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Editorial on the Research Topic

Precise chemical application technology for horticultural crops
The field of plant chemical protection utilizes professional spraying machines to

transport chemicals, such as pesticides and herbicides, to targeted sites for effective

control of pests, diseases, and weeds in horticultural crop production (Wang et al.,

2022). These practices play a crucial role in ensuring the provision of safe and abundant

food, fruits, and vegetables for human consumption. However, conventional methods of

applying plant chemicals suffer from issues such as excessive pesticide usage, low utilization

rates, and high labor intensity due to outdated sprayers and single atomization technology

(Abbas et al., 2020). To further advance modern agriculture, it is necessary to focus on

efficient, precise, and intelligent application technologies and equipment for plant chemical

protection. By incorporating smart chemical application technology with efficient

equipment, significant reductions in pesticide usage can be achieved while mitigating

environmental harm caused by chemicals and alleviating labor intensity (Talaviya et al.,

2020). This approach facilitates sustainable development in disease and pest control of

horticultural crops while ensuring food safety as well as maintaining crop yield and quality.

The published articles cover three main areas: target detection, variable-rate automated

spraying systems, and autonomous trajectory planning and navigation. The primary goal of

this Research Topic is to comprehensively study novel technologies for applying chemicals

in horticultural crop cultivation. This focused examination will facilitate the exploration of

innovative theories, advancements in technological solutions, and optimization of chemical

applications for effective pest control, disease prevention, and weed management in

horticultural crops.
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Target detection

The precision targeting technology is essential for

implementing precise variable-rate spraying. Before applying

variable-rate spraying, agricultural machinery needs to accurately

detect and acquire the target or application area, and then execute

automatic spraying based on the severity of pests and diseases (Li et

al., 2017). The essence of precision targeting technology lies in

target detection. Currently, various methods such as infrared,

ultrasonic, lidar, machine vision, spectral imaging, and multi-

sensor fusion are employed for detecting targets (Partel et al., 2021).

Qiu et al. proposed a citrus disease classification model that

incorporates data diversity, knowledge assistance, and modal

fusion. The study utilized leaves from healthy plants as well as

plants infected with 10 prevalent diseases to construct three datasets

with white, natural, and mixed backgrounds. This approach aimed

to enhance the adaptability of the model in real-world scenarios.

Visual features of the leaves were extracted using convolutional

networks of varying depths (VGG16, ResNet50, MobileNetV2, and

ShuffleNetV2). Additionally, TextCNN and fastText were employed

to extract textual features and semantic relationships. By integrating

image and text information synergistically, a joint learning model

for citrus disease features was developed. The results demonstrated

that ShuffleNetV2 + TextCNN achieved an impressive classification

accuracy of 98.33% on the mixed dataset – an improvement of

9.78% over single-image models and 21.11% over single-text models

respectively. Furthermore, this model exhibited faster convergence

rate, superior classification balance, and enhanced generalization

capability compared to other methods available in literature; thus,

providing a more reliable basis for decision-making regarding

precise application of biological and chemical control strategies in

citrus production.The dataset created by Lyu et al. consists of

images capturing citrus psyllids in their natural habitats, and they

proposed a lightweight detection model based on spatial channel

interaction. Experimental results demonstrated that the YOLO-SCL

model exhibits excellent accuracy in detecting citrus psyllids.

Compared to the conventional YOLOv5s model, the YOLO-SCL

model achieved a mAP@0.5 of 97.07% for citrus psyllids, surpassing

the performance of the conventional YOLOv5s model by 1.18%.

Furthermore, the number of parameters and computational

requirements of the YOLO-SCL model are reduced by 14.25%

and 2.52%, respectively, compared to those of the conventional

YOLOv5s model. Additionally, through optimization using the

black widow algorithm for hyperparameters, the mAP@0.5 score

for citrus psyllid detection with the YOLO-SCL model improved to

97.18%, making it more suitable for detecting these pests in

natural environments.
Variable-rate automated
spraying systems

The variable-rate automated spraying technology for pesticides

plays a vital role in achieving accurate pesticide application by

gathering data on factors including pest severity, crop canopy
Frontiers in Plant Science 026
morphology and density (Tumbo et al, 2007). This information is

then integrated with operational parameters such as position, speed,

and spray pressure to precisely target crops.

Xue et al. designed a variable spraying control system. The

system employed a Kinect sensor to real-time detect the canopy

volume of citrus trees and adjusted the duty cycle of solenoid valves

by pulse width modulation to control the pesticide application. The

experimental results indicated that the variable spraying control

system demonstrated good consistency between the theoretical

spray volume and the actual spray volume. Compared to

constant-rate spraying, the droplets under the variable-rate mode

based on canopy volume exhibited higher deposition density

achieving the goal of reducing pesticide use with a maximum

pesticide saving rate of 57.14%.
Autonomous trajectory planning
and navigation

The autonomous navigation of agricultural machinery relies on

machine vision, lidar, and satellite positioning techniques. Machine

vision extracts reference data from ground oblique views and aerial

global views. Lidar technology establishes the operational

environment through SLAM methods. Satellite positioning

transmits geographic information to enable navigation via

wireless data transmission.

Traditional navigation methods based on GNSS and 2D LlDAR

is unreliable in complex scenarios with little sensory information

due to tree canopy occlusion. Xia et al. proposes a 3D LiDAR-based

navigation method for trellis orchards. Using 3D LiDAR with a 3D

SLAM algorithm, orchard point cloud information was collected

and filtered using the PCL (point cloud library) to extract trellis

point clouds as matching targets. In terms of positioning, the real-

time position was determined through a reliable method of fusing

multiple sensors for positioning, which involves transforming the

RTK information into the initial position and doing a normal

distribution transformation between the current frame point

cloud and the scaffold reference point cloud to match the point

cloud position. For path planning, the required vector map was

manually planned in the orchard point cloud to specify the path of

the roadway, and finally, navigation was achieved through pure

path tracking. Field tests showed that the accuracy of the NDT

SLAM method reached 5 cm in each rank with a coefficient of

variation less than 2%. Additionally, the navigation system had a

high positioning heading accuracy with a deviation within 1° and a

standard deviation of less than 0.6° when moving along the path

point cloud at a speed of 1.0 m/s in a Y-trellis pear orchard. The

lateral positioning deviation was also controlled within 5 cm with a

standard deviation of less than 2 cm. This navigation system has a

high level of accuracy and can be customized to specific tasks,

making it widely applicable in trellis orchards with autonomous

navigation pesticide sprayers.

To address the issue of low-density canopy in greenhouse crops

affecting the robustness and accuracy of simultaneous localization

and mapping (SLAM) algorithms, Tan et al. proposed a map
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construction and localization method based on spatial down

sampling with multiline LiDAR using the Cartographer

framework. Focusing on suspended tomato plants grown in

greenhouses as the research subject, an adaptive filtering point

cloud projection (AF-PCP) SLAM algorithm was developed. The

results demonstrated that compared to the Cartographer algorithm,

the AF-PCP SLAM algorithm increased the average mapping area

of crop rows by 155.7%. The mean error and coefficient of variation

for crop row length were 0.019 m and 0.217%, respectively.

Additionally, the average maximum void length was measured at

0.124m while the average relative localization errors at speeds of 0.2

m/s, 0.4 m/s, and 0.6 m/s were found to be 0.026 m, 0.029 m, and

0.046 m respectively; all with standard deviations less than or equal

to 0.06 m. The proposed algorithm reduced average localization

error by approximately79 .9% when compared to track deduction

algorithms. Thus, it can be concluded that even in low-density

canopy environments within greenhouses, the AF-PCP SLAM

algorithm is capable of precisely mapping and localizing robots.
Conclusion

The innovative advancement of chemical application technology

for horticultural crops has resulted in reduced pesticide usage,

improved operational efficiency, cost reduction, and risk mitigation

associated with plant protection operations. We believe that this

Research Topic will be a valuable resource for readers seeking to

understand the latest advancements in chemical application technology

for horticultural crops and their practical implications on

precise spraying.
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Traditional agricultural production requires numerous human and material

resources; however, agricultural production efficiency is low. The successful

development of plant protection unmanned aerial vehicles (UAVs) has changed

the operation mode of traditional agricultural production, saving human,

material, and financial resources and significantly improving production

efficiency. To summarize the process of improving the productivity of plant

protection UAVs, this study established a productivity calculation model of UAVs

based on the time composition of the UAV agricultural plant protection process,

including spraying, turning, replenishment, and transfer times. The time required

for the unmanned aircraft application process was counted through years of

tracking the application process of eight different plant protection unmanned

aircraft. Plot lengths of 100, 300, 500, 700, 1,000, 1,500, 2,000, 2,500, 3,000, and

3,500 m were established to calculate the theoretical productivity. The results

showed that the productivity of different types of plant protection UAVs

increased with an increase in plot length in the range of 100 to 1,500 m;

however, when the plot length reached a certain value, the productivity

growth rate slowed down or even decreased slightly. Simultaneously, based on

the working area per 10,000 mu, the recommended plot length and the number

of configured models for different models were recommended. If the plant

protection UAV was distinguished by electric and oil power, the time utilization

rate of electric plant protection UAVs was 72.7%, and the labor productivity was

56.4 mu/person·h. In contrast, the time utilization rate of the heavy load oil-

powered plant protection unmanned aircraft was 86%, and the labor productivity

was 63.5 mu/person ·h. This study can support plant protection UAV enterprises

to optimize equipment efficiency, provide evaluation methods for the operation

efficiency assessment of plant protection UAVs, provide a reference for the

selection of plant protection UAVs, and provide a basis for field planning.
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1 Introduction

The plant protection unmanned aerial vehicle (UAV) has

several advantages compared with the ground boom sprayer,

which include high operation efficiency, strong ability to handle

emergencies, low operating cost, and labor intensity (Lou et al.,

2017). Specifically, it solves the difficult problem of ground

equipment and manual work in the late stage of crop growth.

Furthermore, with the further implementation of China’s land

transfer policy, the scale of agricultural production has continued

to expand (Xue and Lan, 2013; Feng and Yang, 2014), the cost of

rural labor has continued to rise, and the demand for unmanned

aerial vehicle application in agricultural plant protection

has become increasingly strong (Kirk, 2003). Therefore, technical

research, equipment development, and operation mode formulation

of plant protection UAV spraying operations have become the

research hotspots of scientific research units, enterprises, and

promotion departments in plant protection machinery.

Recently, studies have reported considerable innovations in

improving the quality and efficiency of plant protection

unmanned aerial vehicle operations from spraying operation

parameter matching, equipment performance optimization, and

operation path planning (Zhang et al., 2021). Several studies have

been conducted on the application of plant protection UAVs, such

as operating speed (Kirk et al., 2001; Qin et al., 2014), spray volume

and height (Lan et al., 2010), spray width (Zhu et al., 2019), droplet

size (Qiu et al., 2013), natural wind speed (Chen et al., 2017a), and

airflow field (Carlton, 1999; Chen et al., 2017b), on the influence of

droplet deposition, establishing an advanced and specific spraying

operation parameter model and its evaluation method (Zhang et al.,

2015; Wang et al., 2016a).

Productivity improvement studies mainly focused on the path

planning of pesticide application (Wang et al., 2016b), such as the

accuracy and control of the route of plant protection unmanned

aircraft based on the farmland environment (Ru et al., 2012; Yang

et al., 2017), the development of an efficient matching algorithm for

plant protection unmanned aircraft operations (Xu et al., 2017), the

deployment and decision-making of the UAV flying defense team

(Cao et al., 2019), and the monitoring technology of the pesticide

application state of the plant protection unmanned aircraft (Xu

et al., 2017; Yang et al., 2019).

Current studies mainly focus on improving the operation

quality of plant protection UAVs and the reliability of spraying

equipment, which provides much technical support for

popularizing and applying plant protection UAVs. The

productivity of plant protection UAVs is very important for

farmland size planning and equipment configuration for intensive

production; however, there are no relevant studies. Therefore, this

study collected production data of plant protection UAVs from

2016 to 2020 to summarize the method of enhancing their

production process. Furthermore, the study proposes the

appropriate plot length and configuration quantity for each model

under stable labor productivity, providing data support for applying

plant protection UAVs.
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2 Material and methods

2.1 Technical index of productivity

The technical indicators of plant protection unmanned aerial

vehicle spraying operation productivity include hourly working

time productivity, net spraying hourly productivity, shift time

utilization, and labor productivity. Equations 1–4 (Qiao et al.,

2016) are as follows:

Wb =
U
TT

(1)

Ws =
U
Tz

(2)

t = Tz
TT

· 100% (3)

Gj =
Wb
Aj

(4)

whereWb is the actual hourly productivity, mu/h;U is the actual

working area, mu; TT is the flight time, h; WS is the hourly

productivity of net spraying, mu/h; TZ is the net spraying time, h;

t is the time utilization, %; Gj is labor productivity, mu/person·h;

and Aj is the number of crew members, people.
2.2 Job productivity model

2.2.1 Model basis
The productivity of plant protection unmanned aircraft was

acquired according to GB/5667-2008 (Standardization

Administration of China, 2008):

W = 0:36B · v · t (5)

where W is the productivity, mu/h; B is the spraying amplitude

of plant protection unmanned aircraft, m; v is the application speed,

m/s; and t is the time utilization rate, the ratio between the net

application time and the total time during the application duration

of plant protection UAV. Plant protection UAV pesticide

application requires frequent take-off and landing, and the time

utilization model is shown in Equation 6.

t = o​Tzi

o​TTi
(6)

where Tzi is the net spraying time when spraying the ith tank of spray

liquid, s, andTTi is the total time for spraying the ith tank of spray liquid, s.

2.2.2 Total operation time model
The reliability of the plant protection UAV is not part of the

content of this test, the scale of the test is large, and communication

and coordination will cause time delays. Therefore, the total time of

this test is the sum of the time of each operation sortie statistical

spraying task. The spraying operation of the plant protection UAV

includes preparation before the first operation (assembly,

maintenance, and debugging), supply (maintenance, dosing,
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refueling, or battery replacement), attitude adjustment before the

operation (stabilizing the rotor speed and entering the flight

trajectory), spraying, U-turn (acceleration and deceleration and

U-turn), return and flameout (empty travel and rotor stop), and

supply point transfer and other links. The total time model of its

work is shown in Equation 7:

TTi = Tfp +o​(Tsi + Tami + Tai + Tri + Ttoi + Tsui) (7)

where Tfp is the preparation time before the first operation, s; Tsi
is the total refill time at the ith tank of solution, s, including refilling,

refueling, battery replacement, maintenance, and other time; Tami is

the adjustment time before the application operation at the ith tank of

liquid, s, time from ignition to when spraying begins; Taiis the net

spray time when the ith tank is sprayed, s; Tri is the turnaround time

when the ith tank of medicine, s; Ttoiis the return flameout time at the

ith tank of medicine, s, from the end of spraying until the rotor stops

rotating; and Tsuiis the transfer time of the ith resupply point, s.

Research on the time composition and representation of plant

protection unmanned aircraft production operations aims to

improve the basic theory of production performance and testing

methods, summarize the production performance testing methods

of agricultural machinery, construct an unmanned aircraft

production efficiency model, and propose processing solutions to

improve the production performance of different unmanned

aircraft platforms in response to their production data.
2.2.3 Replenishment time calculation model
The net spraying time is mainly affected by the maximum travel,

replenishment times, and time the plant protection unmanned

aircraft can operate with a full tank of spray liquid. Among them,

the maximum stroke that can be operated with a full tank of spray

liquid is related to the capacity of the tank, the operating speed, and

the total flow of the nozzle. The model calculation is shown in

Equation 8:

Lmax =
60Q·v
q (8)

where Lmax is the maximum stroke that can be operated with a

full tank of liquid, m; Q is the (maximum) spray liquid loading

capacity, L; and q is the total flow rate of the nozzle, L/min. The

flight path is planned with the fewest supply points and the fewest

number of U-turns during spraying operations. For example,

suppose the length of the plot is L, and the width of the plot is Bf;

the number of operational trips of the plant protection UAVs to

complete the application of a field is the ratio of the width of the

field to the width of the spray operation, and combined, thus, the

calculation is shown in Equation 9:

Nx = ½ BBf
� (9)

where B is the spraying working width, m; Bf is the width of the

plot, m; and Nx is the number of operating strokes. The width of the

plot should be designed as much as possible to be double the spray

width of the plant protection unmanned aircraft to ensure that the
Frontiers in Plant Science 0310
spraying operation does not occur with heavy and missing spraying

and spreading of empty strokes.

1) When  Lmax ≤ 2L , the replenishment points are

Nb =
2L
Lmax

� �
(10)

The number of refills is Ns = Nb · ½Nx
2 � + ½Nx ½2L−(Nb−1)Lmax �

2Lmax
� :

2) When  Lmax > 2L , only one resupply point is set up on one

side of the ground.

The number of refills is

Ns = ½ Nx

½Lmax
2L �� (11)
2.2.4 Productivity calculation model
To obtain the productivity model Equation 12 of plant

protection unmanned aerial vehicle spraying operation, substitute

Equations 6–11 into Equation 5:

W = 0:36Bv o
Na
i=1Tai

Tfp+o
Na
i=1(Tsi+Tami+Tai+Ttoi)+o

Ns
i=1Tri+o

Nb
i=1Tsui

(12)

where Nsis the number of refills, Nam is the number of

adjustments before application operations, Nto is the number of

returns and flameouts and Na is the number of spraying operations

frame. Ns = Nam = Nto = Na.The number of turns is Nr = Nb(Nx − 1).

Test statistics determine each time item in the formula, and the time

data of each model are shown in Table 1.
2.3 Plant protection UAV

A total of eight types of plant protection unmanned aircraft

with different power, atomization methods, and the number of

rotors were selected for this test. As shown in Figure 1. The power

included electric and oil power, and the rotors included single, four,

six, and eight rotors. The weight was 8–30 kg. The basic parameters

of the test plant protection UAVs are shown in Table 2.
2.4 Test conditions and methods

Eight adjacent plots were selected for allocation to each plant

protection UAV, each 730 m in length, with CE20, P20, 4DE1000,

HY-B-16L, MG-1S, LF-D10, 3WQF120-12, and AT-30 operating

plots of 60.3, 51.7, 21.5, 21.5, 21.1, 19.1, 41.8, and 52.8

mu, respectively.

Based on continuous tracking of plant protection unmanned

aircraft productivity tests for many years, Excel 2010 software was

used to process data and draw curves, among which the key

replenishment point calculation condition statement function was

as follows:

IF(Nb = 1,CEILING(20/CEILING(Lmax/(2 * L),1),1),((Nb − 1) *

10 + CEILING(20 *(2 * L − (Nb − 1) * Lmax)/(2 * Lmax),1))).
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The test crews were professionals from each plant protection

unmanned aircraft company, and each crew developed his/her

operation plan according to the characteristics of his/her

unmanned aircraft. In addition, each crew had a researcher

responsible for recording the total effective operation time, the

net spraying time, and the time consumption of each time item.
2.5 Data acquisition and recording

The total time consumption and net spraying time of the three

plant protection operations were recorded and averaged as shown

in Table 3. In addition, the technical indicators such as time

utilization, hourly productivity, net spraying hourly productivity,

and labor productivity were calculated according to Equations 1–4,

respectively, according to the number of crew members and the
Frontiers in Plant Science 0411
actual operating area of each model. The calculation results are

shown in Table 3.

The productivity test was conducted together with the efficacy test to

facilitate the organization of the test. A fixed operating area was arranged

for different units. So that the normal application operations are not

affected, each operational sortie was used as a statistical unit to track and

test various time items occurring during application operations of

different models and to record the time consumed by each time item.

Therefore, the data in Table 1 are a combination of years of test data for

each time itemwith abnormal data exclusion, and the average of the time

items of all sorties during the operation period is the test result, as shown

in Table 1. The transfer time of the resupply point was set to 20 min

because the crews of different types of plant protection UAVs were

configured by the ability of one crew to complete the transfer at one time,

and the article was calculated according to the transfer length of 600 m

and the weight walking speed of 0.5 m/s.
TABLE 1 1 Time composition test data for each unit.

Model
Preparation time
before application

Tfp/s

Replenishment
time
Ts/s

Adjust time before
spraying operation

Tam/s

Net
spray
time
Ta/s

Turnaround
time
Tr/s

Return,
turn off
time
Tto/s

Supply point
transfer time

Tsu/s

CE20 325 256 40 750 3 36 1,200

P20 350 345 30 600 2 32 1,200

AT-30 900 240 105 1,500 10 75 1,200

4DE1000 185 305 45 460 6.5 25 1,200

MG-1S 450 350 10 400 2 20 1,200

HY-B-16L 250 305 30 400 6 45 1,200

3WQF120-
12

358 180 42 500 3 51 1,200

LF-D10 485 285 31 250 3.8 30 1,200
FIGURE 1

The UAVs used in testing. Note: the P20 is installed with four nozzles, but only two nozzles spray at a time. UAVs, unmanned aerial vehicles.
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3 Results and discussion

3.1 Comparative analysis of technical
indicators of productivity of
different models

As observed from Equation 2, the net spraying hourly

productivity of plant protection UAVs is an important indicator

of the inherent performance of plant protection unmanned aircraft,

including spraying width, operating speed, and tank capacity. The

actual hourly productivity of the impact indicators, in addition to

the inherent performance of the equipment and time utilization, is

also a key factor affecting the hourly productivity.

The test results in Table 3 completely verified the law, such as the

AT30 plant protection UAV with a tank capacity of 30 L, a spraying
Frontiers in Plant Science 0512
width of 8 m, and an operating speed of 5 m/s. Therefore, the net

spraying time of this model was the highest among all models, reaching

117.3 mu/h. In contrast, the LF-D10 plant protection UAV has a tank

capacity of 10 L, a spraying width of 4m, and an operating speed of 4m/

s; thus, the net spraying time of this model was the lowest among all

models, only 42.4 mu/h. However, the complexity of the operations and

the level of organizational proficiency of the different models lead to

significant differences in time utilization, ranging from a minimum of

20% to a maximum of 45%, which was affected by time utilization

AT30’s actual hourly productivity of 26.4 mu/h, which was lower than

CE20’s actual hourly productivity of 30.15 mu/h. Furthermore, the labor

productivity calculation model Equation 4 shows that the labor

productivity is related to the actual hourly productivity and unit

configuration labor; therefore, the labor productivity of P20 with a 2-

labor unit configuration can reach up to 13.6 mu/person·h. In contrast,
TABLE 3 Productivity technical indicators of different types of plant protection UAVs.

Technical indicators CE20 P20 4DE1000 HY-B-16L MG-1S LF-D10 3WQF120-12 AT-30

Working area/mu 60.300 51.700 21.500 21.500 21.100 19.100 41.800 52.800

Total time/h 2.000 1.900 1.030 0.880 1.100 1.100 2.500 2.000

Number of crew members/person 3 2 2 3 2 2 3 4

Net spray time/h 0.9 0.85 0.34 0.36 0.4 0.45 0.5 0.45

Time utilization/% 45 44.7 33 40.9 36.4 40.9 20 22.5

Actual hourly productivity, mu/h 30.150 27.211 20.874 24.432 19.182 17.364 16.720 26.400

Net spray hour productivity, mu/h 67.000 60.824 63.235 59.722 52.750 42.444 83.600 117.333

Labor productivity, mu/person·h 10.050 13.605 10.437 8.144 9.591 8.682 5.573 6.600
front
UAVs, unmanned aerial vehicles.
TABLE 2 Basic parameters of plant protection UAV participating in the test.

