investigated under
the low volume aerial application. It could provide guidance for the pesticide application and choose the
right types of pesticides. For chlorpyrifos and hexaconazole pesticides aerial and traditional spraying on
Nangeng 5050 rice was used during the growing season. The differences of postharvest rice quality and
also the kernel spectrum of DMA between aerial application in high concentration and low volume and
traditional spraying were investigated. It was found that rice kernel hardness for aerial application with
chlorpyrifos was higher than tradition spraying application but no significant difference with hexaconazole
application. With X—ay diffraction analyzer it was found that the effect of aerial application was smaller
than traditional one for the microstructure of rice kernels.

Key words: Rice quality Agricultural aviation Application Dynamic mechanical analysis X-ray

diffraction analyzer
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Effects of N-3 UAYV spraying methods on the efficiency of insecticides
against planthoppers and Cnaphalocrocis medinalis

Xue Xinyu Qin Weicai Sun Zhu Zhang Songchao Zhou Lixin  Wu Ping

( Nanjing Research Institute for Agricultural Mechanization Ministry of Agriculture
Nanjing 210014 Jiangsu Province China)

Abstract: The efficacy and applications of N-3 unmanned aerial vehicle ( UAV) were determined
against rice pests in paddy field tests at different flight heights and different spraying concentrations. The
result of field test showed that under a dosage of 432 g/hm’( ai) of 48% chlorpyrifos * regent EC at late
rice tillering the efficacy of 3 5 and 10 days after treatment with N3 UAV spraying was as high as
96.93% 92.21% and 88.12% respectively in terms of rice planthoppers. On Cnaphalocrocis medina—
lis Guenée 63.29% 54.00% and 58.33% rice leaves could be kept healthy those are both superior
to the efficacy of spraying with stretcher mounted sprayer. The N3 UAV worked at the height of 3 and 5
meters under a dosage of 75 g/hm” of 25% pymetrozine SC at the rice heading stage the efficacy of 10
days after treatment has no significantly different with a dosage of 60 g/hm” and 52.5 g/hm’ of 25% py-
metrozine SC. On C. medinalis the efficacy of 10 days after treatment with N3 UAV spraying at the 3
meters height was as high as 90.90% under a dosage of 480 g/hm’ or 384 g/hm’ of 40% diazinon *

phoxim EC. Tt is better than the efficacy of the N3 UAV working flight at 5 meters or 7 meters height.

Key words: unmanned aerial vehicle ( UAV) ; rice; planthopper; Cnaphalocrocis medinalis; efficiency
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Precision Aerial Application Working Group

The Working Groups Co-ordinator &ssists the Chainpersons of the Working Groups in the fulfilment of their task and in providing s
lizison with the governing bodies of CIGR.

Chair: Dr. Yubin Lan

USDA ARS, Aerial Application
Technology Group. Areawide Pest
Management Research Unit 2771

F&B Road, College Station, TX 77845,
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Email: Steve. Thomson@ars. usda. gov

Secretary: Dr. W, Clint Hoffmann
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Vice Chair: Prof. Xinyu Xue
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Manjing Research Institute for
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of P.R. China, No.100 Liuying, Xuanwu
District Nanjing P.R. China 210014
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The mission of the Precision Aerial Application Working Group is to develop and implement new
and improved precision aerial application equipment for safe. efficient. and sustainable crop

production and protection.

Objectives

The overall objective of this group is to provide precision aerial application solutions Tor asrial
applicators using cutting edge technologies. The first variable-rate aerial application system was
ceveloped about a decade ago in the USA and since then, orecision asrial application has
benefitted from these t=chnologies. Many areas around the world rely on readily svailable
agricultural airplanas or helicopters for pest management and variable-rate aerial application
provides a way of making effective and precise application of agrachemicals. In the context of
precision aerial application, variable-rate control can simply mean terminating spray over fizid
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