Model Power type Sprinkler
type

Number of
nozzles/piece

Nozzle
flow/L/min

Tank
capacity Q/

L

Amplitude/
m

Velocity/
m/s

Single operation
time/min

CE20 Electric single
rotor

Hydraulic
atomization

2 0.8 20 6 5 20

P20 Electric
quadrotor

Centrifugal
atomization

4 (2) 0.4 8 3 4 25

AT-30 Oil powered
single rotor

Hydraulic
atomization

6 0.25 30 8 5 20

4DE1000 Electric
quadrotor

Hydraulic
atomization

4 0.33 10 4.5 6 10

MG-1S Electric octa-
rotor

Hydraulic
atomization

4 0.38 10 4 4 22

HY-B-16L Electric single
rotor

Hydraulic
atomization

5 0.48 16 7 5 33

3WQF120-
12

Oil powered
single rotor

Hydraulic
atomization

2 0.73 12 4 5 25

LF-D10 Electric
hexacopter

Hydraulic
atomization

4 0.6 10 4 4 15
UAVs, unmanned aerial vehicles.
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the actual labor productivity of AT30was only 6.6mu/person·h owing to

the low time utilization and a large amount of labor allocated to the unit.

From the above analysis, the actual operational efficiency of

plant protection unmanned aircraft application is affected by the

inherent performance of the unit as well as closely related to the

reasonable configuration of the unit’s labor force, the level of

organization and coordination of the crew, and the degree of

operational proficiency (time utilization).
3.2 Analysis of the relationship between
theoretical productivity and plot length

From the time consumption data of the plant protection unmanned

aircraft in Table 1, the variation law of crew productivity and plot

conditions can be derived according to the productivity model Equation

12. To study the effect of plot length on the productivity of each plant

protection UAV, the width of the operating plot for each model in the
Frontiers in Plant Science 0613
study was calculated according to 20 operating strokes, and the plot

lengths were calculated from100, 300, 500, 700, 1,000, 1,500, 2,000, 2,500,

3,000, and 3,500 m. Combined with the data in Table 1 using Excel 2010

software to prepare the calculation program, the theoretical productivity

of each model with the plot length variation law is shown in Figure 2.

Analysis of Figure 2 shows that the productivity of different

models of plant protection UAVs increases with plot length on the

100–1,500-m interval, but the increase varies. When the block

length reaches a certain value, the rate of increase in productivity

slows down or even decreases slightly.

To derive the plot lengths corresponding to the maximum

productivity of the different models, the curves in Figure 2 focused

on the 100–1,500-m plot length interval to obtain the optimum plot

lengths for the different models and their corresponding theoretical

productivity, as shown in Table 4. Analysis of the data in Table 4

shows that the theoretical productivity of the plant protection

unmanned aircraft can reach a maximum of 10.1 ha/h. The

theoretical productivity of each model also varies greatly because
TABLE 4 Suitable plot lengths and the number of configurations for each model.

Model Plot length/m Theoretical productivity
ha/h Configuration quantity/rack˙10,000 mu−1

CE20 1,000–1,500 6.5 4

P20 700–1,000 2.2 9

AT-30 2,000–2,500 10.1 3

4DE1000 700–1,000 4.58 5

MG-1S 500–700 2.43 8

HY-B-16L 700–1,000 5.9 4

3WQF120-12 700–1,000 3.8 6

LF-D10 300–500 2.11 10
FIGURE 2

Curves of theoretical productivities at different plot lengths.
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the theoretical productivity is related to the time of each statistical

item in Table 1 and is more affected by key parameters such as

spraying width, operating speed, and the tank capacity of the plant

protection unmanned aircraft. However, theoretical productivity does

not consider the differences in organizational coordination, staffing,

and requirements of each model, and these parameters are important

indicators of time utilization and labor productivity.

According to the operating area of 10,000 mu, the effective

period of each pest control is calculated by 5 days, and each unit

works 8 h/day; combined with the maintenance requirements of

each model, Table 4 recommends the number of plant protection

unmanned aircraft required for the operating area of 10,000 mu for

different models.
3.3 Labor productivity improvement

From the model Equation 5, the productivity of plant protection

UAVs is related to the spraying width, operating speed, and time

utilization; the optimal spraying width and operating speed are

determined for a specific plant protection UAV type to improve

productivity only by the time utilization of the application

operation. Model Equation 4 reveals that labor productivity is

related to productivity and has an important relationship with the

number of units configured; therefore, reducing the number of units

is the most direct way to improve labor productivity.

As observed in Figure 3, with the advancement of the battery

technology of electric UAVs and the reliability of oil-powered

plant protection UAVs, the time utilization rate of electric plant

protection UAVs increased from 43% in 2016 to 72.7% in 2020,

and the labor productivity increased from 4.85 mu/person·h in

2016 to 56.4 mu/person·h in 2020. In contrast, the time utilization

rate of oil-powered aircraft increased from 17.8% in 2016 to 86%

in 2020, and labor productivity increased from 4.55 mu/person·h

in 2016 to 63.5 mu/person·h in 2020. The reason for this is the
Frontiers in Plant Science 0714
high failure rate of the early oil-powered plant protection

unmanned aircraft. The complex take-off and landing process

leads to low efficiency, and with the reliability of the aircraft to

improve the equipment control, and autonomous improvement,

efficiency greatly improved.
4 Conclusion
1) This study determined the time composition of plant

protection UAV application operations and established a

mathematical model of the variation pattern of operational

productivity and plot length.

2) The actual operational efficiency of plant protection UAV

application is affected by the inherent performance of the

crew and is closely related to the reasonable configuration

of the crew’s labor force, the level of organization and

coordination of the crew, and the degree of operational

proficiency (time utilization).

3) The optimal plot lengths of different types of plant protection

UAVs and their corresponding theoretical productivity were

obtained, and the number of UAVs required for each 10,000

mu of operating area was recommended.

4) As battery technology for electric UAVs and the reliability of

oil-powered plant protection UAVs progressed, the time

utilization of electric and oil-powered plant protection

UAVs increased from 2016 to 2020.
The study conclusions obtained can support plant protection

UAV enterprises to optimize equipment efficiency, provide

evaluation methods for the operational efficiency assessment of

plant protection UAVs, provide a reference for the selection of plant

protection UAVs, and provide a basis for field planning.
FIGURE 3

Production efficiency improvement.
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studies on the oil-based
emulsion spray
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1School of Agricultural Engineering, Jiangsu University, Zhenjiang, China, 2School of Energy and
Power Engineering, Jiangsu University, Zhenjiang, China
Oil-based emulsion is a common herbicide formulation in agricultural spray, and

its atomization mechanism is different from that of water spray. In this paper, a

theoretical model based on the characteristics of spray sheets was proposed to

predict the spray droplet size for oil-based emulsion spray. An image processing

method was used to measure droplet size distributions for different spray

pressures and nozzle configurations, and the measured results were used to

validate the theoretical model. The results show that oil-based emulsion spray is

characterized by the web structure constituted by perforations. The liquid

originally occupied by spray sheets eventually gathers in these web structures.

The proposed theoretical model is based on the size of the nozzle exit, the angle

of spray sheets, and the perforation number in the web structure, which are

relatively easy to obtain. The theoretical droplet size is in inverse proportion to

the square root of the perforation number in the web structure while in

proportion to the square root of the area of the nozzle exit. The captured

images of spray sheets and the measured droplet size distribution show

consistency with the theoretical prediction. The difference between theoretical

results and measured volumetric median diameter is less than 10% for different

spray pressures and nozzles.

KEYWORDS

oil-based emulsion spray, theoretical model, sheet structure, image processing,
nozzle configuration
1 Introduction

The flat-fan spray is a commonly used method to deliver agricultural chemicals and

control weeds in agricultural production (Kalsing et al., 2018; Qin et al., 2021; Gong et al.,

2022). The spray characteristics of the flat-fan nozzle have been widely studied; however,

most of them are focused on experimental measurement of droplet characteristics (Ellis

et al., 2021; Perine et al., 2021; Szarka et al., 2021). Theoretical research for the flat-fan

spray, especially as agricultural chemicals are used, is limited.

Different from the cylindrical liquid jet, the fat-fan spray has a complex geometry that

makes it difficult to find simplified assumptions (Lefebvre, 1989). Nonetheless, there have

been some attempts to establish a theoretical model to describe the atomization process and
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forecast the droplet size of the flat-fan spray (Kashani et al., 2018;

Asgarian et al., 2020). For water spray, the most common

theoretical model is termed the “wave model”, which was first

proposed by Fraser et al. (1962). This model has been widely studied

and improved until recent years (Kooij et al., 2018; Post and Hewitt,

2018). The wave model has featured a wave-like structure, which is

supposed to be caused by the velocity difference between gas and

liquid at the interface (Shao et al., 2018). These wave-like structures

are amplified by the Rayleigh–Taylor destabilization, and it

introduces the thickness modulations of a liquid sheet (Kooij

et al., 2018). It eventually leads to the breakup of the liquid sheet

as the local thickness is thin enough. For water spray, the wave

model is validated by good prediction of the droplet size (Post and

Hewitt, 2018). However, the wave model may be not suitable, as

agricultural chemicals are used. Many works indicated that the

droplet characteristics of oil-based emulsion spray are significantly

different from those of water spray even when the percentage of

active ingredients of the chemical in the spraying liquid is only 0.1%

(Lin et al., 2016; Carvalho et al., 2017).

Oil-based emulsion is a common herbicide formulation that has

an obviously different atomization process from that associated

with water spray (Gong et al., 2020; Gong et al., 2021). In general,

the perforations in the liquid sheet are supposed to be the feature

structure of an oil-based emulsion spray (Hilz, 2013; Vernay, 2015).

It is argued that the generation of perforation has a close

relationship with the characteristics of oil droplets in the oil-

based emulsion solution (Hilz et al., 2012; Cryer and Altieri,

2017; Cryer et al., 2021). Once perforations are generated, they

will expand due to the surface tension (Vernay et al., 2017). With

the development of the perforations, they will eventually meet each

other, and their borders will coalesce into ligaments (Li et al., 2021).

The perforations are supposed to cause an early breakup of the

liquid sheet; therefore, oil-based emulsions have larger droplet sizes

compared with those of water spray (Carvalho et al., 2017; Alves

et al., 2018). Meanwhile, perforations in the spray sheets can

balance the pressure difference between the two sides of the liquid

sheet; therefore, the amplitude of wave-like structures is suppressed

(Gong et al., 2020). As a result, less loss of kinetic energy is caused

by the flapping of the spray sheet, and spray droplets have higher

velocity when compared with water spray (Cloeter et al., 2010; Hilz

and Vermeer, 2013). Based on the review above, it can be concluded

that oil-based emulsion spray has an obviously different
Frontiers in Plant Science 0217
atomization process and feature structure from those of water

spray. Research related to oil-based emulsion spray is limited; as

far as we know, only Altieri and their colleagues have made some

attempts to establish a theoretical model to describe the atomization

process (Altieri et al., 2014; Altieri and Cryer, 2018). Their models

are based on the development of perforations; therefore, the

position and diameter of the primary perforations are of vital

importance. However, as indicated by Altieri and Cryer (2018),

these parameters are difficult to obtain since the mechanism of

perforation nucleation is unknown. Undoubtedly, these works

provide inspiration for further research.

In this paper, a theoretical model based on web structure was

proposed to predict the droplet size of an oil-based emulsion spray.

The number of perforations in the web structure and spray droplet

sizes of the primary breakup were measured based on image

processing methods. The theoretical and experimental results

were compared and discussed for different spray pressures and

nozzle configurations.
2 Materials and methods

2.1 Capture of spray sheet

The physical information of spray sheets is the foundation of a

theoretical model. Therefore, as shown in Figure 1A, an

experimental system was built to capture the liquid sheet of oil-

based emulsion spray. The oil-based emulsion solutions were

prepared and stored in the pressure vessel and pressured by an

air compressor. The oil-in-water emulsion solution was prepared

with water and commercial butachlor (Jiangsu Lvlilai Co., Kunshan,

Jiangsu, China). The main composition is as follows: 60% w/w

butachlor, 15% w/w cyclohexanone (dissolvant), 9% w/w

styrylphenyl polyoxyethylene ether (emulsifiers), and 6% w/w

sodium alkylbenzene sulfonate (emulsifiers). The volumetric

concentration of the commercial butachlor in the solution is

0.1%. The size distribution of oil droplets in an oil-based

emulsion solution was measured using the Malvern particle size

analyzer (type: Zetasizer Nano ZS90), and the result is shown in

Figure 2. A pressure valve (SMC AR-3000, SMC China Co., China;

accuracy of 0.02 MPa) was used to regulate the spray pressure.

Three spray pressures, namely, 0.1, 0.3, and 0.5 MPa, were selected
BA

FIGURE 1

(A) Schematic view of experimental apparatus. (B) Nozzle image and enlarged image of nozzle exit.
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in the experiments. After the pressurized liquid passes through the

nozzle, a spray is produced. Three standard flat-fan nozzles, ST-

110-01, ST-110-03, and ST-110-05 (Lechler Inc., Germany), were

used in the experiments. As shown in Figure 1B, the long diameter

(NL) and shorter diameter (Ns) If the discharge orifice of the nozzles

were measured using a microscope (VHX-900F, Keyence Co.,

Japan) with a magnification factor of 50, and the measured results

are listed in Table 1.

The spray sheets and droplets were captured using an Olympus

i-Speed TR high-speed camera and a macro lens (Tokina Macro 100

F 2.8 D, Olympus Co., Japan). A backlit-imaging arrangement was

adopted, and a diffuser was mounted between the light source and

the spray sheets to ensure a uniform light distribution over the

monitored plane. The exposure time of the camera was set to 2.16

ms, and the frame rate was set to 2,000 fps (frame per second). The

resolution of the captured images was 1,280 × 1,024 pixels.
2.2 Measurement of spray sheet

A typical image of the sheet structure of an oil-based emulsion

spray is presented in Figure 3. After the spray liquid leaves the

nozzle exit, it first forms a flat-fan sheet, and then perforations are

generated in the sheet. With the development of perforations, they

contact each other and form a web-like structure. Eventually, these

web structures break up into ligaments and droplets.

An image processing method was proposed to measure the

perforation number in web structures. Images are constructed based
Frontiers in Plant Science 0318
on digital information representing image intensities. The digital

information essentially reflects the morphological characteristics of

the flow structures. In the spray image, the image intensities of the

liquid and the background air are different. Based on this principle,

the edges of web structures and air can be identified by processing

the image intensities. As indicated in Figure 4A, at the radial

distance where the web structure is located, a red line is plotted

along the circular arc. The image intensities of the pixels on this red

line were measured through a commercial image analysis code

Image Pro Plus, and the results are plotted in Figure 4B. Due to

reflection and refraction, the pixels of the liquid show low image

intensities relative to those of the air. Therefore, as indicated in

Figure 4, once the red line passes through an edge of the web

structure, there will be a trough of wave on the curve of image

intensity. Based on the commercial code MATLAB (Cai, 2020), a

digital signal processing method was designed to count the number

of wave troughs; therefore, perforation numbers in web structure

can be obtained. Under the same experimental condition, 20 images

were processed. The average result obtained based on these 20

images was obtained to determine the perforation number.
2.3 Measurement of droplet size

Light transmittance of the oil-based emulsion solution is

different from that of water; therefore, the droplet size

measurement based on light diffusion or refraction may cause

errors (Sijs et al., 2021). Here, we measure droplet sizes based on

image processing. In order to measure the primary diameter of the

spray droplet, the position of the sampling window is set as close as

possible to the breakup position of the spray sheet. The size of the

sampling window is 10 × 10 mm. A typical raw image within a

sampling window is shown in Figure 5(1); spray droplets distribute

in different depths of the field. The droplets that are not on the focal

plane (indicated with blue arrows) should be filtered. In order to

remove those noises, the initial raw image was enhanced using the

Retinex algorithm, and then the Otsu algorithm was selected to

determine the image intensity threshold and achieve a binarization

image. After that, the binarization image was reversed, then the

noise was filtered, and the image was padded. Eventually, the pre-

processed image of spray droplets was obtained (Figure 5(6)). The

boundary of the spray droplets was detected and extracted using the

Bwlabel function, and then the droplets were measured with the

Regionprops function (Cai, 2020). In order to ensure enough

samples and reduce random error, multiple images of different

times were processed and measured. In this paper, the number of

samples (spray droplets) is more than 5,000 for each

experimental condition.
3 Results and discussion

3.1 Theoretical model

Based on the image of the spray sheets shown in Figure 3, it is

found that the web structures are the final structures prior to the
TABLE 1 Structural parameters of different nozzle exits.

Long diameter
NL/mm

Short diameter
Ns/mm

ST-110-01 1,450 242

ST-110-03 2,449 492

ST-110-05 2,944 695
FIGURE 2

Size distribution of oil droplet in oil-based emulsion solution.
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breakup of the liquid sheet. Therefore, it can be inferred that all the

liquid occupied by the sheet will finally gather at the edges of the

web structures. Furthermore, the diameter of the edges determines

the initial size of ligaments and droplets. We proposed a theoretical

model that is based on web structure to forecast droplet sizes. The

sheet structure is simplified and plotted in Figure 6. The point of

intersection of the sheet edges is defined as the theoretical origin.

The circles are used to represent the perforations, and the web

structure region consists of multiple perforations with different

diameters. The average position of the centers of these circles is

indicated with a red dash curve, as shown in Figure 6.

The original liquid volume of the web structure region is

defined as V1,

V1 = �L  �W �t ; (1)

where �W, �L and �t denote the average width, the average length,

and the average sheet thickness, respectively, of the web

structure region.

Here, the arc length of the red dash curve was used to represent

the average length of the web structure region and is expressed by

the following:
Frontiers in Plant Science 0419
�L  =
pXq
180

; (2)

where X represents the radial distance between the red dash

curve and the theoretical origin. q denotes the angle of the

spray sheet.

The average diameter of the perforations was used to represent

the average width of the web structure region:

�W  =
D1 + D2 … +Dn

N
(3)

where D1, D2… Dn denote the diameters of the perforations. N

denotes the number of perforations.

The perforations are tangent; therefore,

D1 + D2 … +Dn = �L: (4)

The sheet thickness decreases as the sheet moves away from the

nozzle. According to Altieri et al. (2014) and Fraser et al. (1962),

there is a relationship between sheet thickness and radial distance:

t =
k
X
; (5)

where k is the spray parameter. It is related to the nozzle

dimension and spray angle:

k =
NLtn

2sin(q=2)
; (6)

where NL is the long diameter of the nozzle exit and tn is the

sheet thickness at the nozzle exit, which is equal to the short

diameter Ns if the nozzle exit.

Combining Eqs. 1–6 yields

V1 =
pXq
180

 
pXq
180N

NLNS

2Xsin(q=2)
=

p2q2NLNSX
64, 800Nsin(q=2)

; (7)

The liquid volume, V2, in the edges of the web structures is

defined as follows:

V2 = �SLs; (8)
FIGURE 3

Sheet structure of oil-based emulsion spray.
BA

FIGURE 4

Measurement of perforation number in web structure. (A) Red line indicates the positions where image intensities of pixels were measured. (B)
Variation of image intensity.
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where �S denotes the average cross-section area of edges of the

web structure and Ls denotes the total length of edges of the

web structure.

Suppose the edges of the web structure have circular cross

sections:

S = pR2
s ; (9)

where Rs denotes the average radius of circular cross sections.

The total length of the edges of the web structures is equal to

half the total perimeter of the perforations since two perforations

share one edge.
Frontiers in Plant Science 0520
Ls = 0:5p(D1 + D2 … +Dn): (10)

Combining Eqs. 8–10 yields

V2 = pR2
s  0:5p(D1 + D2 … +Dn) = 0:5p2R2

s
pXq
180

: (11)

Assume that all the liquid that was originally contained in the

perforations now resides in the edges of web structures. Based on

mass conservation,

rV1 = r
p2q2NLNSX

64, 800Nsin(q=2)
= r0:5p2R2

s
pXq
180

= rV2; (12)

where r denotes the density of spray liquid.

Based on Eq. 12, the diameter of the edge of the web structure

can be calculated as follows:

Ds = 2Rs = 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qNLNS

180pNsin(q=2)

s
: (13)

The image of the spray sheets indicates that the diameter of the

primary droplets has a similar size to the edge of the web structure.

Therefore, Ds is used to characterize the primary diameter of

spray droplets.
3.2 Comparison with experimental results

From Eq. 13, it can be deduced that the theoretical diameter is

determined by the size of the nozzle exit, the angle of spray sheets,

and the number of perforations in the web structure. These

parameters have a close relationship with nozzle configuration

and spray pressure. Therefore, the theoretical results for different
FIGURE 6

Theoretical schematic view of oil-based emulsion spray.
FIGURE 5

Image processing method.
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spray pressures and nozzle configurations were estimated and

validated through measured results.

First, the effects of the spray pressure are discussed. Three

typical spray sheets obtained at different spray pressures are

presented in Figure 7. For the angle of the spray sheet, it

increases with spray pressure; however, the increasing ratio

decreases. After the spray liquid is ejected from the nozzle, the

liquid sheet expands along a spanwise direction due to the

configuration of the flat-fan nozzle exit. The higher the spray

pressure, the higher the kinetic energy, and the larger the angle of

the spray sheet. Meanwhile, limited by the nozzle configuration, the

increase of the angle of the spray sheets attenuates as it attains a

critical value. For the perforations in the web structure, the number

increases, but the average size decreases with increasing spray

pressure. It is proposed that the vortices and rollup motion may

thus excite the movement of liquid at different positions, causing

the oil droplets in the emulsion to interact with each other, and

larger oil droplets are thereby produced (Gong et al., 2020). Large

oil droplets are more likely to generate perforations (Cryer and

Altieri, 2017); therefore, the number of perforations increases with

spray pressure. Due to the increase in the perforation number,

perforations come into contact much more easily. Consequently,

the development of the perforations will be resisted by adjacent

perforations. Therefore, the average size of the perforations in the

web structure decreases.

Based on the measured angle of the spray sheets and the

number of perforations in the web structure, the theoretical

results are estimated and presented in Table 2. The theoretical

values decrease with the spray pressure. Thin spray sheets and small

perforations are responsible for the decrease in theoretical data. The

liquid at the edges of the web structure is supposed to come from

the liquid, which was originally contained in the perforations
Frontiers in Plant Science 0621
(Fraser et al., 1962). Alternatively, the area of the perforation and

the thickness of local spray sheets where the perforation is located

determine the size of the edges of the web structure. As shown in

Figure 7, the average size of perforations decreases with spray

pressure. Meanwhile, the area of the spray sheets increases with

spray pressure; therefore, the thickness of the spray sheets decreases.

The theoretical data are in accordance with the experimental results.

The spray droplet distributions measured with the developed

image processing method are presented in Figure 8. With the

increase of the spray pressure, the distribution of droplets moves

from a large size zone to a smaller size zone. The volumetric droplet

size metrics DV10, DV50, and DV90 also decrease with spray pressure.

The theoretical results are close to the volumetric median diameter

DV50. The difference between theoretical results and the measured

volumetric median diameters is less than 10% for different spray

pressures. The volumetric median diameter DV50 is commonly used

to characterize the general size of spray droplets in agriculture

(Miranda-Fuentes et al., 2018). It is indicated that the theoretical

model can well predict the droplet size of oil-based emulsion spray

at different spray pressures.

Three typical spray sheets for different nozzle configurations are

presented in Figure 9. The nozzle configuration has a significant

effect on the spray sheet. Typically, for the ST-110-01 nozzle, the

spray sheets break up earlier in both streamwise and spanwise

directions. The spray sheets have no apparent boundary; therefore,

the angle of the spray sheets was estimated based on the trajectory of

spray droplets at the two edges of the spray sheet. Generally, the

angles of the spray sheets discharged from the three nozzles have no

significant difference. However, the area of spray sheets obviously

increases with the size of the nozzle exit. The thickness of the

primary spray sheets is determined by the size of the nozzle exit, and

the spray sheets associated with the ST-110-01 nozzle have a
B CA

FIGURE 7

Spray sheets at different spray pressures. The spray sheets are produced by the ST-110-03 nozzle, and the volumetric concentration of the oil-based
emulsion is 0.1%. (A) P=0.1 MPa (B) P=0.3 MPa (C) P=0.5 MPa.
TABLE 2 Theoretical results at different spray pressures.

Spray
pressure
(P/MPa)

Measured angle of the spray sheets (q) Measured number of perforations (N) Estimated theoretical diameter (Ds/um)

0.1 119.68 ± 1.49 19.6 ± 1.90 237.80

0.3 127.10 ± 2.34 29.7 ± 2.45 195.63

0.5 129.84 ± 1.60 42.6 ± 4.21 164.15
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relatively small thickness. Therefore, the oil droplets in the spray

liquid are much easier to reach the interface of spray sheets (Cryer

and Altieri, 2017). As a result, the perforations are generated at the

positions close to the nozzle exit. Accordingly, the spray sheets

break up earlier, and the area is small. For the perforations in the

web structure, the number increases with the size of the nozzle exit.

A possible reason is that the flow rate increases with the size of the

nozzle exit, more oil droplets are contained in the spray sheets, and

the probability that oil droplets interact with each other and the

formation of larger droplets is high. Large oil droplets are efficient

in terms of causing perforations (Vernay, 2015). Accordingly, the

spray sheets of the ST-110-05 nozzle involve more perforations.

The measured angle of the spray sheet, the number of

perforations in the web structure, and the theoretical results for

different nozzles are presented in Table 3. Theoretical values

increase with the size of the nozzle exit. The diameter of

ligaments is supposed to have a close relationship with the

thickness of spray sheets at the position where the sheet breaks

up. The sheet thickness is in proportion to the area of the nozzle exit

while in inverse proportion to the radial distance (Altieri et al.,

2014). From Figure 9, it can be inferred that the breakup length of

the spray sheets of the ST-110-01 nozzle is about half of that of the

ST-110-03 nozzle and one-third of that of the ST-110-05 nozzle.

However, based on the measured results shown in Table 1, the area

of the nozzle exit of the ST-110-03 nozzle is three times more than

that of the ST-110-01 nozzle, while the area of the nozzle exit of the

ST-110-05 nozzle is nearly six times that of the ST-110-01 nozzle.

Therefore, the ST-110-05 nozzle has a larger theoretical diameter.
Frontiers in Plant Science 0722
Similarly, the spray droplet distributions for different nozzles

are measured and presented in Figure 10. In general, the

experimental results are in accordance with the theoretical

prediction. Furthermore, the theoretical results are close to the

volumetric median diameters. The maximum difference between

theoretical and experimental results is less than 10% for different

nozzles. The difference might be due to the simplification of the

spray structure. The structure of spray sheets varies with time; some

simplifications are needed so as to establish a theoretical model. In

our model, circles are used to represent the perforations, and spray

droplets are assumed to have a spherical shape. In practice,

perforations have complex structures, and some of the spray

droplets are not spherical, and these reasons might bring

some errors.
4 Conclusions

A theoretical model was proposed to predict the droplet size of

oil-based emulsion spray. The droplet size distributions under

different experimental conditions were measured with a

developed image processing method, and the measured results

were used to validate the theoretical model. Major conclusions

drawn from the study are as follows:

1) The web structure constituted by perforations is the typical

structure before the breakup of the liquid sheet of oil-based

emulsion spray. The liquid originally occupying the sheet

eventually gathers at the edges of the web structures. The
B CA

FIGURE 8

Droplet distributions at different spray pressures. V% denotes percentage of volume of droplets of different sizes. CV% denotes cumulative volume of
droplets. (A) 0.1 MPa (B) 0.3 MPa (C) 0.5 MPa.
B CA

FIGURE 9

Spray sheets for different nozzles. The spray pressure is 0.3 MPa, and the volumetric concentration of the oil-based emulsion is 0.1%. (A) ST-110-01
(B) ST-110-03 (C) ST-110-05.
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dimension of the edges of the web structures determines the

primary size of ligaments and droplets produced with the

breakup of the spray sheet.

2) The proposed theoretical model is based on the size of the

nozzle exit, the angle of the spray sheets, and the perforation

number in the web structure. These parameters are relatively

convenient to obtain by measuring the nozzle and the spray

sheet. The theoretical model indicates that the droplet size is in

proportion to the square root of the area of the nozzle exit while in

inverse proportion to the square root of the perforation number in

the web structure.

3) The experimentally captured images of spray sheets for

different spray pressures and nozzles show that the theoretical

results are well consistent with the experimental results under

different experimental conditions. The theoretical results are close

to the volumetric median diameter of the measured results. The

difference between theoretical and experimental results is less than

10% for different spray pressures and nozzles.
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TABLE 3 Theoretical results at different nozzle configurations.

Nozzles Measured angle of the spray sheets (q) Measured number of perforations (N) Estimated theoretical diameter (Ds/um)

ST-110-
01

121.69 ± 1.90 18.9 ± 1.65 135.31

ST-110-
03

127.10 ± 2.34 29.7 ± 2.45 195.63

ST-110-
05

126.25 ± 2.00 38.2 ± 3.02 231.63
B CA

FIGURE 10

Droplet distributions for different nozzles. V% denotes percentage of volume of droplets of different sizes. CV% denotes cumulative volume of
droplets. (A) ST-110-01 (B) ST-110-03 (C) ST-110-05.
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Air-assisted spraying technology is widely used in orchard sprayers to disturb

canopy leaves and force droplets into the plant canopy to reduce droplet drift

and increase spray penetration. A low-flow air-assisted sprayer was developed

based on a self-designed air-assisted nozzle. The effects of the sprayer speed,

spray distance, and nozzle arrangement angle on the deposit coverage, spray

penetration, and deposit distribution were investigated in a vineyard by means of

orthogonal tests. The optimal working conditions for the low-flow air-assisted

sprayer working in the vineyard were determined as a sprayer speed of 0.65m/s, a

spray distance of 0.9m, and a nozzle arrangement angle of 20°. The deposit

coverages of the proximal canopy and intermediate canopy were 23.67% and

14.52%, respectively. The spray penetration was 0.3574. The variation coefficients

of the deposit coverage of the proximal canopy and intermediate canopy, which

indicate the uniformity of the deposition distribution, were 8.56% and

12.33%, respectively.

KEYWORDS

air-assisted, sprayer speed, spray distance, nozzle arrangement angle, deposit
coverage, spray penetration, deposit distribution
1 Introduction

Although great progress has been made in the development of plant protection

machinery, pests and diseases continue to affect vineyards (Wise et al., 2010). The most

effective and economical method of crop protection for pest and disease control in orchards

remains the chemical control method (Gong et al., 2020). Pesticides are widely used in

vineyards, but excessive pesticide spraying can lead to human damage and environmental

pollution (Abd Kharim et al., 2019; Sinha et al., 2020). At the same time, the dense grape

canopy reduces the effectiveness of pesticides to control pests and diseases inside the plant
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(Simone et al., 2016). Therefore, vineyard sprayers have been

selected for air-assisted droplet transport to and penetration of

the canopy (Miranda-Fuentes et al., 2018).

Since the 1950s, axial fan airblast sprayers have been used in

orchard plant protection (Fox et al., 2008). Axial fan airblast

sprayers are widely used because of their strong auxiliary airflow

and long range. With the change in the modern orchard planting

pattern, for use in typical dwarf and semi-dwarf orchards, droplets

of axial fan airblast sprayers are easily dispersed in the air, causing

environmental pollution problems (Blanco et al., 2019). As a result,

tower sprayers are beginning to be used in modern orchards.

Studies have proven that droplet drift is more severe in axial fan

sprayers compared to tower sprayers (Landers et al., 2017).

Different types of sprayers have been developed in order to

improve the effectiveness of the sprayers, such as multi-airway

sprayers (Grella et al., 2020), multi-row sprayers (Pergher and

Zucchiatti, 2018), or individual outlet sprayers (Miranda-Fuentes

et al., 2018). To reduce pesticide use and improve pesticide

deposition on grape leaves, an electrostatic sprayer using an

innovative pneumatic electrostatic sprayer was developed (Simone

and Emanuele, 2015).

During the operation of the orchard sprayer, the working

parameters have a large influence on the deposition of droplets in

the canopy (Sinha et al., 2020). Different liquid flow rates, air flow

rates, forward speed, targeted and wind-oriented airflow

adjustment, target height, and orientation can all affect the

effectiveness of the sprayer (Devanand and Divaker, 2010;

Ryszard et al., 2017; Salcedo et al., 2020). Choosing the right

working conditions for the sprayer can effectively improve the

quality of the sprayer’s operation.

In this paper, a low-flow air-assisted sprayer for vineyards was

designed based on a self-designed air-assisted nozzle to reduce the

amount of pesticide spraying (Dai et al., 2022). In order to improve

the quality of sprayer operation, an orthogonal test on three factors,

namely, sprayer speed, spray distance, and the nozzle arrangement

angle, was designed to determine the optimal working conditions of

the sprayer. The data were also analyzed for the deposit coverage,

spray penetration, and deposit distribution after the orthogonal

tests, and the influence pattern between the three factors and each

index was studied. We hope that the research results will provide

some assistance in future air-assisted sprayer operations

in vineyards.
2 Materials and methods

2.1 Sprayer characteristics

A low-flow air-assisted sprayer was developed as shown in

Figure 1. The length, width, and height of the sprayer are 2.8m,

1.5m, and 2m, respectively. This low-flow air-assisted sprayer

mainly consists of a travel system, an air-assisted system, and a

spraying system. To be suitable for vineyards with soft soil, the

travel system of the sprayer adopts 4WD dune buggy chassis by the

China Jiangsu LINHAI Group, of which the Chassis power is

14.1kW. The air-assisted system mainly includes a Vortex blower
Frontiers in Plant Science 0226
to provide high-pressure airflow, a diesel engine to power the

Vortex blower, ducts to fix the air-assisted nozzle, a splitter to

divide the airflow evenly to both sides of the duct, and flexible ducts

to guide the flow. The power rating of the Vortex blower (YASHIBA

HG810-75CS9, China) is 7.5kW and the diesel engine power

(BEILONG 2V95, China) is 9kW. The spraying system mainly

consists of an electric water pump powered by a 12V battery, a 200L

polyethylene tank, and air-assisted nozzles. The air-assisted nozzle

is a self-designed low-flow nozzle (Dai et al., 2022). When the air

pressure is 0.5bar and the liquid pressure is 0.7bar, the spray angle

of the air-assisted nozzle is 18°, the volume flow rate is 0.21L/min,

and the volume median diameter of the droplet is 35µm. There are 2

rows of air-assisted nozzles on both sides of the sprayer and there

are 8 air-assisted nozzles in each row. The air-assisted nozzles can

be arranged tilted downwards at an angle perpendicular to the duct.

This angle was named the nozzle arrangement angle (Ferguson

et al., 2016). Two linear actuators were used to facilitate the

adjustment of the height of the nozzle and the distance from the

nozzle to the vine canopy.
2.2 Field test site and
canopy characterization

Field tests were conducted to study the effect of the low-flow air-

assisted sprayer and to determine the optimal operating conditions

in the field. Field tests were performed on 11-12th August 2021 in a

research vineyard located in Yuquanying Farm, Ningxia Hui

Autonomous Region, China (38.13° N, 105.96° E). During the

tests, the weather was breezy without rain. The temperature in

the field during the daytime was 20 to 24°C and the relative

humidity was 46 ± 3%. Ten measurements of wind speed were

taken using an anemometer (testo 416, Germany) at five-minute

intervals. The maximum wind speed was 2.2m/s and the average

wind speed was 1.3m/s.

The Merlot vines trained using the spur cordon system and the

row spacing (D0) of the research vineyard were about 3.5m (Otto

et al., 2013). The height of the vine (H0) and canopy (H) was about

2m and 1.8m, respectively, and the thickness of the canopy was
FIGURE 1

The low-flow air-assisted sprayer structure schematic.
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about 0.8 to 1.2m. During the spray test phase, grapes were in the

full leaf stage, and the leaf area index (LAI) was about 3.63. The

model of the plant row volume (PRV) was used to calculate the LAI

of the grape canopy (Sanchez-Hermosilla et al., 2013). Because the

grape canopy thickness varied at each height, the canopy thickness

at 1/6, 1/2, and 5/6 was taken to estimate the PRV in Figure 2A. The

LAI and PRV were calculated as shown below.

LAI = PRV1:25 � 3:5� 10−5 (1)

PRV =
10000H½(A1 + A2) + (M1 +M2) + (B1 + B2)�

3D0
(2)

whereH is the grape canopy height (m), A1 and A2 are the thickness

of the canopy at 1/6 the height (m), B1 and B2 are the thickness of

the canopy at 5/6 the height (m),M1 andM2 are the thickness of the

canopy at 1/2 the height (m), and D is the distance between the

rows (m).
2.3 Field test design

Regarding the sprayer’s spraying operations, the deposit

coverage on the leaves was significantly influenced by the sprayer

speed (v), the nozzle arrangement angle (q) and the spray distance

(D) (Devanand and Divaker, 2010). The sprayer speed (v) is the
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sprayer’s forward speed and three levels of sprayer speed (0.65m/s,

0.9m/s and 1.15m/s) are chosen referring to the speed of orchard

sprayer (Simone et al., 2016). The spray distance (D) is the distance

between the nozzles and grape canopy as shown in Figure 2B, and

the appropriate spray distance levels (0.6m, 0.9m and 1.2m) are

selected based on the wind attenuation performance of the air-

assisted nozzle. The nozzle arrangement angle (q) is the angle at

which the spray nozzles are arranged tilted downwards at an angle

perpendicular to the duct as shown in Figure 2C. Too large nozzle

arrangement angle would increase the spray distance, however, too

small nozzle arrangement angle will be due to errors and other

reasons to make the results insignificant. Therefore, the choice of

nozzle arrangement angle of 0°, 10° and 20°, respectively. To explore

the effect of the sprayer speed, nozzle arrangement angle, and spray

distance on the deposit coverage of spraying operations and find the

optimal combination, orthogonal tests with three factors, each at

three levels (Table 1), were designed and carried out, which

generated nine different component ratios, and the details are

shown in Table 2.

To prevent an inaccurate nozzle arrangement angle due to

uneven ground in the test area, the sprayer passed through the

test area several times to compact the ground into a specific track.

The sprayer followed a specific track for spraying operations, and

the distance between the nozzles and the grape canopy was

controlled by adjusting the linear actuator. As the sprayer passed
B CD

A

FIGURE 2

(A) Diagram of grape canopy and spraying operation; (B) graph of the sprayer in real time; (C) diagram of nozzle arrangement angle; (D) diagram of
water-sensitive paper arrangement. Yellow marks represent water-sensitive papers.
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through the test area, the sprayer speed was controlled by feedback

from the dashboard speed display to ensure that the speed was near

the target speed.

During the sprayer spraying operation, the air pressure was

0.5 bar, the liquid pressure was 0.7 bar, and the volume flow rate

was 3.36 L/min. The errors of the sprayer speed, spray distance, and

nozzle arrangement angle were within ±0.05 m/s, ± 0.08 m, and

±5°, respectively.

Water-sensitive paper (26×76mm, Teejet, USA) was used to

capture droplets sprayed by sprayers in these tests. According to the

height of the grape canopy, water-sensitive papers were arranged in

three layers, at 5/6, 1/2, and 1/6 height of the grape canopy, named

layer 1, 2, and 3, respectively. According to the thickness of the

grape canopy, water-sensitive papers were also arranged in three

layers, at both sides and at the center of the grape canopy, named

layer N, M, and F from near to far from the sprayer, respectively.

For example, the water-sensitive paper, which was arranged at 1/2

height and on the far side of the grape canopy, was marked as F2.

Nine sites per test were arranged, as shown in Figure 2D. After the

test, the water-sensitive paper was left to dry completely, then

marked and bagged for post-processing. Each test was repeated

three times. The sprayer sprayed water in each test.
2.4 Field tests data analyses

In field trials, water-sensitive paper is widely used to assess the

deposit coverage of droplets on leaves (Kosuke et al., 2012; Ömer

and Ali, 2020). So, the leaves deposit coverage was studied in this

paper (Victor et al., 2020). All water-sensitive papers were scanned

by a scanner (M7628DNA, LENOVO) at 600 dpi to obtain 8-bit
Frontiers in Plant Science 0428
grayscale images. A software entitled “DepositScan”, which was

developed by the USDA-ARS Application Technology Research

Unit, was used to obtain the leaves deposit coverage (Zhu

et al., 2011).

In this paper, Cij represented the deposit coverage of layer ij

(i=N, M and F; j=1, 2 and 3). Ci included Ci1, Ci2, and Ci3. Because

each test was repeated three times, Ci contained nine samples. In the

data analysis, the two maximum and two minimum samples values

were removed and the average of the remaining five samples was

used as Ci. The deposit coverage of the whole grape canopy (CW, %)

was calculated as follows:

CW = CN + CM + CF (3)

The spray penetration (SP) in the canopy was calculated as the

ratio of the layer M deposit coverage (CM, %) and the whole grape

canopy deposit coverage (CW, %) (Li et al., 2022):

SP =
CM

CW
(4)

The deposit distribution is also an important indicator to

evaluate the effectiveness of the sprayer operation, which can be

described by the variation coefficient of the deposit coverage in

the same canopy. The variation coefficient of the deposit

coverage in layer I (CVI) was studied as shown in Equation 5

(Liu et al., 2021):

CVI =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
on

j=1
(C`

Ij
− CI)

2=(n − 1)
q

CI
� 100% (5)

where I represents M and N;C`
Ij represents the average of CIj in

three replicate experiments, %; CI is the average of nine CI samples,
TABLE 2 Schemes of the orthogonal experiment.

Treatment no. A B Empty column C

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1
TABLE 1 Factors and levels of the orthogonal experiment.

Treatment no. A
sprayer speed v (m/s)

B
spray distance D (m)

C
nozzle arrangement angle q (°)

Level 1 0.65 0.6 0

Level 2 0.9 0.9 10

Level 3 1.15 1.2 20
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%; and n is the number of layers of the vertically oriented water-

sensitive paper sites.
3 Results and discussion

3.1 Deposit coverage

The deposit coverage of the proximal canopy (CN) and the

deposit coverage of the intermediate canopy (CM) were studied in

Table 3 by processing data from orthogonal trials in the field. A

higher deposit coverage indicates better results from the sprayer.

As shown in Table 3, for CN, the maximum was 24.86% and the

minimum was 7.70% among the nine sets of experiments in the

orthogonal test, with a large difference. However, for CM, the

maximum value was 14.61% and the minimum was 2.70%. CM is

about half of CN, or even smaller. There are two main reasons for

this. First, droplets can be lost during transportation due to the

drifting of the droplets caused by external factors (Grella et al., 2020;

Rathnayake et al., 2021). Layer N was closer to the sprayer than

layer M, and more droplets were adsorbed on the water-sensitive
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paper of layer N. Second, the water-sensitive papers of layer N were

arranged on the surface of the canopy, and there was not much

canopy obstruction between them and the sprayer; the water-

sensitive paper of layer M was located in the center of the

canopy, and the canopy leaves acted as an obstruction to the

droplets (Duga et al., 2015), so fewer droplets penetrated the

center of the canopy and were adsorbed on the water-sensitive

paper of M.

For CN and CM, RB>RA>RC; this means that the indicator

which had the largest impact was the spray distance, followed by the

sprayer speed, and the indicator with the smallest impact was the

nozzle arrangement angle. Based on the data from the range

analysis in Table 3, the relationship between the effects of the

three factors on CN and CM was plotted as shown in Figure 3. As

shown in Figure 3, the sprayer speed and spray distance showed the

same trend, with both CN and CM showing a decreasing trend as the

sprayer speed and spray distance increased; Salyani obtained similar

results in a wind-delivered spray test studying citrus trees (Salyani,

2000). Increasing the sprayer speed can produce airflow in opposite

directions, leading to changes in the auxiliary airflow angles, which

may also lead to droplet drift loss in complex airflow fields and
TABLE 3 Deposit coverage of the field orthogonal test.

Treatment no. A B Empty column C CN (%) CM (%)

1 1 1 1 1 24.86 14.61

2 1 2 2 2 22.22 13.33

3 1 3 3 3 14.39 6.35

4 2 1 2 3 22.00 11.98

5 2 2 3 1 20.53 7.42

6 2 3 1 2 8.26 3.78

7 3 1 3 2 13.24 7.72

8 3 2 1 3 14.35 7.44

9 3 3 2 1 7.70 2.70

K1(CN) 61.47 60.10 47.46 53.09

K2(CN) 50.78 57.09 51.91 43.72

K3(CN) 35.29 30.35 48.16 50.74

k1(CN) 20.49 20.03 15.82 17.70

k2(CN) 16.93 19.03 17.30 14.57

k3(CN) 11.76 10.12 16.05 16.91

R(CN) 8.73 9.92 1.48 3.12

K1(CM) 34.29 34.32 25.84 24.73

K2(CM) 23.18 28.19 28.01 24.84

K3(CM) 17.87 12.83 21.49 25.78

k1(CM) 11.43 11.44 8.61 8.24

k2(CM) 7.73 9.40 9.34 8.28

k3(CM) 5.96 4.28 7.16 8.59

R(CM) 5.47 7.16 2.17 0.35
frontiersin.org

https://doi.org/10.3389/fpls.2023.1184244
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Dai et al. 10.3389/fpls.2023.1184244
affect the droplet deposition (Triloff, 2018). The nozzle arrangement

angle had an insignificant pattern of influence on CN and had a

catalytic effect, but the impact was not significant on CM. Foque’s

study of laurel spraying operations yielded similar conclusions

(Foqué et al., 2012).

The optimal combination of CN, which was determined

according to the average values of the three factors at different

levels, is indicated by B1A1C1, but there were differences in the

optimal combination of CM, which is indicated by B1A1C3.
3.2 Spray penetration

Spray penetration (SP) can effectively reflect the droplet’s

deposition in the canopy. The results of the field orthogonal test

were processed according to the calculation formula of the spray
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penetration, as shown in the Table 4. The larger the value of the

spray penetration, the better the droplet deposition in the canopy.

As shown in Table 4, the spray penetration was basically around

0.2~0.3, without much difference. This proves that the low-flow air-

assisted sprayer operates with a better spray penetration.

RA>RC>RB means that the sprayer speed had the greatest impact

on the spray penetration, followed by the nozzle arrangement angle,

and finally the spray distance, which had relatively little effect. Based

on the data in Table 4, Figure 4 is drawn to show the relationship

between the influence of each factor on the spray penetration. From

Figure 4, it can be seen that the sprayer speed, spray distance, and

nozzle arrangement angle had a clear pattern on the spray

penetration. The difference is that the spray penetration decreased

with the increase in the sprayer speed and spray distance, while the

spray penetration increased with the increase in the nozzle

arrangement angle.
TABLE 4 Spray penetration of the field orthogonal test.

Treatment no. A B Empty column C SP

1 1 1 1 1 0.3388

2 1 2 2 2 0.3488

3 1 3 3 3 0.3340

4 2 1 2 3 0.3256

5 2 2 3 1 0.2581

6 2 3 1 2 0.2845

7 3 1 3 2 0.3177

8 3 2 1 3 0.3112

9 3 3 2 1 0.2348

K1 1.0215 0.9820 0.9345 0.8316

K2 0.8682 0.9180 0.9092 0.9510

K3 0.8636 0.8533 0.9097 0.9707

k1 0.3405 0.3273 0.3115 0.2772

k2 0.2894 0.3060 0.3031 0.3170

k3 0.2879 0.2844 0.3032 0.3236

R 0.0526 0.0429 0.0083 0.0464
BA

FIGURE 3

Range analysis of CN (A) and CM (B).
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The auxiliary airflow disturbed the canopy foliage and helped

the droplets to enter the interior of the canopy, which was the main

factor affecting the droplet penetration (Triloff, 2018; Bernat et al.,

2022). An increase in the sprayer speed led to a decrease in the wind

volume per unit canopy area, which was insufficient to disturb the

blades to allow the droplets to enter the interior of the canopy,

resulting in reduced penetration. After the auxiliary airflow was

emitted from the nozzle, the airflow speed decreased rapidly against

the increase in the spray distance (Gu et al., 2014). The increase in

the spray distance led to a decrease in the velocity of the auxiliary

airflow, which was insufficient to sufficiently disturb the canopy

foliage, reducing penetration.

The nozzle arrangement angle had a significant impact on the

spray penetration; within the test nozzle installation angle, the

greater the angle, the better the spray penetration. Similar

findings have been reported in previous studies (de Lima et al.,

2018). The nozzle arrangement angle is the angle between the

nozzle and the grape canopy. Therefore, changing the nozzle

mounting angle and thus the angle of contact between the

auxiliary airflow and the canopy may make it easier for the

auxiliary airflow to disturb the canopy blades and facilitate the

entry of droplets into the interior of the canopy. This is only a

conjecture, and the exact reason for this requires further

investigation. However, in the field of UAV research, the same

principle may exist in the experimental study of pear orchards by

changing the angle of the wing while changing the angle of the

nozzle, which effectively improves the coverage inside the canopy

(Qi et al., 2022).

The optimal combination determined according to the analysis

of the influencing reasons of the three factors is A1C3B1.
3.3 Deposit distribution

The variation coefficients of the deposit coverage in layer M

(CVM) and in layer N(CVN), which indicate the uniformity of the

deposition distribution, are important parameters for evaluating

the sprayer operation, and the same can be said for the spray

penetration. The data of CVM and CVNfrom the field orthogonal
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trials are shown in Table 5. Smaller data means a better

sprayer operation.

As shown in Table 5, it can be seen that RA>RB>RC, the

three factors which influence CVN in order of importance, are the

sprayer speed, spray distance, and nozzle arrangement angle.

According to the data in Table 5, the patterns of influence of each

factor on CVN is further elucidated in Figure 5A. The pattern of

influence of the three factors on CVN is more obvious. The effect

of the sprayer speed on CVN is positively correlated. High

sprayer speeds can lead to a poor deposition distribution,

resulting in an elevated CVN, and this has been confirmed in

previous studies (Planas et al., 1998; Devanand and Divaker,

2010). As mentioned earlier, a higher sprayer speed affects the

droplet deposition; there is more uncertainty regarding this

effect, which further affects the deposition uniformity. The

effect of the spray distance on CVN is negatively correlated.

Contrary to the speed of the sprayer, a better deposition

distribution was obtained for longer spray distances. This may

be due to the fact that although longer spray distances lead to

increased droplet drift, the inertial force of the droplets

overcomes the external forces causing a drift at the spray

distances tested, thus improving the droplet deposition

uniformity. However, this conjecture needs to be corroborated

by further experimental studies. Similarly, the increase in the

nozzle installation angle also improved the uniformity of the

mist distribution. Foque’s experimental study of spraying on

laurel trees improved the deposition distribution significantly by

changing the spray direction (Foqué et al., 2012). Although the

angle of change varies, it was confirmed that the angle has an

effect on the uniformity of the deposition distribution.

Noted in Table 5, we found that the variation coefficient of

the deposit coverage in layer N(CVN) reached a maximum of

25.15% and a minimum of 6.24%, while the variation coefficient

of the deposit coverage and in layer M(CVM) reached a

maximum of 44.59% and a minimum of 16.15%. Comparing

the magnitude of the CVN and CVM values, CVM was generally

significantly larger than CVN, indicating a difference of about

twice. At the same time, regarding M, RB>RC>RA, which means

that the spray distance had the greatest influence on CVM,

followed by the nozzle arrangement angle, and the sprayer

speed had the least influence. The order of the magnitude of

the effects of the three factors on the CVM is different from that

of the CVN. Additionally, then, compared with the pattern of

CVN, the pattern of the influence of each factor on CVM appears

to be more chaotic and there is no regularity, as demonstrated in

Figure 5B. Compared to CVN, the above three differences exist in

the study of CVM. The main reason for these would be that the

sampling site N is located at the edge of the grape canopy and

sampling site M is located in the middle of the grape canopy.

Uncertainties such as the leaf density of the canopy, porosity,

and the growth direction of the leaves, which exist stochastically,

greatly influence the attachment of the droplets (Duga

et al., 2015).

The optimal combination of CVN, which is determined

according to the average values of the three factors at different
FIGURE 4

Range analysis of spray penetration.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1184244
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Dai et al. 10.3389/fpls.2023.1184244
levels, is A1B3C3, but the optimal combination of CVM

is B2C2A1.
3.4 Optimal working condition

During the data analysis of the orthogonal test, different

indicators correspond to different optimal working conditions.
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An optimal working condition needs to be determined in the

actual operation. A slower sprayer speed can obtain a higher

deposit coverage and spray penetration, as well as a better

deposition distribution uniformity, so a slower sprayer speed is

the appropriate choice. The angle of the nozzle arrangement has

a greater effect on the spray penetration and deposit distribution,

and a smaller effect on the deposition coverage. A larger nozzle

arrangement angle can increase the spray penetration and
BA

FIGURE 5

Range analysis of CVN (A) and CVM (B).
TABLE 5 CVN and CVM of the field orthogonal test.

Treatment no. A B Empty column C CVN (%) CVM (%)

1 1 1 1 1 15.23 30.56

2 1 2 2 2 11.76 16.15

3 1 3 3 3 6.24 33.36

4 2 1 2 3 19.58 29.06

5 2 2 3 1 18.84 28.21

6 2 3 1 2 10.18 33.08

7 3 1 3 2 25.15 20.59

8 3 2 1 3 16.10 19.77

9 3 3 2 1 23.69 44.59

K1(CVN) 33.23 59.97 41.52 57.76

K2(CVN) 48.61 46.70 55.03 47.09

K3(CVN) 64.95 40.11 50.23 41.92

k1(CVN) 11.08 19.99 13.84 19.25

k2(CVN) 16.20 15.57 18.34 15.70

k3(CVN) 21.65 13.37 16.74 13.97

R(CVN) 10.57 6.62 4.50 5.28

K1(CVM) 80.07 80.21 83.40 103.36

K2(CVM) 90.36 64.13 89.81 69.82

K3(CVM) 84.94 111.03 82.16 82.19

k1(CVM) 26.69 26.74 27.80 34.45

k2(CVM) 30.12 21.38 29.94 23.27

k3(CVM) 28.31 37.01 27.39 27.40

R(CVM) 3.43 15.63 2.55 11.18
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improve the deposit distribution uniformity, so a larger nozzle

arrangement angle is preferred. The spray distance contributes

to the deposit coverage and spray penetration, but it reduces the

deposit distribution uniformity, indicating a paradoxical

combination. However, a suitable spray distance can reduce

the uniformity of fog distribution in the middle of the canopy.

So, we compromised by selecting the middle spray distance.

In summary, A1B2C3 was used as a low-flow air-assisted

sprayer for field work conditions. A field test was conducted with

this working condition to obtain the deposit coverage, spray

penetration, and deposit distribution uniformity, as shown

in Table 6.
4 Conclusion

A low-flow air-assisted sprayer was designed for use in a

vineyard, and field trials were conducted using an orthogonal

test with the sprayer speed, spray distance, and nozzle

arrangement angle. The deposit coverage, spray penetration,

and deposit distribution were studied in the orthogonal test.

The spray distance had the largest influence on the deposit

coverage, followed by the sprayer speed, and finally, the nozzle

arrangement angle had the smallest influence. The spray distance

and sprayer speed had a large and negative effect on the deposit

coverage, but the angle of the nozzle arrangement had a smaller

effect on the deposit coverage. The order of influence on the

spray penetration was sprayer speed, the nozzle mounting angle,

and spray distance. The increase in the sprayer speed and spray

distance reduced the spray penetration, but the nozzle

arrangement angle promoted spray penetration. The effect

pattern of the sprayer speed, spray distance, and nozzle

arrangement angle on the deposit distribution of canopy layer

N was obvious. The sprayer speed had the greatest effect, and a

higher sprayer speed reduced the deposit distribution

uniformity. The spray distance and nozzle arrangement angle

had relatively small effects, but both improved the deposit

distribution uniformity. For the middle canopy layer M,

uncertainties such as the leaf density of the canopy, porosity,

and the growth direction of the leaves, which exist stochastically,

greatly influenced the attachment of the droplets. Therefore,

there was no significant trend of the three factors on the

deposition uniformity.

The optimal working condition of the low-flow air-assisted

sprayer was determined to be sprayer speed 0.65m/s, spray

distance 0.9m, and nozzle arrangement angle 20° by

considering the effects of the sprayer speed, spraying distance,

and nozzle arrangement angle on each index, and a field test was

conducted. The deposit coverages of the proximal canopy (CN)

and intermediate canopy (CM) were 23.67% and 14.52%,
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respectively. The spray penetration was 0.3574. The variation

coefficients of the deposit coverage of the proximal canopy

(CVN) and intermediate canopy (CVM), which indicate the

uniformity of the deposition distribution, were 8.56% and

12.33%, respectively.
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TABLE 6 Optimal working condition field test results.

Type CN (%) CM (%) SP CVN (%) CVM (%)

A1B2C3 23.67 14.52 0.3574 8.56 12.33
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“H” sprayer effect on liquid
deposition on cucumber leaves
and powdery mildew prevention
in the shed

Weicai Qin1*, Xuan Chen2 and Panyang Chen2

1Suzhou Polytechnic Institute of Agriculture, Suzhou, China, 2Nanjing Institute of Technology,
Nanjing, China
To clarify the effect of droplet size on solution deposition and powdery mildew

control on greenhouse cucumber leaves, the effect of volume median droplet

diameter (VMD) on solution deposition and maximum retention, as well as the

effect of flusilazole on powdery mildew control on cucumber, was determined

using the stem and leaf spray method. The VMD of the typical fan nozzles (F110-

01, F110-015, F110-02, F110-03) of the selected US Tee jet production differs by

approximately 90 mm. The results showed that the deposition of flusilazole

solution on cucumber leaves decreased as the VMD of the droplets increased

and that the deposition of the solution in the treatments with VMD of 120, 172,

and 210 mm decreased by 22.02%, 10.37%, and 46. 97%, respectively, compared

to that observed with treatment with 151 mmVMD. The deposition of the solution

on cucumber leaves showed the highest deposition efficiency of 63.3% when the

applied solution volume was 320 L/hm2, and the maximum stable retention of

the liquid on the leaves was 6.6 µl/cm2. The control effects of different

concentrations of flusilazole solution on cucumber powdery mildew differed

significantly, and the best control effect was achieved at the dosage of 90 g/hm2

of the active ingredient, which was 15%−25% higher than that observed at the

dosage of 50 and 70 g/hm2 of the active ingredient per hectare. A significant

difference in the effect of droplet size on the control of cucumber powdery

mildew was observed at any specific liquid concentration. Nozzle F110-01

showed the best control effect when the dosage of the active ingredient was

50 and 70 g/hm2 per hectare, which did not differ significantly from that

observed with nozzle F110-015 but differed significantly from those observed

with nozzles F110-02 and F110-03. Hence, we concluded that the use of smaller

droplets with VMD of 100−150 mm, i.e. the choice of F110-01 or F110-015

nozzles, for application on the leaf parts of cucumber in the greenhouse under

conditions of high liquid concentration, can significantly improve the effective

use of pharmaceuticals and the disease control effect.

KEYWORDS

H-Sprayer, fan nozzles, amount of deposition, shed, cucumber leaves, effectiveness of
powdery mildew prevention
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1 Introduction

Cucumber powderymildew is an important disease caused by the

monocotyledonous powdery mildew fungus, Sphaerotheca fuliginea,

which is characterized by a short incubation period, frequent

reinfestation ability, and high prevalence. The pathogen can infect

cucumbers throughout the reproductive season (Hamza et al., 2015).

Climatic conditions are the main factors influencing the occurrence

of powdery mildew (Sarhan et al., 2020. Wu et al., 2022). Powdery

mildew damage has increased with the development of protected

vegetables. Currently, research on plant breeding for developing

disease resistance and the spraying of pesticides are the two main

ways of controlling this disease (Lv et al., 2016). The former is one of

the popular methods used to prevent and control powdery mildew in

many countries, and several disease-resistant varieties, such as Jin Za

No. 1, have been developed (Tang, 2002). However, powdery mildew

species may vary with countries or regions within the same country

(Elad et al., 2021). In addition, the complexity and variability of the

pathogen and the difficulty in identifying it accurately (Cerkauskas

and Ferguson, 2014. Wang et al., 2021) render breeding for disease

resistance challenging; this has hindered efforts to effectively address

the occurrence of powdery mildew, which is controlled

using pharmaceuticals.

As mentioned above, excessive use of pesticides can cause a

certain amount of environmental pollution (Lan et al., 2018), and

insufficient use can induce resistance (Tang et al., 2019. Elsharkawy

et al., 2014). In addition to the selection of suitable agents,

application techniques are equally important for the control of

cucumber powdery mildew. In China, research on efficient

application techniques for pest and disease control using different

droplet sizes is limited, and easy-to-use spray quality standards are

lacking, which makes blind operations common. In fact, the

concentration of the liquid spray and the density of the droplets

considerably affect the control of pests and diseases (Ye et al., 2022.

Mao et al., 2022). Cui et al. (2010) investigated the effect of liquid

application volume and droplet density on the control of wheat

aphids, and the results showed that reducing the liquid application

volume and increasing the liquid concentration did not only reduce

the deposition volume but also considerably decreased the rate of

pesticide loss; in addition, a certain density of the deposited

imidacloprid droplet effectively controlled aphids in the wheat

spike. Yang et al. (2012) studied the effect of nozzle type on

droplet deposition and control of wheat aphids; to this end, they

measured the performance of nozzles in terms of deposition

volume, deposition uniformity, and ground loss rate to screen

nozzles suitable for wheat field spraying. Hong et al. (2022)

investigated the effect of UAV operating parameters on the

spraying effect in a horsetail pine forest. Santos-Júnior et al.

(2022) investigated the relationship between pesticide application

rates on spray deposition, stink bug control, and soybean yield in

soybean crops, and the results confirmed that pesticide sprays

require a certain amount of droplet deposition and deposition

density to be effective. Furthermore, as diseases caused by plant

pathogens differ from damage caused by insect pests, different

droplet sizes and application volumes are required (Eskandari and

Sharifnabi, 2020).
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Therefore, in this study, four typical fan nozzles with different

apertures were used to investigate the effect of droplet size and the

volume of different concentrations of pesticide on the control of

powdery mildew on greenhouse cucumbers. Our observations will

provide a basis for nozzle selection and the development of standards.
2 Material and methods

2.1 Materials

2.1.1 Test cucumber
The test plant variety was Jimei Fuxing.

2.1.2 Agents and instruments
The agents used are a 40% flusilazole emulsifier (Tianjin Sprela

Pesticide Technology Development Co. Ltd. Tianjin, China) and a 1-

g/L aqueous solution of rhodamine-B fluorescent tracer (Shanghai

Qianduan Biological Co. Ltd. Shanghai, China). The instruments

used include the following: an F95 fluorescence spectrophotometer

(Shanghai Prismatic Technology Co. Ltd. Shanghai, China), a 2 cm in

diameter hole puncher, a Spray Tec Fog Droplet Sizer (Shandong

Necht Analytical Instruments Co. Ltd. Shangdong, China), and fan

nozzles Tee jet F110-01, F110-015, F110-02, and F110-03.

2.1.3 Test equipment
The test apparatus was an “H” type sprayer, as shown in

Figure 1; the pressure was adjustable, and a spray pressure of 0.3

MPa was used. The detailed parameters are shown in Table 1.
2.2 Methods

2.2.1. Nozzle selection and droplet size
determination

Different models of fan nozzles, Tee jet F110-01, F110-015,

F110-02, and F110-03, all with a 110° spray angle, were used. At a
FIGURE 1

“H” type orbital stand crop sprayer. The sprayer was equipped with
an adjustable pressure system and was operated at a spray pressure
of 0.3 MPa to apply flusilazole for controlling powdery mildew on
greenhouse cucumbers.
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spray pressure of 0.3 MPa, the volume median diameter (VMD) of

the droplets from different spray nozzles was measured using a

Spray Tec Fog Droplet Sizer meter at a distance of 0.5 m from the

spray nozzle. In total, 20–40,000 droplets were collected; the droplet

VMD of the F110-01, F110-015, F110-02, and F110-03 spray

nozzles were 120, 151, 172, and 210 mm, respectively. Single-

nozzle flow rates of 390, 520, 820, and 1,200 ml/min, respectively,

were used for the above spray nozzles.

2.2.2 Effect of droplet size on the amount of
flusilazole deposited

The experiment was performed on greenhouse cucumbers at

the experimental base of Suzhou Polytechnic Institute of

Agriculture, with plant spacing of 30 cm and row spacing of 50

and 90 cm. Control of cucumber powdery mildew (S. fuliginea

(Schlecht) Poll). The test was conducted when the cucumbers grew

to the 10−12-leaf stage, and cucumbers with uniform growth and

powdery mildew characteristics were selected for the test. Four

different VMD nozzles were used for the test; each nozzle was used

to spray a plot of 10 m2, each plot was randomly arranged, and each

treatment was repeated three times. Using tap water, prepare a

mother solution of flusilazole with a concentration of 500 mg/L and

a mother solution of rhodamine-B tracer with a mass fraction of 1%.
Frontiers in Plant Science 0337
In a 1:1 volume ratio, mix the rhodamine-B tracer mother solution

and the flusilazole mother solution to prepare a mixed mother

solution. The mixed mother solution was then used to prepare a

medicine solution for spray treatment with a flusilazole

concentration of 50 mg/L, and the spraying time was adjusted

according to the flow rate of the nozzle such that the applied liquid

volume of each treatment was 450 L/hm2 and the effective dose of

flusilazole was 22.5 g/hm2. The spray pressure of the sprayer was set

to 0.3 MPa. Five cucumber seedlings were randomly selected from

each treatment after spraying, and each cucumber was marked from

top to bottom by counting the second, fourth, seventh, and ninth

leaves, which were used to measure the amount of flusilazole

deposited per unit leaf area and calculate the average value. The

spraying process is shown in Figure 2.

After the spray treatment, five holes were punched on the marked

leaves using a hole puncher, placed in a self-sealing bag, brought back

to the room, and eluted with 30 ml deionized water for 20 min. The

absorbance value was measured after placing the eluate into a clean

test tube at 572 nm. The amount of rhodamine-B in the eluate can be

calculated from the standard curve of rhodamine-B. In this way, the

amount of deposition of the spray liquid solution on the unit area can

be calculated (Xue et al., 2014).The equation for calculating the

amount deposited is as follows:
TABLE 1 Parameters of “H” type sprayer.

Parameter Numerical value Remark

Dimension (mm) 1,603 * 777 * 1,806 (bracket vertical) Length * width * height

Maximum chemical load (L) 400 Maximum capacity of the tank

Number of nozzles (pc) 8 Self-loading with different numbers of nozzles

Working height 0.3−1.8 m Can be set on demand

Nozzle flow 7 L/min Fan-shaped nozzle
FIGURE 2

Diagram showing the spraying process used in the experiment, which was conducted on greenhouse cucumbers at the experimental base of
Suzhou Polytechnic Institute of Agriculture. The experiment aimed to test the efficacy of four different VMD nozzles for controlling cucumber
powdery mildew.
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bdep =
(rsmpl − rblk)� Fcal � Vdii

rspray � Acol

where bdep is the amount of mist droplet deposition in

micrograms per square centimeter; rsmpl is the fluorometer reading

of the sample sampler; rblk is the fluorometer reading of the blank

sampler (sampler + dilution water); Fcal is the calibration factor

(equal to the logarithm of the recovery rate) in micrograms per liter;

Vdii is the amount of diluent (e.g., tap water or deionized water) in

which the tracer from the sampler is dissolved in liters; rspray is the
concentration of the tracer in the spray solution in grams per liter;

and Acol is the area of the sampler in square centimeters.

2.2.3 Maximum stable retention of flusilazole
solution on cucumber leaves

The experiment was performed on greenhouse cucumbers at

the experimental base of Suzhou Polytechnic Institute of

Agriculture. The F110-015 spray nozzle was selected, and the

spray pressure was 0.3 MPa. When the cucumber grew to the 10

−12-leaf stage, 50 mg/L of flusilazole was sprayed at 110, 185, 320,

720, 950, and 1,100 L/hm2 dosages. Five cucumber seedlings were

selected for each treatment, and each treatment was repeated thrice

to determine the amount of flusilazole deposited per unit leaf area.

The method was the same as described in Effect of droplet size on

the amount of flusilazole deposited. The amount deposited on the

leaves and the deposition efficiency, as well as the maximum stable

retention of the solution on the leaves, i.e., the amount deposited

when the amount of solution applied increases until there is no

more droplet flow on the leaves, were calculated. The deposition

efficiency was calculated as follows:

DE =
D
A
� 100%

where D is the amount of flusilazole deposited on the leaves

(mg/m²) and A is the amount of flusilazole applied per unit area

(mg/m²).

In total, 10 Petri dishes of 10-cm diameter were used for each

treatment to collect the solution on the ground. The amount of

solution applied per unit area is the ratio of the amount of solution

collected to the area of the Petri dish.

2.2.4 Effect of flusilazole solution on the control
of cucumber powdery mildew

The experiment was conducted on greenhouse cucumbers at the

experimental base of the Suzhou Polytechnic Institute of

Agriculture. F110-01, F110-015, F110-02, and F110-03 spray

nozzles were selected, corresponding to dosages of 110, 185, 320,

and 500 L/hm2, respectively. The active ingredient dosages of

flusilazole were 50, 70, and 90 g/hm2; 12 groups of treatments,

one plot per treatment, and 10 m2 per plot were used; each plot was

arranged randomly, and each treatment was repeated thrice. When

cucumbers grew to the 10−12-leaf stage, the whole plant was

sprayed with 50 mg/L of flusilazole, and blank control (CK) was

set without spraying the pesticide. At the beginning of the disease,

flusilazole was applied thrice at an interval of 7 days. Four random

samples were taken from each plot, and all the leaves of the two
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plants were surveyed at each point. Grading was performed based

on the area of the diseased spot on each leaf as a percentage of the

whole leaf area. The significance of the control effect was

determined based on Duncan’s new repeated difference (DMRT)

method. Cucumber powdery mildew grading standard is as follows:

grade 0: no disease spot; grade 1: disease spot area accounted for less

than 5% of the whole leaf area; grade 3: accounted for 6%~10% of

the whole leaf area; grade 5: accounted for 11%~20% of the whole

leaf area; grade 7: accounted for 21%~40% of the whole leaf area;

and grade 9: accounted for more than 40% of the whole leaf area.

Disease development was investigated 10 days after administering

the third dose, and the disease index and control effect (%) were

calculated.

DI = oiNi �Wi

T� 9
� 100

where DI is the disease index, Ni is the number of leaves at level

I, Wi is the relative level value of leaf level i (a decimal number

between 0 and 1), T is the total number of leaves surveyed (a

positive integer), and 9 is a constant, indicating the total number of

leaf levels.

E =
lc − lp
lc

� 100

where E is the effect of control (%), lc is the index of disease in

the blank control area, representing the index of disease without any

treatment, and lp is the index of disease in the treated area,

representing the index of disease after specific treatment.
2.3 Data analysis

The SPSS 20.0 software was used for statistical analysis, and the

Student–Newman–Keuls (SNK) method was applied to test the

significance of differences. The analysis of variance (ANOVA)

method was used to compare the differences between groups, and

the SNK test was used for a two-way comparison between groups; p

< 0.05 was considered significant.
3 Results

3.1 Effect of droplet size on the deposition
of flusilazole solution on cucumber leaves

Droplet size is one of the most important parameters in

spraying technology, and mastering the spray droplet size

distribution is important for accurately controlling the spraying

process (Kang et al., 2021). Droplets drift easily if their size is too

small (less than 50 mm in diameter), whereas too large droplets

(more than 450 mm in diameter) cannot penetrate the crop canopy.

To solve this problem, Xu et al. (2015) proposed using larger

droplets (narrow droplet spectrum with diameters larger than 140

mm) to overcome the drift and increase deposition.

The amount of flusilazole solution deposited on cucumber

leaves using different VMD mist droplet treatments differed
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significantly (Figure 3). The deposition of flusilazole solution was

higher for treatment with droplets of 151 mm VMD and decreased

with increasing VMD; compared to that observed with treatment

with 151 mm VMD droplets, the deposition of flusilazole solution

on cucumber leaves decreased by 22.02%, 10.37%, and 46.97% for

120, 172, and 210 mm VMD droplets, respectively.
3.2 Maximum stable retention of flusilazole
solution on cucumber leaves

The amount of flusilazole deposited on cucumber leaves varied

with the amount of applied solution when treated with 50 mg/L of

flusilazole solution (Figure 4). The deposition of flusilazole on

cucumber leaves increased with the application rate when the

latter was less than 720 L/hm2 and reached a larger value of 6.6

ml/cm2 when the application rate was 720 L/hm2.

The deposition on the leaves did not increase but rather

decreased when the applied liquid volume exceeded 720 L/hm2.

This indicated that the maximum stable retention of 50 mg/L of

flusilazole solution on cucumber leaves was approximately 5.32 ml/
cm2. A comparison of the amounts of flusilazole solution applied

and deposited on cucumber leaves revealed that the deposition

efficiency of flusilazole solution on cucumber leaves was relatively

high when the amount of solution applied was less than 320 L/hm2,

with about 63.3% of the flusilazole solution being deposited on

cucumber leaves; when the amount of solution applied exceeded

320 L/hm2, the deposition efficiency decreased until the amount of

solution applied exceeded 720 L/hm2, the deposition efficiency was

58.3%; following which it dropped sharply, the deposition efficiency

was 37.6% after treatment with 1100 L/hm2 of the applied solution.
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The deposition offield refers to the amount of pesticide solution

that falls on plant leaves during the application process but is not

absorbed and settles on the soil or ground below. According to the

table data, it can be observed that as the amount of pesticide

solution applied increases, the deposition of field also shows a

gradually increasing trend. Within the range of pesticide solution

applied, from 110 to 950, the deposition of field increased from

1.109 to 13.093, nearly 12 times. This means that at high levels of

pesticide application, plants are unable to absorb all of the

pesticides, leading to an increase in the amount of pesticide lost

to the field and soil. Therefore, when applying pesticides, it is

important to use appropriate amounts to reduce unnecessary drug

loss and minimize environmental pollution risks.
3.3 Effect of flusilazole solution on the
control of cucumber powdery mildew

Next, we compared the control effects of four fan spray nozzles,

F110-01, F110-015, F110-02, and F110-03, with different pesticide

dosages (active ingredient dosages of 50, 70, and 90 g/hm2) on

mildew control. As shown in Table 2, using the same nozzle, an

overall increasing trend in the control effect was observed as the

amount of active ingredient applied increased. When the active

ingredient dosage was 90 g/hm2, the lowest disease index of 2.25

was observed with the F110-01 nozzle, and its control effect was

89.48%, which was higher than the control effects of F110-015,

F110-02, and F110-03. The control effects of F110-015, F110-02,

and F110-03 were 87.61%, 86.06%, and 83.42%, respectively, which

did not differ significantly; when the dosages of the active ingredient

were 70 and 50 g/hm2, the control effect obtained upon using the

F110-01 nozzle was 80.38% and 70.03%, respectively. The control

effects of F110-015, F110-02, and F110-03 were higher than those of

F110-015, F110-02, and F110-03. A significant difference was

observed in the control effect of liquid concentration on

cucumber powdery mildew; the disease index was significantly
FIGURE 3

Deposition of flusilazole solution on cucumber leaves treated with
different droplet sizes. The deposition was expressed as a volume of
50 mg/L flusilazole solution per cm2 of cucumber leaves. The spray
volume used in each treatment was 450 L/hm2.
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FIGURE 4

Maximum retention of flusilazole solution on cucumber leaves. The
deposition was expressed as a volume of 50 mg/L flusilazole
solution per cm2 of cucumber leaves. VMD of droplets was 151 mm.
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reduced at the active ingredient dosage of 90 g/hm2. The best

control effect was 15%−25% higher than that observed with the

active ingredient dosages of 50 and 70 g/hm2; the type of spray

nozzle significantly affected the control effect. The control effect of

F110-01 was the best at the same concentration, followed by those

of F110-015, F110-02, and F110-03 (Table 2).

Table 3 shows that the effects of nozzle type and the amount of

available active ingredient per hectare on the population were

highly significant, with p-values less than 0.001. Furthermore,

with the same type of nozzle, the control effect increased with the

amount of active ingredient per hectare; considering nozzle F110-01

as an example, we observed a significant difference in the control

effect with the amount of active ingredient; the control effect was

70.03%, 80.38%, and 89.48% with 50, 70, and 90 g/hm2 of active

ingredient, respectively. As shown in Table 2, the type of nozzle

significantly affected the control effect. At the same concentration,

F110-01 showed the best control effect, followed by F110-01.5,

F110-02, and F110-02.5.
4 Discussion

Although research on pesticide application technology in China

has increased and the quality of the application equipment has been

gradually improved, atomization of liquid chemicals, target plant

collisions, and deposition of liquid on the target plants complicate

the spray transfer process. Droplet movement to the blade surface

(excluding needle leaves) due to kinetic energy, surface energy, and

electrostatic energy and blade contact angle at the droplet-leaf

interface jointly determine the droplet impact at the interface

after adhesion, bounce, and spray (Williams et al., 2008).

However, related basic research on the spraying technology still

needs to be improved (Roisman et al., 2006). Some studies have
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shown that the angle of mist flow affects the deposition of pesticide

solutions on target plants and that 20°−40° or 60° mist flow angles

are best for the deposition of solutions on simulated upright targets

(Dhalin et al., 2008).

As the cucumber leaf surface has many ridges, the critical

surface tension value is relatively low, and its adhesive tension is

6.2 mN/m; hence, the mist droplets are easily lost (Feng et al., 2022).

The size of the pesticide droplets deposited on the cucumber leaves

considerably affects their effectiveness; coarse droplets formed

during movement under the influence of gravity are relatively

large, while bouncing off droplets from leaves after collision leads

to considerable loss (Song et al., 2019).

Under conditions where personnel control the uniformity of

spraying speed, such as high-capacity coarse fog spraying as well as

liquid flow spraying, the spraying of large droplets evidently

increases the amount of liquid applied; however, changing the

pattern of pesticide use by small-scale individual farmers in China

is difficult. The results of this study show that the effective use rate

decreases significantly as the VMD of the spray droplets increases

and the volume of the applied liquid increases. Spray quality

depends largely on the spray nozzle; different pesticide

atomization methods can produce droplets of varying sizes;

however, for a particular organism or part of the organism, only a

certain droplet size can be captured to produce an effective toxic

effect. This was discovered in the 1950s, and after extensive

research, it was gradually accepted and recognized by researchers

(Mount, 1970; Johnstone, 1971; Harburguer et al., 2012). Studies

have shown that the optimum particle size is 10−50 mm for flying

pests, 30−150 mm for cotton bollworms, 30−150 mm for treating

diseases, and 100−300 mm for weeds.

In this study, the amount of flusilazole deposited on cucumber

leaves increased with increasing spray volume when the spray

volume was less than 720 L/hm2, reaching a maximum of
TABLE 2 Protective effect of flusilazole on cucumber powdery mildew (CPM).

Fungicides Nozzles types Dosage (g/hm2) Disease index Control efficiency (%; mean ± SD)

Flusilazole emulsion (40%) F110-01 50 6.4 ± 0.21 bcde 70.03 ± 1.0 cd

70 4.19 ± 0.28 efgh 80.38 ± 1.29 fg

90 2.25 ± 0.10 h 89.48 ± 0.49 i

F110-015 50 6.77 ± 0.38 bcd 68.32 ± 1.78 c

70 5.43 ± 0.26 cdef 74.57 ± 1.22 de

90 2.65 ± 0.12 gh 87.61 ± 0.58 hi

F110-02 50 7.25 ± 05 bc 66.06 ± 2.34 c

70 4.67 ± 0.45 defg 78.14 ± 2.09 ef

90 2.98 ± 0.46 gh 86.06 ± 0.21 hi

F110-03 50 8.1 ± 0.17 b 62.07 ± 0.78 b

70 5.63 ± 0.3 cdef 73.64 ± 1.42 de

90 3.54 ± 0.19 fgh 83.42 ± 0.89 gh

Blank control – 21.37 ± 1.72 a 0.0 ± 0.0 a
The data in the table show mean ± SD. Data followed by different small letters in the same column differ significantly among different treatments at p < 0.05 level by Student–Newman–Keuls test.
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6.6 ml/cm2 at 720 L/hm2. However, when the spray volume

exceeded 720 L/hm2, the amount deposited on the leaves no

longer increased but decreased. As a rule, the higher the spray

volume, the greater the deposition will be. This is because more

spray volume causes more liquid or particulate matter to fall on the

target surface, increasing the amount of surface deposition.

However, an increase in spray volume does not always increase

the amount of deposition linearly. When the spray volume is very

high, saturation may occur and the surface cannot absorb any more

liquid or particulate matter, at which point increasing the spray

volume will not increase the amount of deposition. Therefore, the

spray volume should be controlled within an appropriate range to

ensure optimum deposition of flusilazole solution on the leaves.

In addition, there was an overall trend toward increasing

control effectiveness with increasing dosages of active ingredients.

At the same dosage, sprayers with smaller droplet VMD had better

control, while the lowest disease index and best control were

achieved with F110-01 sprayers. There was also a significant

difference in the control of cucumber powdery mildew due to the

concentration of the solution. At an active ingredient dosage of 90

g/hm2, the disease index was significantly lower, and the control

effect was the best, being 15%–25% higher than at 50 and 70 g/hm2.

The type of spray nozzle also had a significant effect on the control

effect. At the same concentration, F110-01 had the best control

effect, followed by F110-015, F110-02, and, worst of all, F110-03.

Therefore, for the control of powdery mildew, we can consider

using the F110-01 nozzle with small droplet VMD and applying it at

an active ingredient dosage of 90 g/hm2 per hectare to obtain the

best control effect. At the same time, attention to the adjustment of

the concentration of the liquid and the rational use of the spray

nozzles are also important measures to improve the control effect.
5 Conclusion

In this study, the flusilazole water emulsion was applied to

cucumber leaves at a uniform 45° angle to minimize the impact of

the droplets on the leaf surface and thereby reduce the amount of

solution lost via droplet bouncing. The deposition of flusilazole

solution on greenhouse-grown cucumber leaves decreased with

increasing VMD of the droplets (Figure 4), and the use of small
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droplets with a VMD of about 160−200 μm facilitated the

deposition of the solution on cucumber leaves. Based on the

results of a large number of experiments conducted using the

blown mist method, we concluded that the deposition efficiency

of the drug may be more desirable if the VMD of the mist droplets is

further reduced, which requires further investigation.

The deposition efficiency of flusilazole solution on cucumber

leaves was relatively high when the volume of the applied solution

was less than 320 L/hm2; about 63.3% of the flusilazole solution was

deposited on cucumber leaves, and a small amount was deposited

on leaf stems, but nearly one-third of the solution was still lost to the

soil; the deposition efficiency decreased further when the applied

liquid volume exceeded 320 L/hm2. The deposition efficiency was

58.3% when the applied liquid volume exceeded 720 L/hm2,

following which it decreased sharply to 37.6% when treated with

an applied liquid volume of 1,100 L/hm2. This is similar to the

observation of Lu et al. (2010), who observed that leaf retention

started to increase rapidly with increasing application rate; after

reaching the attrition point, the application rate further increased,

while the retention rate decreased and gradually tended to a stable

value, which was the maximum stable retention rate, indicating that

the retention rate of leaf solution would not increase when the

application rate exceeded the attrition point. During the cultivation

of cucumber, the recommended amount of solution applied often

reaches or even exceeds 720 L/hm2, resulting in low efficiency of

liquid deposition, which is an important reason for the

unsatisfactory control effect.

We observed a significant difference in the effect of the

concentration of the solution on the control of cucumber

powdery mildew, with the best effect observed at 90 g/hm2 of the

active ingredient, which was 15%−25% more effective than those at

50 and 70 g/hm2 of the active ingredient per hectare. For a specific

concentration of the liquid, a significant difference was observed in

the effect of droplet size on the control of cucumber powdery

mildew. When the amount of active ingredient was 50 and 70 g/hm2

per hectare, nozzle F110-01 showed the best control effect, which

did not differ significantly from that observed with nozzle F110-015

but differed significantly from those observed with nozzles F110-02

and F110-03. This may be because the fine or medium particle size

droplets were blocked less by the crop leaves, which is more

conducive for the penetration of the droplets into the crop
TABLE 3 Inspection of effects among subjects.

Origin Type III sums of squares Df Average square F Sig

Calibration model 3,536.742a 11 321.522 38.337 < 0.001

Intercept distance 285,177.501 1 285,177.501 34,003.204 < 0.001

Nozzle types 324.103 3 108.034 12.881 < 0.001

Active ingredient dosage 3,165.129 2 1,582.564 188.697 < 0.001

Error 301.924 36 8.387

Total 289,016.167 48

Total number of corrections 3,838.666 47
Dependent variable: effectiveness of control.
aR2 = 0.921 (adjustment of R2 = 0.897).
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canopy; as a result, the droplets are deposited in the inner layer of

the crop, achieving a better control effect. According to the results of

this study, the use of smaller droplets with a VMD of 100−150 μm

for application to the upper part of the leaves of cucumber in

greenhouses, i.e., the use of F110-01 or F110-015 nozzles, can

significantly improve the effective use of pharmaceuticals and the

disease control effect.

We have only analyzed the effect of the spray hole diameter of

different fan nozzles in this study; in the future, cone nozzles or

other types of fan nozzles should be tested to reduce the amount of

liquid applied and enhance the scientific use of drugs.
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Monitoring weed mechanical
and chemical damage stress
based on chlorophyll
fluorescence imaging

Longzhe Quan1†, Keyong Chen1†, Tianbao Chen1, Hailong Li1*,
Wenchang Li1, Tianyu Cheng1, Fulin Xia2, Zhaoxia Lou2,
Tianyu Geng1, Deng Sun2 and Wei Jiang3

1College of Engineering, Anhui Agricultural University, Hefei, Anhui, China, 2College of Engineering,
Northeast Agricultural University, Harbin, China, 3College of Engineering, China Agricultural
University, Beijing, China
Currently, mechanical and chemical damage is the main way to carry out weed

control. The use of chlorophyll fluorescence (CF) technology to nondestructively

monitor the stress physiological state of weeds is significant to reveal the damage

mechanism of mechanical and chemical stresses as well as complex stresses.

Under simulated real field environmental conditions, different species and leaf

age weeds (Digitaria sanguinalis 2-5 leaf age, and Erigeron canadensis 5-10 leaf

age) were subjected to experimental treatments for 1-7 days, and fluorescence

parameters were measured every 24 h using a chlorophyll fluorometer. The aim

of this study was to investigate the changes in CF parameters of different species

of weeds (Digitaria sanguinalis, Erigeron canadensis) at their different stress sites

under chemical, mechanical and their combined stresses. The results showed

that when weeds (Digitaria sanguinalis and Erigeron canadensis) were chemically

stressed in different parts, their leaf back parts were the most severely stressed

after 7 days, with photosynthetic inhibition reaching R=75%. In contrast,

mechanical stress differs from its changes, and after a period of its stress, each

parameter recovers somewhat after 1 to 2 days of stress, with heavy mechanical

stress R=11%. Complex stress had the most significant effect on CF parameters,

mainly in the timing and efficiency of changes in Fv/Fm, Fq’/Fm’, ETR, Rfd, NPQ

and Y(NO), with R reaching 71%-73% after only 3-4 days of complex stress, and its

changes in complex stress were basically consistent with the pattern of changes

in its chemical stress. The results of the study will help to understand the effects

of mechanical and chemical stresses and combined stresses on CF parameters of

weeds and serve as a guide for efficient weed control operations and conducting

weed control in the future.
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weeds, mechanical stress, chemical stress, complex stress, chlorophyll fluorescence
frontiersin.org0144

https://www.frontiersin.org/articles/10.3389/fpls.2023.1188981/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1188981/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1188981/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1188981/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2023.1188981&domain=pdf&date_stamp=2023-05-15
mailto:lihailong183@163.com
https://doi.org/10.3389/fpls.2023.1188981
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2023.1188981
https://www.frontiersin.org/journals/plant-science


Quan et al. 10.3389/fpls.2023.1188981
Introduction

Weeds in agricultural fields have long been one of the major

causes of crop yield reduction because they compete directly with

crops in consuming resources such as soil nutrients and water

(Mézière et al., 2015; Colbach et al., 2019; Sabzi et al., 2020), and

weeds are so damaging and vigorous that nearly 10% of crop yield is

lost each year due to weed damage alone. Weed control technology

is a very important part of agricultural production, and its

development can reduce the competition of weeds to crops and

improve the efficiency of agricultural production, which is divided

into four ways: chemical control, mechanical control, biological

control and soil management. Currently, two main methods of

abiotic stress, mechanical and chemical, have been used for weed

control (Chicouene, 2007; Mulder and Doll, 2017; Merritt et al.,

2020; Chang et al., 2021; Qu et al., 2021). Mechanical damage is

mainly through external forces that destroy the photosystem II

(PSII) donor side of its photosynthetic system (Delaney, 2008;

Nishiyama and Murata, 2014), while chemical stresses vary in

damage principles and effects depending on the mechanism of

action of their herbicides and the site of damage (Harker and

O'Sullivan, 2017; Alizade et al., 2021), and compound stresses cause

more severe damage (Zhou et al., 2017; Ma et al., 2018). Differences

in the location and mode of stress have led to uneven results in weed

control. Therefore, different weed damage methods and sites may

have different responses, and their damage mechanisms lead to

different physiological changes. Accurate monitoring of the

phenotypic change information of weeds caused by stress, easy

and fast access to weed mortality information, and find the optimal

solution for weed control, the lowest cost to reduce weed damage, in

order to improve crop yield and quality.

Both destructive and non-destructive methods have been used

to detect abiotic stresses and their responses in plants (Gorbe and

Calatayud, 2012; Baba et al., 2016). Among these, chlorophyll

fluorescence (CF) imaging is one of the most common non-

destructive techniques that have been applied to detect abiotic

stresses in a range of plants (Dayan and Zaccaro, 2012; Gorbe

and Calatayud, 2012; Wang et al., 2018). CF parameters can provide

information about the details of mechanical damage and the extent

of plant damage due to stress and measure various chlorophyll

fluorescence parameters and quenching effects (Harbinson et al.,

2012; Li et al., 2017; Schutte et al., 2019; Hassannejad et al., 2020).

The use of chlorophyll fluorescence monitoring is based on the

theory that plant stress leads to physiological changes in

photosynthesis and fluorescence properties of plants (Bolhar-

Nordenkampf et al., 1989; He et al., 2018). Snel et al. (1998)

assessed the effect of the herbicide linuron on photosynthesis in

freshwater algae by using chlorophyll fluorescence to measure the

efficiency of photosystem II electron flow (ETR) (Snel et al., 1998).

Raji et al. (2016) studied the changes in photosynthetic parameters

such as net photosynthetic rate (Pn) and stomatal conductance (gs)

in plants such as taro and sweet potato using fluorescence under

herbicide and drought stress (Raji et al., 2016). Agostinetto et al.

(2016) showed that photosynthetic rate, chlorophyll content,

stomatal conductance and transpiration rate of wheat plants were

reduced under the herbicides metribuzin, metsulfuron and 2,4-D
Frontiers in Plant Science 0245
stresses (Agostinetto et al., 2016). The above many studies show that

chlorophyll fluorescence technique can be a good way to monitor

the physiological changes of green plants when they are subjected to

chemical and other stresses.

Many scholars have used chlorophyll fluorescence

imaging techniques to study the effects of mechanical and

chemical stresses on weeds, such as herbicides, machinery, high

temperature, salinity, and drought (Hogewoning and Harbinson,

2007; Shin et al., 2020b; Lazarevic et al., 2021). Fuks et al. (1992)

studied the photosynthetic performance of weeds using

fluorescence of the oxidized PSII primary quinone receptor QA to

determine if alterations in the 32-kD protein of photosystem PSII

altered resistance to triazine herbicides (Fuks et al., 1992). Under

herbicide stress, the chlorophyll content and photosynthetic

capacity of weeds were reduced and the photochemical

composition of the measured fluorescence quenching was altered.

Linn et al. (2020) used chlorophyll fluorometry to measure weeds in

the field after herbicide treatment and assessment of herbicide

sensitivity (Linn et al., 2020) and determined that the

fluorescence parameter Fv/Fm could be a strong indicator for

evaluating weed sensitivity to herbicides. Fedotov et al. (2016)

used fluorescence spectroscopy to monitor the effects of stress

caused by mechanical damage in turfgrass and showed that the

fluorescence ratio can be considered a reliable feature of plant stress

status (Fedotov et al., 2016). Mechanical damage causes damage to

the donor side of PSII, resulting in the production of large amounts

of reactive oxygen species (ROS) in plants such as weeds, and

excessive accumulation of ROS in plants (Choudhury et al., 2016),

induces aldehyde formation and increases photosynthetic efficiency

in response to stress by increasing the number of reaction centers

per unit area (Wojtaszek, 1997; Maresca et al., 2020). These studies

highlight the potential and effectiveness of using chlorophyll

fluorescence for monitoring weeds subjected to herbicide versus

mechanical stress.

At present, many researches are based on one factor of weed

damage as the evaluation of weed control standard, but weeds are

not affected by a single factor when they are under stress, such as

species, damage mode and degree, damage site and application

dose, etc. Considering many factors and observing the change

pattern after stress, it is significant to reveal the damage

mechanism of mechanical and chemical stress, and also can

provide a strong theoretical basis for the related weed control

technology. Therefore, the aim of this study was to investigate the

changes in CF parameters and physiological response patterns of

different species of weeds (Digitaria sanguinalis and Erigeron

canadensis) at their different stress sites and levels under

chemical, mechanical and their combined stresses.
Materials and methods

Plant material and damage conditions

Through the preliminary review of data and actual research, this

study selected typical weeds in East China, where crops are

biannual, tillage is frequent, and there are many weed species,
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making prevention and control difficult. Therefore, according to the

morphological classification of weeds, the experiments selected the

most representative weeds of the region, Erigeron canadensis

(Broadleaf family) and Digitaria sanguinalis (Gramineae family),

as the sample weeds to carry out relevant studies (Chism and

Bingham, 2017; Kelly and Coats, 2017; He et al., 2023). Maize is the

main food crop in the region, and weed control in maize farmland is

especially important, whose stalk weed control period is mostly the

3-5 leaf stage of maize. During this period, the field is mostly 5-10

leaves age and the plant height is mostly 2-5 cm; Digitaria

sanguinalis is mostly 2-5 leaves age and the plant height is mostly

1-3 cm, so we only collected weeds randomly before the 5 leaves

stage of maize.

In this experiment, wild weeds were transplanted into

individual standard square pots (10cmx10cmx8cm) in the wild

using a field transplanting method (Hazrati et al., 2016), and total

transplanting about 300 plants. The transplanted weeds were placed

in a shaded position for slow transition, and then the weeds were

placed in daylight conditions to simulate the real field natural

environment, and the weed samples are shown in (Figure 1).

Treatment divisions included leaf surface chemical stress HD1;

leaf back chemical stress HD2; leaf heart chemical stress HD3; stem

chemical stress HD4; light mechanical stress MD1; severe

mechanical stress MD2; light mechanical complex stress MD1-

HD; and severe mechanical complex stress MD2-HD.
Preparation of stress samples and
fluorescence image acquisition

Weed plants in good growth condition under daylight

conditions will be damaged under natural environment after a

slowing period of days. Prior to damage experiments on weeds, a

chlorophyll fluorescence imager was used for predictive quantities,

and for chlorophyll fluorescence imaging, a mobile chlorophyll

fluorescence imaging system, PlantExplorerXS (Pheno Vation,

China), which is a mobile chlorophyll fluorescence measurement
Frontiers in Plant Science 0346
system specifically designed for field, greenhouse, climate chamber,

and laboratory scenarios that can be moved, and set the average

pixel value<0.75 for Fv/Fm images of weed plants were screened out

to ensure that the experimental weeds were healthy weed plants

before they underwent damage (Dong et al., 2020). At present,

precision-to-rake application technology has become a trend in

weed chemical control (Quan et al., 2022), and for its needs,

herbicides were selected from the widely used and broad-

spectrum tactile inactivating glufosinate (C5H15N2O4P) (Krausz

et al., 2017; Tharp et al., 2017; Takano and Dayan, 2020), which

has a wide herbicidal spectrum, low toxicity, high activity and good

environmental compatibility. The general difference in chemical

damage is mostly a distinction of site or dose (Tharp et al., 2017; Ali

et al., 2020), so the dose used in the study was proportioned

according to the actual local spraying situation, and the

recommended dose was about 2500 g a.i./hm2, the dosage of

single plant agent is 10ml and applied to different parts of the leaf

surface, leaf back, leaf heart and stem of the weed respectively

(Figures 2A, B) (Mehmood et al., 2018). The difference in

mechanical damage is mostly the distinction of damage mode and

degree and the damage area is generally stem and leaf, so the

mechanical damage was uniformly done by scratching the leaf with

a blade to simulate the damage caused by field weeds due to weeding

machinery operations, the degree of damage is divided by the area

of the damaged leaf area and the number of scratches, the damage

area ≤ 30% and the number of damaged leaf scratches for 1-2 for

light damage, damage area ≥ 50% and the number of damaged leaf

scratches for 3-4 for severe damage (Figures 2A, B) (Vitta and

Quintanilla, 2017), complex stress is treated by simultaneous

mechanical and chemical stresses. The experiment was divided

into two main parts: a single-factor mechanical or chemical

damage stress test and a compound factor mechanical and

chemical damage stress test.

Chlorophyll fluorescence images were collected at 9:00 a.m.

daily, and the damage treatment was performed in groups of three

plants on the same site, averaged, monitored for 7 days and cycled

(Figure 2C) and analyzed (Figure 2D). The Fv/Fm parameter is the
FIGURE 1

Visible visual appearance of the two weed samples collected.
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most visual representation of the changes in photosynthetic

capacity of plants, and the obtained Fv/Fm values were used to

calculate their photosynthetic inhibition rate according to the

following equation

R =
(N − T)
(N)

� 100%
Fron
R——Photosynthetic inhibition rate;

T——The average photosynthesis of weeds after duress;

N——The average photosynthesis of control weeds;
Selection of chlorophyll
fluorescence parameters

For the selection of chlorophyll fluorescence parameters, CF

parameters on the upper surface of all leaves of intact weed plants

were obtained after measurement using chlorophyll fluorescence

imaging, said CF parameters were measured independently after
tiers in Plant Science 0447
every 24 h at the onset of stress, fluorescence collection yielded a

total of 14 fluorescence parameters, in this study, Fv/Fm, Fq’/Fm’,

ETR, Rfd, NPQ, and Y(NO) (Perez-Bueno et al., 2019; Ali et al.,

2020; Shin et al., 2020a; Wang et al., 2021). And these parameters

can clearly express the information about the changes in the

photosynthetic system when the weed is stressed, the details of

the six CF parameters evaluated are shown in (Table 1).
Statistical analysis

The results of CF fluorescence parameters were averaged over 3

biological replicate experiments. Statistical analysis was performed

using SPSS software (Ver. 20; SPSS). Statistical differences between

the means of the two groups were analyzed using analysis of

variance (ANOVA) and Duncan’s multiple polar difference test,

P<0.05. The treatment protocols and their interactions were

analyzed using a mixed model one-way ANOVA, P<0.05. The

effects of treatments included (leaf surface chemical stress, HD1;

leaf back chemical stress, HD2; leaf heart chemical stress, HD3;

stem chemical stress, HD4; light mechanical stress, MD1; severe
TABLE 1 The chlorophyll fluorescence parameters used in this study.

Parameter Formula Description

Fv/Fm (Fm - Fo)/Fm Maximum quantum yield of PSII photochemistry measured in the dark-adapted state

Fq’/Fm’ (F’m - F’o)/F’m Exciton transfer efficiency from antenna pigments to the reaction center of photosystem II in the light-adapted state

ETR Fm− (Fm× PPFD × 0.5) Electronic transmission rate in PSII

NPQ (Fm - F’m)/F’m Non photochemical quenching of maximum fluorescence

Rfd (Fm - Fs)/Fs Ratio of fluorescence decline

Y(NO) 1/[NPQ+ 1 + qL(Fm/Fo -1)] Quantum yield of non-regulated energy dissipation in PSII
B C DA

FIGURE 2

Experimental processing flow chart, (A) shows different stress treatments; (B) RGB images of sample weeds after treatment; (C) acquisition of
fluorescence images; (D) data analysis.
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mechanical stress, MD2; light mechanical complex stress MD1-HD;

severe mechanical complex stress MD2-HD), and time (0d-7d; for

repeated measurements).
Results

Chlorophyll fluorescence imaging is a new technique for plant

phenotyping that has been used to study the physiological and

morphological response of weeds to chemical and mechanical

stresses. Phenotypic characteristics were assessed at the onset of

stress treatment (0d) and at the longest continuous time of weed

decay (1d to 7d) after treatment onset. Pseudo-color images

showing the effects of chemical, mechanical and combined stress

on selected parameters Fv/Fm are shown in (Figure 3).
Effect of chemical stress on different parts
of two weeds on CF parameters

The images of the effects of chemical stress treatment on Fv/Fm

in Erigeron canadensis and Digitaria sanguinalis after 0-7 days are

shown in (Figures 3A–D). From the site of chemical stress effect, the

most obvious degree of change was monitored under chemical

stress treatment in the leaf surface (HD1) and leaf back (HD2), and

the back of the leaf was the most rapidly affected by chemical stress

in comparison with the two. All CF parameters, except Y(NO),

decreased during herbicide stress at different sites, with the most

pronounced decreasing trend under leaf back treatment

(Figures 4A, 5A). The most significant stress changes were

obtained from Fv/Fm monitoring during 3 to 4 days under

chemical stress treatment in Erigeron canadensis and Digitaria

sanguinalis, and the direct cause of the decrease in photosynthetic
Frontiers in Plant Science 0548
rate was related to the mechanism of action of glufosinate

(Richardson et al., 2007). Fv/Fm, the maximum quantum yield of

PSII, the Fv/Fm parameters of Erigeron canadensis and Digitaria

sanguinalis decreased insignificantly from day 0 to 1. In

(Figure 4A), Fv/Fm changed significantly in different parts of the

treatment from day 3, and the stress decrease in the back part of the

leaf changed significantly, and the most obvious Fv/Fm value in

the back part of the leaf decreased less than 0.2 after 7 days, and

the photosynthetic inhibition rate R=75%. Fq′/Fm′, which is the

effective quantum yield of PSII, (Figures 4A, 5A) also decreased

after different site stress treatments, and the trend of change was

distinguished clearly, with a higher decrease than that of Fv/Fm.

ETR, the electron transport rate of chlorophyll fluorescence in PSII,

showed a similar trend to Fq’/Fm’ in different sites experimentally

treated for stress, with Fq’/Fm’ and ETR showing a significant

increase from 0 to 1 day after treatment, decreasing fastest from 1 to

2 days, and becoming relatively slow after 2 days. Rfd, an important

parameter indicating the attenuation of chlorophyll fluorescence,

also showed similar trends to NPQ on different sites of experimental

treatments of stress. NPQ is a very important non-chemical

quenching parameter, and in (Figure 4E) Erigeron canadensis

NPQ shows a transient increase during 0-1 days at the beginning

of the stress. it shows a gradual decrease during 1-7 days, especially

the stress change is most obvious in the back part of the leaf

treatment, it is interesting to note that in Digitaria sanguinalis the

changes in Rfd, NPQ from day 0-1 are reversed. Y(NO) indicates

the components of the effectiveness of the photoprotective

mechanism, and all other non-photoprotective components

except heat diffusion, which are shown in (Figures 4F, 5F) to

decrease to a certain extent in 0 to 1 day after stress treatment in

different parts of Erigeron canadensis and Digitaria sanguinalis, and

show a significant change of increase in the subsequent time, The

results showed significant differences in all CF parameters.
B

C D

A

FIGURE 3

Fluorescence images of Fv/Fm parameters were captured daily during the experimental period, and the changes of Fv/Fm parameters images of
Erigeron canadensis and Digitaria sanguinalis under different parts of Erigeron canadensis and Digitaria sanguinalis with different stresses were
monitored continuously. (A, B) shows the image changes of Fv/Fm parameters in different parts of Erigeron canadensis with different levels of
mechanical stress, and (C, D) shows the image changes of Fv/Fm parameters in different parts of Digitaria sanguinalis with different levels of
mechanical stress.
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Effect of different levels of mechanical
damage acting on two weeds on
CF parameters

From (Figures 3B, D), we can see the image changes of the effect

on Fv/Fm between Erigeron canadensis and Digitaria sanguinalis

after 0-7 days of mild (MD1) and severe (MD2) mechanical damage

treatments. The CF parameters in (Figures 6A–F, 7A–F) were
Frontiers in Plant Science 0649
influenced by different degrees of mechanical damage. Among the

light and heavy mechanical damage conditions, heavy mechanical

damage had the greatest effect on all CF parameters. Among all CF

parameters, the variation of Erigeron canadensis and Digitaria

sanguinalis parameters were basically the same except for Fq’/Fm’

and ETR. In (Figures 6A, 7A), Fv/Fm showed a decreasing change

from 0 to 2 days, and a slow increase from 2 to 7 days, and a more

stable fluctuation in a certain range, and R=11% for severe
B C

D E F

A

FIGURE 4

Fluorescence curves of each parameter of CF obtained by capturing each day during the experiment, (A–F) shows the variation of each CF
parameter of Erigeron canadensis with treatment time under chemical stress treatment at different sites. Each plot point represents the mean ± SD
of three biological replicate determinations. Refer (Table 1) for the description of each parameter.
B C

D E F

A

FIGURE 5

Fluorescence curves of each parameter of CF obtained by capturing each day during the experiment, (A–F) shows the variation of each CF
parameter of Digitaria sanguinalis with treatment time under chemical stress treatment at different sites. Each plot point represents the mean ± SD
of three biological replicate determinations. Refer (Table 1) for the description of each parameter.
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mechanical stress. The changes observed in Fq’/Fm’ and ETR

during mechanical stress in (Figure 6) show similar trends to the

changes in Fv/Fm, and the results after stabilization were somewhat

lower compared to the initial ones, with the difference that ETR

showed a decreasing trend from 0 to 3 days and lasted longer

compared to Fv/Fm. The changes of NPQ and Rfd parameters are
Frontiers in Plant Science 0750
approximately the same, both decrease rapidly from 0 to 1 day due

to mechanical damage, slowly return to stability from 1 to 7 days,

and the stable results are elevated compared to the initial ones. Y

(NO) in (Figures 6F, 7F) increases when subjected to mechanical

damage and stabilizes within a certain range of fluctuation after 2

days after the damage.
B C

D E F

A

FIGURE 6

The fluorescence curves of each CF parameter were obtained by capturing each day during the experiment, and (A–F) are the changes of each CF
parameter of Erigeron canadensis with treatment time under different levels of mechanical stress treatment. Each plot point represents the mean ±
SD of three biological replicate determinations. Refer (Table 1) for the description of each parameter.
B C

D E F

A

FIGURE 7

The fluorescence curves of each CF parameter were obtained by capturing each day during the experiment, and (A–F) are the changes of each CF
parameter of Digitaria sanguinalis with treatment time under different levels of mechanical stress treatment. Each plot point represents the mean ±
SD of three biological replicate determinations. Refer (Table 1) for the description of each parameter.
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Effect of compound damage stress on CF
parameters by acting on different parts of
two weeds

(Figures 8A–D) shows the image changes of the effect of

compound damage stress on Fv/Fm after the treatment of four

different parts of light and heavy mechanical and chemical stresses,

and the more severe the compound stress, the more obvious the

changes of spatial heterogeneity (Figures 8B, D). The weed

mortality status resulting from 3 days of heavy mechanical

complex stress and 4 days of light mechanical complex stress in

(Figures 8A, C) is the same and the change pattern is almost the

same (Figures 9A, 10A). The most significant changes in Fv/Fm for

both light and heavy mechanical complex stresses of Erigeron

canadensis and Digitaria sanguinalis were observed after 2 days,

and Fv/Fm reached the status of chemical stress treatment for 7

days with R=71%-73% at 3-4 days of complex stress treatment. The

changes of Fq’/Fm’ and ETR in (Figures 9B, C) are particularly

pronounced from 0 to 1 day after the composite stress broke the

cuticle hindrance, and the changes of Fq’/Fm’ and ETR in

(Figures 10B, C) in Digitaria sanguinalis also decreased from 0 to

1 day compared with the corresponding parameters of chemical

stress in (Figures 5B, C). Erigeron canadensis and Digitaria

sanguinalis Rfd and NPQ showed significant changes in

compound stress than single stress, and the compound stress Y

(NO) did not show a decreasing trend in 0-1 days of treatment,

unlike the changes in chemical stress.
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Discussion

Effect of chemical stress on different parts
of two weeds on CF parameters

Chemical stress is a very important abiotic stress that will have a

good effect on weed growth control and extermination, but the same

application to different parts of the weed performance is also

different. From (Figures 3A, C) leaf back (HD2), it can be

observed that there is a change in area when the treatment

proceeds to day 5-6, which is due to the cotyledons having a

surface representation of stress, cotyledons wilting, chlorophyll

disappearing, and Digitaria sanguinalis approaching a state of

death more quickly than Erigeron canadensis when subjected to

chemical stress, probably because of the very dense tomentum

growing on the leaves of Erigeron canadensis, making it less

accessible to the drug solution (Yu et al., 2009). The Fv/Fm

parameters of Erigeron canadensis and Digitaria sanguinalis

decreased insignificantly from 0 to 1 day, probably due to the

obstruction of cuticle (Richardson et al., 2007; Kamtsikakis et al.,

2021). The decrease in Fv/Fm values with time in this experiment

indicates that photoinhibition of leaves occurred under herbicide

glufosinate stress. Fv/Fm in (Figure 4A) changed significantly from

day 3 onwards for different parts of the treatment, with significant

changes in the decline of stress in the back part of the leaf, but in

actual production, spraying the foliage is easier to achieve than the

back part of the leaf (Figures 5B, C). Variation of Fq’/Fm’ and ETR
B

C D

A

FIGURE 8

Fluorescence images of Fv/Fm parameters were captured daily during the experimental period, and the changes of Fv/Fm parameter images of
Erigeron canadensis and Digitaria sanguinalis under the compound stress mode of chemical damage and different mechanical degree of damage at
different parts of Erigeron canadensis and Digitaria sanguinalis during the continuous monitoring period. (A, B) shows the image changes of Fv/Fm
parameters for light and heavy mechanical compound stresses in Erigeron canadensis, and (C, D) shows the image changes of Fv/Fm parameters for
light and heavy mechanical compound stresses in Digitaria sanguinalis.
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parameters of Digitaria sanguinalis with respect to those

corresponding to Erigeron canadensis in (Figures 4B, C). The Fq’/

Fm’ of Erigeron canadensis and Digitaria sanguinalis were the

operational efficiency of PSII photochemistry, while the ETR

parameters were also related to photochemistry, and the changes
Frontiers in Plant Science 0952
of both were different, probably due to different weed species and

different sensitivity to glufosinate.

The variation of Rfd is closely related to the non-photochemical

quenching of NPQ, which explains why the variation of Rfd is

similar to that of NPQ. In (Figures 4D, E) Rfd and NPQ, however,
B C

D E F

A

FIGURE 9

Fluorescence curves of each parameter of CF obtained by capturing each day during the experiment, (A–F) are the changes of each CF parameter
of Erigeron canadensis with treatment time under f heavy mechanical complex stress treatment. Each plot point represents the mean ± SD of three
biological replicate determinations. Refer (Table 1) for the description of each parameter.
B C

D E F

A

FIGURE 10

Fluorescence curves of each parameter of CF obtained by capturing each day during the experiment, (A–F) are the changes of each CF parameter
of Digitaria sanguinalis with treatment time under f heavy mechanical complex stress treatment. Each plot point represents the mean ± SD of three
biological replicate determinations. Refer (Table 1) for the description of each parameter.
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showed a decreasing and then increasing trend from 0 to 2 days,

which showed opposite changes to the parameters corresponding to

the Erigeron canadensis. The trend of rising and then decreasing

NPQ in Erigeron canadensis is due to the generation of

photoinhibition (Lu et al., 2003). The rising trend of NPQ in the

early stage indicates that the excess light energy absorbed by

the antenna pigments in the PSII center is consumed by initiating

the NPQ pathway to protect the activity of photosynthetic organs

from damage or reduce the degree of damage, which likewise

reflects that non-photochemical quenching is an important

mechanism that can protect photosynthesis from proceeding

smoothly. However, the NPQ tends to decrease with more severe

chemical stress, which may be due to the blockage of the thermal

dissipation mechanism due to severe chemical stress to the extent

that excess light energy cannot be efficiently dissipated through

non-photochemical quenching pathways (Chmeliov et al., 2019;

Wilson and Ruban, 2020), the reduced heat dissipation capacity, the

limitation of CO2 assimilation and the imbalance of photochemical

activity in photosystem II are factors that lead to energy

overexcitation and subsequent photoinhibition (Song et al., 2015;

Vodeneev et al., 2018; Chmeliov et al., 2019). The changes in NPQ

in the pre-Digitaria sanguinalis period were the opposite of those in

Erigeron canadensis, which may be due to insufficient light energy

absorption by the antenna pigments in the PSII center, or may be

due to the different stress responses to chemical stress caused by

different weed species. The increase in Y(NO) levels under chemical

stress conditions implies that the weeds were subjected to extreme

stress during the experiment, indicating that the leaves developed

invisible drug damage such as impaired photosynthetic electron

transfer and reduced reaction center activity under herbicide stress,

and that NPQ was also reduced under extreme stress conditions

(Brugger et al., 2017; Tietz et al., 2017). Overall, chemical stress is

highly destructive to the photosynthetic system of weeds, with

significant effects on all CF parameters.
Effect of different levels of mechanical
damage on CF parameters of two weeds

Mechanical damage is one of the most common forms of stress

in weeds and induces multiple response mechanisms, which are also

reflected in chlorophyll fluorescence when weeds are subjected to

mechanical stress, and all parameters monitored respond when

subjected to mechanical stress. The greater the degree of mechanical

damage, the more pronounced the degree of change in weed

fluorescence, and mechanical stress can damage weed leaves,

possibly due to damage to chloroplast membranes and structures,

increased chlorophyllase activity, and excessive accumulation of

reactive oxygen species (ROS) due to weed resistance production

after stress (Mhamdi and Van Breusegem, 2018; Mittler et al., 2022;

Yan et al., 2023). It affects the photosynthesis of the weed for a

period of time, leading to the impairment of the PSII community

side, so that photosynthetic electron transfer is affected, which also

explains the decrease of Fv/Fm, Fq’/Fm’, and ETR in Erigeron

canadensis from 0 to 3 days before mechanical stress.
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Light and heavy mechanical damage can have different effects

on the change of Fq’/Fm’ and ETR in Digitaria sanguinalis, and in

(Figures 3B, D) it can be observed that there is a significant change

in color for heavy mechanical damage (MD2). In (Figures 7B, C),

the Fq’/Fm’ and ETR of Digitaria sanguinalis first increased and

then decreased, which may indicate that the stress response of

Digitaria sanguinalis leaves to compensate for the lack of light

energy absorption due to damaged antenna pigments by increasing

the efficiency of the PSII active reaction center while mechanical

damage stress occurred (Appenroth et al., 2001). The different

changes in Fq’/Fm’ and ETR between Erigeron canadensis and

Digitaria sanguinalis may be due to the different weed species and

sensitivity to glufosinate, and also indicate that Erigeron canadensis

are more sensitive to glufosinate and glufosinate is more effective on

Erigeron canadensis (Steckel et al., 2017). The stabilized values were

slightly lower than the initial ones, indicating that mechanical

damage stress caused damage or inhibition of antennal pigments,

resulting in a reduction of energy absorbed by antennal pigments

and energy captured by reaction centers, and that this damage

was permanent.

Rfd and NPQ parameters increased photosynthetic efficiency

and decreased light energy consumption by non-photochemical

quenching when subjected to mechanical stress, which explains why

Rfd and NPQ decreased from 0 to 1 day. Since mechanical damage

was always present, photosynthetic rate decreased with time and

thermal consumption of light energy through non-photochemical

quenching pathway increased, so Rfd and NPQ increased but did

not change significantly in the subsequent period. Y(NO) increased

significantly from 0 to 2 days, indicating that the weed was under

the most severe stress during this period. The mechanical damage

damaged the PSII community side, resulting in photochemical

energy conversion and protective regulatory mechanisms (such as

thermal diffusion) were not sufficient to completely consume the

light energy absorbed by the weed, and after 2 days, the

photosynthesis and physiology of the Erigeron canadensis

gradually recovered to reach equilibrium and remained relatively

stable, so Y(NO) also tended to stabilize. In conclusion, mechanical

stress will destroy the internal physiological structure of weeds and

affect the normal work of photosynthetic system, and each CF

parameter will fluctuate, but after 2 days each CF parameter will

have some recovery.
Comparative analysis of the effects of
mechanical and chemical stresses on CF
parameters of two weeds

The most obvious difference between chemical stress and

mechanical stress is that chemical stress is irreversible in killing

weeds. Regardless of the location where chemical stress acts,

chemical stress affects the weed’s individual life by disrupting its

physiological patterns and preventing its growth. In contrast,

mechanical stress limits weeds by the degree of damage to weeds

by weeding machinery, which may be able to stop weed growth to a

certain extent, but when the degree of mechanical damage is not
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sufficient, weeds will still come back. The changes of the two stresses

were more obvious by fluorescence parameters, and the R=75% in

the back part of the leaf of chemical stress was much greater than

the R=11% of heavy mechanical stress.

Fv/Fm responded to the potential maximum photosynthetic

capacity of the weed, and the persistent and significant decrease in

Fv/Fm of chemically stressed weeds indicated that the damage to the

photosynthetic capacity of the weed by chemical stress was

irreversible. The degree of variation in the corresponding Fq’/Fm’,

ETR, Rfd, and NPQ parameters all responded to the greater damage

to the weed by chemical stress, and weed mechanical and chemical

stresses behaved differently in the 0-1 day stress response to these four

parameters, with chemical stress stresses being obvious, while the

stresses exhibited by mechanical stresses were not. This may be due to

the mechanical stress directly damage the physiological structure of

the leaf, the damage is serious and rapid, fluorescence interval of 24 h

monitoring, may be the next monitoring, mechanical stress stress

response to manifest the effect has passed, resulting in fluorescence

monitoring cannot be monitored or monitoring the effect is not

obvious (Liu et al., 2019; Shetty et al., 2019; Li et al., 2020). The

continuous increase in the Y(NO) parameter is an indication that the

weed is under extreme stress. In contrast to the changes in the

fluorescence parameters of mechanical stress, the weeds only changed

significantly in the initial 1-2 days of stress, and the parameters hardly

changed after the physiological changes of the weeds stabilized.
Effect of complex damage stress on CF
parameters by acting on different parts of
two weeds

(Figures 8A–D) shows the image changes of the effect of

compound damage stress on Fv/Fm after the treatment of four

different sites of light and heavy mechanical and chemical stress, the

underlying cause of spatial heterogeneity of weeds on CF images is

leaf loss of greenness, due to the accelerated degradation of

chlorophyll and proteins after weeds are subjected to compound

stress, the degradation of biomolecules in plants leads to the release

of ROS, and ROS on The oxidative damage produced by the plant

includes the accelerated production of ethylene, the main hormone

that induces cellular senescence, which leads to the yellowing of

leaves (Dubois et al., 2018; Katayose et al., 2021).

Fv/Fm in (Figure 9A) and (Figure 10A) reached the status of

chemical stress treatment in (Figure 4A) and (Figure 5A) for 7 days

with R=71%~73% at 3 days of compound stress treatment, indicating

that mechanical stress accelerated the rate of action of chemical stress

after breaking this obstructive layer of weed leaf cuticle and greatly

accelerated the time of weed death (Figure 9A). The most significant

changes in Fv/Fm were observed after 2 days for heavy mechanical

complex stresses of Erigeron canadensis and Digitaria sanguinalis,

which means that although mechanical damage broke the physical

defense of leaves, only a small portion of glufosinate acted directly on

cells, and most of it still needed to be transported in xylem to act on

cells, inhibiting glutamine (GS) production and reducing

photosynthetic yield, a process that takes time (Figures 9B, C). The

changes in Fq’/Fm’ and ETR of Erigeron canadensis were especially
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obvious from 0 to 1 days after the composite stress broke the cuticle

hindrance, which was due to the inhibition of photosynthesis by the

direct entry of glufosinate into the leaf cells where the action occurred,

reducing the efficiency of PSII photochemical operation and the

photosynthetic electron transfer (Figures 10B, C). Digitaria

sanguinalis Fq’/Fm’, ETR compared to the corresponding parameter

changes of chemical stress in (Figures 5B, C) at 0 to 1 day also

decreased, this is because the stress response of the weed will be

somewhat to resist the stress when it is suddenly damaged by such a

large stress, due to the extreme, permanent and irreversible damage

caused by the complex stress to the internal physiology and structure of

the weed, the physiological defense mechanism of the weed is far from

sufficient to resist the damage of the complex stress (Figures 9D–F) is

similar to the variation of (Figures 4D–F) and (Figures 10D–F) is

similar to the variation of (Figure 5D-F), which may be due to the fact

that their corresponding species are the same. Erigeron canadensis and

Digitaria sanguinalis Rfd and NPQ showed significant changes under

compound stress than single stress, suggesting that Erigeron canadensis

and Digitaria sanguinalis were subjected to severe stress resulting in

imbalance of PSII photochemical activity, energy overexcitation and

photoinhibition, and leading to photooxidative damage with high

production of reactive oxygen species (ROS) in chloroplasts (Ivanov

and Khorobrykh, 2003; Ksas et al., 2015). Complex stress Y(NO) did

not show a decreasing trend from 0 to 1 day of treatment, unlike the

changes in chemical stress. Y(NO) showed a significant increase from

the first day, indicating that the weed initiated a photoprotective

mechanism on the first day of complex stress and that more and

more light energy was dissipated by thermal diffusion with chlorophyll

degradation. The sustained changes in Y(NO) of Erigeron canadensis

under compound stress were faster, indicating that the heat diffusion

ability of Erigeron canadensis was better than that of Digitaria

sanguinalis, which also implied that Erigeron canadensis was more

sensitive to glufosinate than Digitaria sanguinalis.
Comparative analysis of the effects of
complex stress and single stress on CF
parameters of two weeds

Compared with single stress, compound stress not only

disrupted the physiological pattern of weeds but also directly

damaged the leaf structure of weeds, broke the obstruction of

weed cuticle layer, made glufosinate enter into weeds faster, and

combined with ATP and occupied the reaction site of GS, the

synthesis of GS was blocked, and photosynthesis was affected,

which made the weeds die much more efficiently (Ulguim et al.,

2019; Takano et al., 2020a; Takano et al., 2020b). It is evident from

the time that the composite stress leads to the death of the weed in a

far shorter time than when a single stress acts on the weed. As shown

in (Figures 11A–F, 12A–F), it was observed from the experimentally

obtained curves that the pattern of changes in weeds subjected to

complex stress was consistent with that of the single chemical stress,

which indicates that chemical stress damages weeds more severely

compared to mechanical stress, therefore, compound stress should

be dominated by chemical stress and supplemented by mechanical

stress, and the heavy mechanical compound stress R increased by
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53% compared to chemical stress R. The Fv/Fm parameter is the

most intuitive parameter to show the change of photosynthetic rate

of the plant, and each parameter was approximately the same for

Erigeron canadensis and Digitaria sanguinalis under different
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stresses. As shown in (Figures 13A–D), the error values of Fv/Fm

of Erigeron canadensis were larger with longer stress time, indicating

that the physiological changes of weeds under stress were stronger

with increasing time. We found that in (Figures 13A–D), the error
B C

D E F

A

FIGURE 11

(A–F) Variation of each CF parameter with treatment time for different damage modalities (leaf abaxial chemical stress, heavy mechanical stress with
light and heavy combined stress) in Erigeron canadensis. Each plot point represents the mean ± SD of three biological replicate determinations.
Refer (Table 1) for the description of each parameter.
B C

D E F

A

FIGURE 12

(A–F) Variation of each CF parameter with treatment time for different damage modalities (leaf abaxial chemical stress, heavy mechanical stress with
light and heavy combined stress) in Digitaria sanguinalis. Each plot point represents the mean ± SD of three biological replicate determinations.
Refer (Table 1) for the description of each parameter.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1188981
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Quan et al. 10.3389/fpls.2023.1188981
values of the back part of the leaves under compound stress,

however, all became smaller after 7 days of stress. The reason for

this is that the back part of the leaves under compound stress is the

most severely damaged part, and the longer the stress time is, the

faster its chlorophyll disappears and the smaller its photosynthetic

capacity becomes, so that it has almost no photosynthetic capacity,

so its error values change less and less.
Conclusion

This study shows the potential of using CF images to monitor

Erigeron canadensis and Digitaria sanguinalis when subjected to

abiotic stresses (mechanical, chemical). The response of Erigeron

canadensis and Digitaria sanguinalis to abiotic stresses was

observed by monitoring the changes in the obtained CF

parameters. These changes depended on the type, site and extent

of the stressor. The most influential parameters were Fv/Fm, Fq’/

Fm’, ETR, Rfd, NPQ, and Y(NO), all of which decreased after the

experimental treatment except for Y(NO). Fv/Fm is the most direct

window indicating the change in photosynthetic quantum yield, Fv/

Fm decreases continuously from the beginning, so chemical stress

acts irreversibly on the weed, and chemical stress acts on different

parts of the plant, and the maximum photosynthetic inhibition

reaches R=75% in the back part of the leaf for Erigeron canadensis

and Digitaria sanguinalis. The different levels of mechanical stress,

heavy mechanical damage had a greater effect on Erigeron
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canadensis and Digitaria sanguinalis, with R=11% for heavy

mechanical stress, and chemical stress had a significant effect on

all parameters of CF compared to mechanical stress, which

indicates that chemical stress is more severe than mechanical

stress in photoinhibition of photosynthesis. The effect of

compound stress on CF parameters was similar to that of

chemical stress, but in time it was evident that heavy mechanical

compound stress was going to be more severe damage stress on

Erigeron canadensis and Digitaria sanguinalis, and the changes in

CF parameters were especially obvious, and the compound stress

reached 71%-73% of R after only 3-4 days. In summary, Fv/Fm, Fq’/

Fm’, ETR, Rfd, NPQ, and Y(NO) can be used as indicator

parameters for detecting two abiotic stresses, and usually, the

values of all their fluorescence parameters change when affected

by stress, and chlorophyll content levels increase or decrease

depending on the degree of stress. These results indicate that

different types, sites and levels of stress have different effects on

photosynthetic activity as well as fluorescence parameters, which

will help to inform and guide the flexible design of mechanical weed

control, the optimization of chemical weed control on rake spraying

methods and the proposal of new weed control models.
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FIGURE 13

shows the variation of error diagrams of the Erigeron canadensis Fv/Fm at different parts with damage ways. (A) the variation of error diagrams of the
flying canopy at different parts with chemical damage mode, (B) the variation of error diagrams of the Erigeron canadensis at different degrees with
mechanical damage mode, (C) the variation of error diagrams of the Erigeron canadensis at light mechanical compound damage mode, (D) the
variation of error diagrams of the Erigeron canadensis at severe mechanical compound damage mode.
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Droplet spatial distribution
of oil-based emulsion spray

Chen Gong1*, Fujun Chen1, Bingbo Cui1, Aichen Wang1,
Zhao Zhang2, Zhenjiang Zhou3 and Yufei Liu3

1School of Agricultural Engineering, Jiangsu University, Zhenjiang, China, 2College of Information and
Electrical Engineering, China Agricultural University, Beijing, China, 3College of Biosystems
Engineering and Food Science, Zhejiang University, Hangzhou, Zhejiang, China
Introduction: Oil-based emulsion solution is a common pesticide formulation in

agricultural spraying, and its spray characteristics are different from that of water

spraying. The well understanding of its spray characteristics is the theoretical basis

to improve the pesticide spraying technology. The objective of the present study is

to deepen the understanding of the spray characteristics of oil-based emulsion.

Method: In this paper, the spatial distribution characteristics of spray droplets of

oil-based emulsion were captured visually using the high-speed

photomicrography. On the basis of image processing method, the droplet size

and distribution density of spray droplets at different spatial locations were

analyzed quantitatively. The effects of nozzle configuration and emulsion

concentration on spray structures and droplet spatial distribution were discussed.

Results: Oil-based emulsion produced a special perforation atomization

mechanism compared with water spray, which led to the increase of spray

droplet size and distribution density. Nozzle configuration had a significant effect

on oil-based emulsion spray, with the nozzle changed from ST110-01 to ST110-03

and ST110-05; the sheet lengths increased to 18 and 28mm, respectively, whereas

the volumetric median diameters increased to 51.19% and 76.00%, respectively.

With emulsion concentration increased from 0.02% to 0.1% and 0.5%, the

volumetric median diameters increased to 5.17% and 14.56%, respectively.

Discussion: The spray droplet size of oil-based emulsion spray can be scaled by

the equivalent diameter of discharge orifice of nozzles. The products of volumetric

median diameters and corresponding surface tensions were nearly constant for

the oil-based emulsion spray of different emulsion concentrations. It is expected

that this research could provide theoretical support for improving the spraying

technology of oil-based emulsion and increasing the utilization of pesticide.

KEYWORDS

oil-based emulsion spray, sheet structure, droplets distribution, nozzle configuration,
emulsion concentration
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1 Introduction

Oil-based emulsion, as one of common formulation for plant

protection, is widely used in agricultural spraying (Li et al., 2022;

Liu et al., 2022). The oil-based emulsion spray was supposed to have

a same atomization mechanism with water spray over a period of

time. However, in recent years, many research studies indicated that

oil-based emulsion spray has a significantly different spray

characteristics compared with water, and it causes a different

droplet size distribution that plays a key role in agricultural

application (Gong et al., 2020; Gong et al., 2021; Gaillard et al.,

2022). Water spray has been widely studied in both experiments

(Lewis et al., 2016; Kooij et al., 2018; Gong et al., 2020; Gong et al.,

2022) and theories (Post and Hewitt, 2018; Qin et al., 2018);

however, the work related to oil-based emulsion spray is limited.

For water spray, it is pointed out that its atomization process

can be generally divided into two steps: the development of ripple

structure on the spray sheet that leads to the formation of ligaments

(Altieri et al., 2014; Qin et al., 2018; Li et al., 2021), followed by the

fracture of ligaments and the formation of droplets due to interface

instability (Qin et al., 2018). These include Rayleigh–Taylor

instability (liquid sheet to ligament) and Rayleigh instability

(ligament to droplet) mechanisms (Makhnenko et al., 2021). The

spray droplets also undergo a series of spatial evolutionary

processes before reaching the target (Lewis et al., 2016). Scholars

had studied the droplet size distribution in terms of spray pressure,

nozzle type, and spray space locations by methods such as

numerical simulation (Musiu et al., 2019) and mathematical

modeling (Dwomoh et al., 2020; Chen and Ashgriz, 2022; He

et al., 2022). The result indicated that an increase in working

pressure caused an increase in droplet pulverization regardless of

the type of nozzle. In different spray pressure and orifice diameter

values, the droplet volume percentage that presents a normal

distribution, according to the mathematical model, can well

predict the droplet size distribution.

For oil-based emulsion spray, the oil-phase particles lead to the

generation of perforations in the spray sheet and the different

breakup mechanism (Qin et al., 2010; Makhnenko et al., 2021).

The development of perforations causes the earlier breakup of spray

sheet (Gong et al., 2020; Cryer et al., 2021; Li et al., 2021). Compared

with water spray, the droplet of oil-based emulsion spray has a larger

average size and a narrower size distribution (Qin et al., 2010; Vieira

et al., 2018; Gong et al., 2020). The droplet size distributions of water

spray are commonly studied by using laser diffraction (LD) and phase

Doppler particle analyzer (PDPA) methods (Vernay et al., 2016;

Vernay et al., 2017; Vieira et al., 2018; Sijs and Bonn, 2020; Li et al.,

2021; Zhang and Xiong, 2021). The LD method is based on light

diffraction, and it measures droplet size by Mie theory with complete

or fuzzy approximation (ISO13320:2009) (De Cock et al., 2016). The

PDPA method measures the size and velocity of droplets based on

light scatter (Blaisot and Yon, 2015). These non-contact

measurement techniques are based on optics diagnostics (Blaisot

and Yon, 2015). However, for the emulsion spray, the transmittance

of droplets is limited; therefore, the above methods are supposed to

bring errors (Tuck et al., 1997; Hilz and Vermeer, 2013). The image

processing method is more suitable for measuring those droplets that
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have relatively low transmittance (Zeng et al., 2015; Farzad et al.,

2017; Patil et al., 2017). The droplet sizes in the spray image can be

accurately measured on the basis of the edge gray intensity criterion

(De Cock et al., 2016; Minov et al., 2016).

In this paper, the oil-based emulsion spray is focused, and its

sheet structure and spray droplets of different spatial locations were

captured using high-speed photomicrography technology. An image

processing method was used to quantitatively measure the spatial

distribution of the spray droplet size and distribution density. The

relationship between spray sheet structure and spatial distribution of

spray droplets was investigated. In addition, the effects of nozzle

configuration and emulsion concentration on spray structures and

droplet spatial distribution were discussed. It is pointed out that this

research could help to deepen the understanding of the spray

characteristics of oil-based emulsion and provide a theoretical

support for improving the spraying technology of oil-based

emulsion and increasing the utilization of pesticide.
2 Materials and methods

2.1 Experimental setup

The main experimental devices are shown in Figure 1A. The

spray liquid was stored in the pressure vessel (the capacity of the

vessel is 10 L) and was pressurized by an air compressor. A pressure

regulator valve (SMC AR-3000, SMC China Co., Shanghai, China)

was used to control the spray pressure, and its precision is 0.02 MPa.

The spray pressure was set as 0.3 MPa. The nozzles are fixed on an

adjustable bracket, which can move in the vertical direction. The

precision of the movement is 1 mm. A high-speed camera (Olympus

I Speed 3, Olympus Co., Shinjuku-ku, Tokyo, Japan) was used to

capture the spray structures of different vertical positions. A light and

a diffuser are used to produce a uniform backlight. As indicated in

Figure 1B, three standard flat-fan spray nozzles—ST110-01, ST110-

03, and ST110-05 (Lechler Inc., Metzingen Germany)—were used in

the experiments. The long diameter (DL) and short diameter (DS) of

the nozzle exit are measured using a microscope (VHX-900F,

Keyence Co., Japan). As indicated in Figure 1B, the exit of the

nozzles has elliptical structures, and it is not suitable to use long

diameter or short diameter to characterize the size of nozzle exit.

Therefore, the equivalent diameter (Duarte and Corradini, 2018) DE

=
ffiffiffiffiffiffiffiffiffiffiffi
DLDS

p
was used to characterize the size of nozzle exit. The detail

results are presented in Table 1.

Both water and oil-based emulsions were used as the spray

liquid in the experiments. The oil-based emulsion was prepared

with pre-emergent herbicide butachlor (Jiangsu Lvlilai Co.,

Kunshan, Jiangsu, China) and water. The main composition of

the herbicide butachlor was as follows: 6% w/w sodium

alkylbenzenesulfonate (emulsifiers), 9% w/w Styrylphenyl

polyoxyethylene ether (emulsifiers), 15% w/w cyclohexanone

(solvent), and 60% w/w (butachlor). The size distribution of oil

droplets in oil-based emulsion solution in the experiment was

measured using the Malvern particle size analyzer (type: Zetasizer

Nano ZS90), as shown in Figure 1C. Some research studies

indicated that oil-based emulsion has a significant effect on the
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spray droplet size as the emulsion concentration is in the range of

0.05%–0.6% (Dexter, 2001; Vernay, 2015). Therefore, the emulsion

volume concentrations of 0.02%, 0.1%, and 0.5% were selected in

the experiments to evaluate the effect of emulsion concentration on

the spatial distribution of spray droplets. The static surface tension

of different spray medium was measured using a contact angle

measurement system (KSV CAM101, KSV Instruments, Ltd.,

Helsinki, Finland). The experimental conditions were indoor, and
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the room temperature was 23°C–25°C. Six groups of experiments

were designed. Groups 1 and 2 were used to discuss the difference

between water and oil-based emulsion sprays. Groups 2 to 4 were

used to evaluate the effect of emulsion concentrations on the oil-

based emulsion spray. Group 2, 5, and 6 were used to evaluate the

effect of nozzle configuration on the oil-based emulsion spray. The

parameters of different experimental conditions are listed

in Table 2.
TABLE 1 The structural parameters of the nozzle exit.

Nozzle Long diameter DL/mm Short diameter DS/mm Equivalent diameter DE/mm

ST-110-01 1450 242 592.37

ST-110-03 2449 492 1097.68

ST-110-05 2944 695 1430.41
A

B C

FIGURE 1

Spray experimental setup. (A) Experimental setup and (B) nozzles and discharge orifices. (C) Size distribution of oil droplets in oil-based emulsion solution.
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2.2 Capture of spray structures

As indicated in Figure 2, the center point of the nozzle exit was

defined as the origin of all coordinates; the right horizontal

direction (spanwise direction) was set as the X direction; the

vertically downward direction (streamwise direction) was set as

the Y direction, and Z direction was perpendicular to the XOY

plane. The images of spray along different Y distances were

captured to analyze the spatial evolution of spray structures. Take

Figure 2 for example, the first image ① captured near the nozzle exit

(as indicated with dash rectangle). Then, the second image ② was

captured downstream with an interval of 25 mm (as indicated with

solid rectangle). This process was repeated 10 times, which means

that the spray structure in the range of 0~250 mm was captured. In

the X direction, similar processes were used, and the distance

interval is set as 10 mm.

To capture the transient spray structure, the exposure time of

the high-speed camera was set as 2.16 ms. The frame rate was set to

2,000 fps (frames per second); therefore, the time interval between

adjacent images is 0.5 ms. Under this condition, the resolution of

image is 1,280 × 1,024 pixels. A ruler was used to measure the length

of each nozzle before the experiment. A Commercial Image analysis

software IPP (Image Pro Plus, Meyer Instruments, Inc., Houston,

TX, USA) was used to measure the pixel length of the nozzle in the
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spray image. The ratio of the two measured length was defined as

the scale factor SF (SF = length/pixel length).
2.3 Measurement of droplet
size distribution

For water spray, the LD instrument and PDPA are commonly

used methods to measure the droplet size distributions (Vieira et al.,

2018; Sijs and Bonn, 2020). However, the oil-based emulsion

solution is opaque, and the transmittance of its spray droplets is

limited; therefore, the above methods are supposed to bring errors.

The image processing method is more suitable for measuring those

droplets that have relatively low transmittance (Zeng et al., 2015;

Farzad et al., 2017; Patil et al., 2017).

In this paper, droplet sizes were measured on the basis of image

processing. A typical image processing process was shown in

Figure 3. The size of the captured sampling window was 10 ×

10 mm. The raw image in Figure 3A was first enhanced on the basis

of “Retinex” theory (Cai, 2020) to highlight the edge intensity

gradient between the background and the target spray droplet.

Then, the Otsu algorithm (Ostu, 1979) was used to determine the

segmentation threshold, and the binary image was obtained

(Figure 3C). After that, the image was inverted (Figure 3D), and
TABLE 2 Experiment conditions.

Test number Nozzle Pressure
P (MPa)

Concentration Surface tension
s (N m−1)

1 ST110-03 0.3 0 0.070

2 ST110-03 0.3 0.1% 0.041

3 ST110-03 0.3 0.02% 0.050

4 ST110-03 0.3 0.5% 0.032

5 ST110-01 0.3 0.1% 0.041

6 ST110-05 0.3 0.1% 0.041
FIGURE 2

Diagram of spray coordinate and image capture window.
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the median filtering (Zhou et al., 2015) was used to remove noise.

Finally, the imfill function (Zhou et al., 2015) was used to fill the

“holes” within the droplets in Figure 3E. After image pre-

processing, the “Bwlabel” function and “Regionprops” function

(MATLAB, MathWorks Corporation, Natick, MA, USA) were

used to detect and measure the spray droplets in Figure 3F. Next,

an image batch processing code was independently developed on

the basis of the commercial code MATLAB to calculate the volume

size distribution of droplets. To reduce random error and ensure the

enough samples, the numbers of images that are under the same

experimental condition are processed and measured. In this paper,

at least 100 images and 5,000 droplets were processed and measured

for each experimental condition. One of the final results is

presented in Figure 3G; the DV10, DV50, and DV90, which

represent the diameter with cumulative volume less than 10%,

50%, and 90%, are commonly used to characterize droplet size in

agricultural (ANSI/ASABE, 2020).
3 Results and discussion

3.1 Comparison between water and oil-
based emulsion spray

The spray sheets of water and oil-based emulsion are compared

in Figures 4A, B. In the elevation view, for the water spray (the left

half in Figure 4A), the liquid sheet has a relatively intact surface,

with some “ripples” structures (marked by blue circle) on it. These

ripples causes the breakup of the liquid sheet and the formation of

the ligaments and droplets. As indicated in Figure 4A, this breakup
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regime causes both large and small droplets. For the oil-based

emulsion (the right half in Figure 4A), it has a relatively shorter

sheet length compared with water spray. Most notably, there are

some perforations on the liquid sheet of oil-based emulsion spray.

These perforations finally contact with each other to form web-like

structure (marked by red circle) and breakup into droplets. The

droplets generated by this breakup regime have a relatively uniform

size distribution. In the side view, the water spray (the left half in

Figure 4B) has a wave-like structure; on the contrary, the oil-based

emulsion spray (the right half in Figure 4B) has no obviously

fluctuation structures. As a result, the droplets of water spray

distribute in a broad range in the Z direction.

The spray droplets of different Y positions are presented in

Figures 4C, D. First, as indicated in phase ① in Figure 4C, the

spray droplets have relatively bigger average size, and there are some

droplets out of the focal plane for water spray. With the increase of

flow direction distance, as shown in phases ② and ③ in Figure 4C, the

average size of spray droplets obviously decreases; meanwhile, the

number of droplets in the focal plane decreases. For emulsion spray

(Figure 4D), it follows similar trend as water spray; however, the

number of droplets that out of the focal plane is relatively smaller.

On the basis of the comparison above, it can be found that water

spray is featured by wave-like structure, whereas the oil-based

emulsion is featured by perforations. Different sheet structures

cause different breakup regimes, and it supposes to produce

different droplets distribution. Here, the quantitative information

of droplet distribution of water and oil-based emulsion spray is

discussed. Along the axis of symmetry, the volumetric median

diameter (DV50) and distribution density (droplet number in the

focal plane) of spray droplets at different streamwise distances are
A B

D

E F

G

C

FIGURE 3

The methods of image processing and droplet size distribution measurement. (A) Raw image. (B) Image enhancement. (C) Image inversion. (D)
Image binarization. (E) Median filtering. (F) Hole filling. (G) Droplets sizes distribution. V% denotes the volume percentage, CV% denotes the
cumulative volume percentage.
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measured and compared in Figures 5A, B. As indicated in

Figure 5A, for both water and oil-based emulsion spray, the

droplet size decreases with the streamwise distance. The droplet

sizes of oil-based emulsion spray are bigger than that of water spray

at each positions. Meanwhile, measured results show that the size

difference between water and oil-based emulsion spray decreases
Frontiers in Plant Science 0664
with the streamwise distance. For the distribution density of spray

droplets, as shown in Figure 5B, in the range of 50~100 mm, both

water and oil-based emulsion spray are dramatically decrease with

streamwise distance. After Y = 200 mm, the distribution density

changes little with streamwise distance, and the water and oil-based

emulsion has no significant difference.
A B

DC

FIGURE 4

Comparison of water and emulsion spray. (A) Elevation view of water and emulsion spray sheet. (B) Side view of water and emulsion spray sheet.
(C) Droplets images of water spray at different flow direction distances. (D) Droplets images of oil-based emulsion spray at different flow direction
distances. The nozzle is ST110-03, spray pressure is 0.3 MPa, and the concentration of emulsion is 0.1%.
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The droplet size and distribution at different spanwise distances

are measured and compared in Figures 6A, B. As indicated in

Figure 6A, the size of water and oil-based emulsion spray follows a

similar distribution, and the droplet size in middle position is smaller

than lateral positions. At the same streamwise position, the droplet

size of oil-based emulsion spray is larger than water spray.

Meanwhile, the size difference between middle and lateral positions

of oil-based emulsion spray is smaller than that of water spray. As for

distribution density, as shown in Figure 6B, the droplet number in

middle position is obviously larger than lateral positions. However,

this difference will reduce with the increase of streamwise distance.

When the streamwise distance increases to 250 mm, the distribution

of water and oil-based emulsion spray has no significant different.

On the basis of the comparison above, it can be concluded that

the volumetric median diameter of oil-based emulsion spray is

bigger than water spray in both streamwise and spanwise direction
Frontiers in Plant Science 0765
positions. Oil-based emulsion spray also has a larger distribution

density; however, the difference decreases with the increase of

streamwise distance. From Figure 4A, it is know that the sheet

length of oil-based emulsion spray is smaller than of water spray.

The longer sheet length corresponds to the thinner sheet thickness

under the same volume of flow. The thinner sheet is supposed to

produce smaller droplets. This explains why water spray has a

relatively smaller droplets sizes compared with oil-based emulsion

spray. As indicated in Figure 4B, water spray has a wave-like motion

in the Z direction. This fluctuation gives a kinetic energy in the Z

direction for the droplet of water spray. As a result, water droplets

distribute in a broad range in the Z direction and less droplets on

the focal plane compared with oil-based emulsion spray. During the

falling of the spray droplets, its kinetic energy decreases due to the

resist of ambient air. Therefore, the difference between water and

oil-based emulsion spray is reduced.
A B

FIGURE 5

Comparison of water and emulsion spray. (A) The volumetric median diameter (DV50) of spray droplets at different streamwise distances. (B) The
distribution density of spray droplets at different streamwise distances. The ST110-03 nozzle was used, the spray pressure is 0.3MPa, and the
concentration of emulsion is 0.1%.
A B

FIGURE 6

Comparison of water and emulsion spray. (A) The volumetric median diameter of spray droplets at different spanwise distances. “W-50” denotes
water spray, and the position is 50 mm down below the nozzle exit. “E” denotes oil-based emulsion spray. (B) The distribution density of spray
droplets at different spanwise distances. The ST110-03 nozzle was used, the spray pressure is 0.3MPa, and the concentration of emulsion is 0.1%.
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3.2 Effect of nozzle configuration on the
droplet distribution of emulsion spray

Different nozzles are commonly used to modify the droplet size

distribution. In this part, the effect of nozzle configuration on the

droplet distribution of emulsion spray was discussed. First, the images

of sheet structures and spray droplets of different nozzles are

compared in Figure 7. As shown in the first line, nozzle

configuration has a significant effect on the sheet structures. The

sheet length is approximately 7 mm as the nozzle ST110-01 was used.

With the nozzle changes from ST110-01 to ST110-03 and ST110-05,

the sheet lengths increase to 18 and 28, mm respectively. Meanwhile,

the sheet areas are obviously increased. For all the three spray sheets,

there are some perforations on them, which indicate that nozzle

configurations do not change the breakup regime. As shown in the

second and third lines, the droplets generated by the three nozzles

have different size, and the droplet of nozzle ST110-05 has bigger size

at all the streamwise positions. For the oil-based emulsion spray, the

perforations cause the breakup of the liquid sheet. For nozzle ST110-

01, the position that perforation generation is closer to the nozzle exit.
Frontiers in Plant Science 0866
Therefore, it has a shorter sheet length and smaller sheet area. As

shown in Figure 1B, the discharge orifice of nozzle ST110-05 has a

bigger size, and it supposed to produce thicker spray sheet. The

generation position of perforations is far from the nozzle exit; as a

result, it has a longer sheet length and larger sheet area.

More quantitative information of spray droplets is presented in

Figure 8. First, as indicated in Figure 8A, with the increase of

streamwise distance, the droplets sizes are gradually decrease for all

the three nozzles. The nozzle configuration does not change the

evolution patterns but has a significant effect on the droplet size. As

the nozzle type is changed from ST110-01 to ST110-03 and ST110-05,

the DV50 increases to 51.19% and 76.00%, respectively. Different

nozzles have different exit sizes (as shown in Figure 1B); therefore, we

try to nondimensionalize the droplet sizes by using equivalent

diameter of nozzle exits, as indicated in Figure 8B. Interestingly, we

found that the data of different nozzles tend to coincide. It is indicated

that the droplet size of oil-based emulsion spray can be scaled by the

size of nozzle exit. A possible reason responsible for this interesting

finding is that the size of spray droplets was determined by the

thickness of spray sheet, which was controlled by the size of nozzle
FIGURE 7

Spray images of different nozzle configurations. All the images are captured under the same pressure (0.3 MPa). The concentration of the oil-based
emulsion is 0.1%.
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exit. For the nozzles used in this paper, the volumetric median

diameter is approximately 1/10,000th of the equivalent diameter of

nozzle exit. For the distribution density of spray droplets, as shown in

Figure 8C, it is slightly increased with the nozzle type changes from

ST110-01 to ST110-03 and ST110-05. Clearly, nozzle configuration

has little effect on the distribution density of spray droplets.
3.3 Effect of emulsion concentration on
the droplet distribution of emulsion spray

The spray images of different emulsion concentrations are

compared in Figure 9. As indicated in the first line, with the

increase of emulsion concentration, the number of perforations

on the spray sheet is obviously increased. The development of the

perforations forms web-structure and causes the breakup of liquid

sheet. As a result, the sheet of higher emulsion concentration has a

shorter length and smaller area. As indicated in the second and

third lines, the droplet distributions have no significant different.

Clearly, the effect emulsion concentration on the spray droplets is

limited compared with nozzle configurations.
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The droplet size and distribution of different emulsion

concentrations were measured and compared in Figure 10. As

indicated in Figure 10A, the volumetric median diameters generally

increased with the increase of emulsion concentration. It increases by

5.17% as the emulsion concentration increases from 0.02% to 0.1%.

However, when the emulsion concentration increases from 0.1% to

0.5%, the volumetric median diameters increased by 9.39%. The

volumetric median diameters gradually decreased with the increase

of axial distance for all the three emulsion concentrations. However,

the decrease rate for emulsion concentration of 0.5% is relatively

smaller. With the increase of emulsion concentration, the surface

tension of the spray liquid decrease. If the product of volumetric

median diameter and corresponding surface tension was used, we

found that the data of different emulsion concentrations tend to

coincide, as shown in Figure 10B. A possible reason responsible for

this phenomenon is that the droplets sizes can be modified by the

surface tension of spray liquid. Some existing references (Hilz and

Vermeer, 2013) indeed verified that the size of spray droplets was

inversely proportional to surface tension of spray liquid. From

Table 2, it can be found that surface tension decreased with the

increase of emulsion concentration. The droplet distribution density
A B

C

FIGURE 8

Droplet distribution characteristics at different nozzle configurations. (A) The effect of nozzle configurations on the volumetric median diameter.
(B) Fitting curves of different nozzle configurations. (C) The effect of nozzle configurations on the droplet distribution density.
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of different emulsion concentrations is presented in Figure 10C. The

droplet number generally increased with the emulsion concentrations;

however, the difference of three emulsion concentrations is limited.
4 Conclusions

In this paper, the spatial sheet structure and droplet distribution

of oil-based emulsion spray are captured and measured. The effect

of nozzle configuration and emulsion concentration of the sheet

structure and droplet distribution were discussed. Major

conclusions drawn from the study are as follows.

Oil-based emulsion spray has a significantly different

atomization mechanism compare water spray. Water spray is

featured by wave atomization mechanism, whereas the oil-based

emulsion spray is featured by perforation atomization mechanism.

With the presence of holes, the spray sheet breaks earlier; therefore,

the droplet size is larger than that of the water spray in both

streamwise and spanwise direction. Because of the wave-like
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fluctuation of water spray, water droplets disperse in a broad

range compared with oil-based emulsion spray. This spatial

distribution difference between water and oil-based emulsion

spray will reduce due to the resist of ambient air.

Nozzle configuration does not change the atomization

mechanism of oil-based emulsion spray; however, it has a

significant effect on the spray droplet size. The nozzle with a

larger discharge orifice produces longer sheet length, larger sheet

area, and bigger droplets. Interestingly, we found that the spray

droplet size can be scaled by the equivalent diameter of discharge

orifice of nozzles. For the nozzles used in this paper, the volumetric

median diameter is approximately 1/10,000th of the equivalent

diameter. The effect of nozzle configuration on the spatial

distribution of the spray droplets is limited.

The typical structure, perforations, is sensitive to the variation

of emulsion concentration. With the increase of emulsion

concentration, the number of perforation on the spray sheet

increased; as a result, sheet length and area decreased. The effect

of emulsion concentration on the droplet size is limited compared
FIGURE 9

Spray images of different emulsion concentrations. All the images are captured under the same pressure (0.3 MPa) and same nozzle (ST-110-03).
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with nozzle configuration. If the product of volumetric median

diameter and corresponding surface tension was used, then it is

found that data of different emulsion concentrations tend

to coincide.
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Accurate navigation is crucial in the construction of intelligent orchards, and the

need for vehicle navigation accuracy becomes even more important as

production is refined. However, traditional navigation methods based on global

navigation satellite system (GNSS) and 2D light detection and ranging (LiDAR) can

be unreliable in complex scenarios with little sensory information due to tree

canopy occlusion. To solve these issues, this paper proposes a 3D LiDAR-based

navigation method for trellis orchards. With the use of 3D LiDAR with a 3D

simultaneous localization and mapping (SLAM) algorithm, orchard point cloud

information is collected and filtered using the Point Cloud Library (PCL) to extract

trellis point clouds as matching targets. In terms of positioning, the real-time

position is determined through a reliable method of fusing multiple sensors for

positioning, which involves transforming the real-time kinematics (RTK)

information into the initial position and doing a normal distribution

transformation between the current frame point cloud and the scaffold

reference point cloud to match the point cloud position. For path planning,

the required vector map is manually planned in the orchard point cloud to specify

the path of the roadway, and finally, navigation is achieved through pure path

tracking. Field tests have shown that the accuracy of the normal distributions

transform (NDT) SLAM method can reach 5 cm in each rank with a coefficient of

variation that is less than 2%. Additionally, the navigation system has a high

positioning heading accuracy with a deviation within 1° and a standard deviation

of less than 0.6° when moving along the path point cloud at a speed of 1.0 m/s in

a Y-trellis pear orchard. The lateral positioning deviation was also controlled

within 5 cm with a standard deviation of less than 2 cm. This navigation system

has a high level of accuracy and can be customized to specific tasks, making it

widely applicable in trell is orchards with autonomous navigation

pesticide sprayers.

KEYWORDS

orchard, robot, autonomous navigation, vector map, LiDAR, SLAM
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1 Introduction

As a labor-intensive industry (Lyu et al., 2020), fruit production

relies heavily on manual labor for its production process. With today’s

increasing labor costs and population pressure, traditional production

methods are unsustainable. In order to overcome these problems,

many studies have been devoted to the use of orchard robots to replace

manual labor, and devices such as automated orchard picking robots

(Wang X. et al., 2023; Wang Y. et al., 2023) and mobile orchard

applications and fertilization robots (Yayan et al., 2015; Gao et al.,

2020) have emerged. How to achieve accurate and efficient

autonomous navigation in a complex orchard environment by

determining its own position through various sensors is the focus of

all orchard operation robots. Early autonomous navigation devices in

orchards were mainly based on physical tracks (Keicher and Seufert,

2000; Yayan et al., 2015) with global navigation satellite system (GNSS)

(Ryu et al., 2016; Yin et al., 2018). Bakker et al. (2011) developed a real-

time kinematics–Differential Global Positioning System (RTK-DGPS)

automatic navigation platform for sugar beet fields, which can achieve

centimeter-level navigation accuracy. Bin et al. (2017) designed an

orchard sprayer based on the BeiDou satellite navigation system, which

was tested to have an average positioning accuracy of 0.03 m at 2 km/h

operating conditions. Some orchards may pose a challenge for GNSS-

based navigation devices as agricultural robots often work under the

plant canopy. This can result in satellite signals being blocked and not

reaching GNSS receivers, as highlighted by Li et al. (2009) and Niewola

(2020). Therefore, many researchers have started to replace GNSS as

the main sensor for navigation with light detection and ranging

(LiDAR) for orchard navigation tasks. Bayar et al. (2015) completed

the localization and steering control of orchard vehicles between rows

of fruit trees using LiDAR, which is applicable tomost orchards and has

reliable localization accuracy. Zhang et al. (2020) obtained the trunk

position by using 2D LiDAR acquisition and filtering, then fitted the

navigation path using least squares, and finally used an improved

tracking controller to achieve autonomous navigation. Li et al. (2022)

constructed a raster map for the jujube orchard by LiDAR with the 2D

simultaneous localization and mapping (SLAM) method and used

DWA+A* to plan the path for navigation. Wang et al. (2022)

constructed a map by 3D LiDAR for environment sensing while

fusing multi-source information with millimeter-wave radar for

obstacle avoidance. The navigation test shows its positioning

accuracy within 15 cm.

Computer vision techniques also play an important role in the

navigation of agricultural machinery. Visual navigation usually uses

monocular and binocular cameras with the Hough transform (Hough

and Paul, 1962;Winterhalter et al., 2018), least squares (Cui et al., 2015;

Mao et al., 2019), and other methods to extract paths. With the rise of

image deep learning processing techniques in recent years, many

researchers have started to use deep learning processing orchard

environment information and fit navigation lines to control vehicles

traveling through the orchard. Cao et al. (2022) segmented farm crops
Frontiers in Plant Science 0272
based on residual networks and fitted the navigation paths by the least

squares method, and their crop row detection accuracy reached 90.9%.

Yang et al. (2022) fitted the navigation paths of orchard hard surfaces

by training a semantic segmentation network based on SegNet

(Badrinarayanan et al., 2017) and UNet (Ronneberger et al., 2015),

and their path recognition rate reached 92%. Opiyo et al. (2021)

obtained the navigation paths by extracting the texture features of fruit

trees and roads, and their lateral accuracy is at the centimeter level.

With the standardized orchard development, trellis orchards are

more adapted to mechanized operation. Due to the interference of the

trellis and dense canopy, the GNSS signal is unstable, and the

positioning method relying on GNSS alone is not reliable. The

navigation method of extracting trunk position information by laser

filtering is prone to failure due to missing path information at orchard

corners. The navigation method of constructing raster maps by LiDAR

tends to lose its own position due to the similarity of information

between orchard rows. The visual extraction filter is too dependent on

the light conditions, which is unsuitable for some working conditions

that require night operation. In addition, today’s orchard navigation

tasks are more focused on the synergy of multiple tasks, and more

intuitive orchard maps are needed to arrange various tasks. Traditional

navigation methods mainly construct two-dimensional maps with little

information and poor readability. It cannot reflect more effective

orchard point cloud information, so a more intuitive way to

construct orchard maps is urgently needed to match various

mechanical operations. To address these problems, this paper

proposes a trellis orchard navigation method based on 3D SLAM

technology to construct maps and fuse RTK and LiDAR sensors for

redundant positioning. The method uses normal distributions

transform (NDT) mapping (Biber and Straßer, 2003) to construct

3D point clouds of orchards and extracts trellis feature points as

reference point clouds by straight pass filtering, voxel filtering, outlier

filtering, etc. The coordinates provided by RTK are transformed into

the initial values of the position in real time and introduced into NDT

matching for point cloud matching. Finally, the vector map (Darweesh

et al., 2017) of the orchard is constructed in the form of manual

planning by marking the paths in the constructed 3D point cloud map

of the orchard to adapt to the navigation of various orchards with

different scales and usage requirements.
2 Materials and methods

2.1 Orchard conditions

The trial site was located in the pear orchard of Jiangsu

Academy of Agricultural Sciences, which was constructed using a

standard Y-trellis with fruit trees spaced 6.0 m apart in rows, 3.0 m

apart in columns, and an average height of 3 m. The trial was

conducted in November 2022. Figures 1A, B show the aerial view of

the orchard and the trellis, respectively.
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2.2 Hardware system

The study uses Songling Scout 2.0 robot as the motion chassis,

which has four-wheel drive capability and uses differential speed for

steering. For robot control, the target line and angular speed were

received from the host computer via CAN bus and output to the

motor for bottom control via STM32. The main technical

parameters of the robot chassis are shown in Table 1. The

navigation system was equipped with a 16-line LiDAR (C16,

Leishen Intelligent System Co., Ltd., Shenzhen, China) and a

nine-axis inertial measurement unit (IMU) (HFI-A9, HandsFree,

Shenzhen, China). It was mounted on a metal bracket at 0.2 m in

the X-axis direction and 0.25 m in the Z-axis direction with the

center of the robot chassis as the origin of the coordinate system.

GNSS (T3-B, QFRTK, Shenzhen, China) equipment was

magnetically mounted to the front and rear center of the vehicle

chassis to provide differential position information and record real-

time trajectories. The laptop was used as a control terminal for

various sensors. The laptop consisted of an Intel Core i7-12700 h

CPU with 16 GB of DDR5 RAM. Ubuntu Linux 18.04LTS was

installed on the computer, together with the Robot Operating

System (ROS). The Laptop communicates with the STM32 in the

chassis via usb2can with CAN signal output speed information.

Figure 2 shows the complete system hardware platform.
Frontiers in Plant Science 0373
2.3 3D SLAM-based map
construction method

NDT was proposed by Biber and Straßer, 2003. The idea of

NDT can be summarized as filtering the input point cloud in each

frame and then stitching it with the previous frame by matching the

computed bit pose to build a map. NDT mapping first divides the

single-frame point cloud scanned by 3D LiDAR into cubes with

certain voxel dimensions to reduce the data complexity and

introduce an initial set of positional parameters. Formula 1

represents the point cloud intensity of each cube. Then, the

probability density is calculated from Formula 2 for all point

clouds within the cube. Then, a set of discrete point clouds is

expressed directly and approximately in the form of probability

density functions, which are smooth and continuously derivable.

Each probability density function can be considered as an

approximation of a local surface, which not only describes the

location of the surface in space but also contains information about

the orientation and smoothness of the surface.

S =
1
mo

m

k=1

(~yk −~m)(~yk −~m)
T (1)

f (~x) =
1

(2p)
3
2

ffiffiffiffiffiffi
Sj jp e−

(~x−~m)T S−1(~x−~m)
2 (2)

where y!k k=1,…,m are the positions of the reference scan points

contained in the cube.

After the transformation of the input point cloud in one frame

was completed in this way, the NDT SLAM will update the point

cloud in the global map. According to Formula 3, when the point

cloud information was input in the next frame, for the point cloud

X = f~X1,…,~Xng, there exists a set of transformation matrices T

(~p,~x) . For a given probability density function of the scanned point

cloud, the bit pose ~p that makes the best match between the two

frames was the solution of the maximum likelihood function, which

was also the minimal value of its negative logarithm, as shown in

Formula 4.

Y =
Yn
k=1

p(T( p!, x!k)) (3)
TABLE 1 Main parameters of Scout 2.0 robot.

Name Value

Dimensions (L × W × H), m 0.93 × 0.7 × 0.35

Wheelbase, mm 498

Tread, mm
Top speed, m/s

582
1.5

Motor rated voltage
Minimum ground clearance, mm
Maximum grade, °
Maximum load, kg

24V DC
135
30
50
BA

FIGURE 1

Test fields. (A) Aerial view of the orchard. (B) Y-trellis for orchard.
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− logY = −o
n

k=1

log(p(T(~p,~xk))) (4)

For Formula 4, the optimal solution was obtained by Newton’s

optimization iteration as the best matching poses, and then the

point cloud of each LiDAR scan frame was updated in the global

map with the result of the matching poses. This process was

repeated to overlay the point clouds to finally obtain the global

map. The flowchart of the NDT mapping algorithm is shown

in Figure 3.

There are several advantages to using the NDT method for

environment construction in an orchard environment. First, it can

adjust the map resolution and reduce the data volume by voxelizing

the point cloud, which has a good downsampling effect on the
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information of all kinds of branches and leaves noise in the orchard.

Second, the method has higher adaptability to subtle changes in the

environment. When there is a change in the fruit trees within a

divided voxel, the probability density description method can

effectively reduce the error caused by subtle changes in the point

cloud matching.
2.4 GNSS fusion NDT point cloud matching
based on localization method

The NDTmatching approach to localization is also based on the

above-mentioned principle of great likelihood estimation for

positional computation. By continuously comparing the input

point cloud with the already recorded point cloud in each frame,

the position corresponding to each frame is continuously output.

However, this approach needs to give the initial value of the locus

pose during the point cloud matching calculation, and the

approximate solution of the locus pose is used to obtain the

optimal result faster by subsequent Newtonian iterative

optimization. If completely relying on NDT positioning, the

system can only set the initial value of the positional pose once at

the beginning, which will lead to positioning failure and no

automatic correction. When the initial value is set incorrectly or

the subsequent matching cannot obtain the result, the vehicle

position falls into robot abduction. In order to solve this problem,

the best method is to continuously provide the NDT with the initial

position value and recalculate it through external data when the

NDT fails. Considering that the orchard is outdoors, it is suitable to

introduce GNSS information with high position positioning

accuracy and convert the longitude and latitude data provided by
FIGURE 2

Photograph of the mobile platform.
FIGURE 3

NDT mapping. NDT, normal distributions transform.
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GNSS into the initial position parameters of the vehicle and use

them as iterative initial values for NDT position calculation, which

changes the positioning method from single sensor work to multi-

sensor fusion positioning.

For the specific practice of converting RTK latitude and

longitude information to vehicle position, this paper proposes a

conversion procedure to convert it in real time, and its pseudo-code

is shown in Figure 4. The program first records the latitude and

longitude of the origin of the point cloud map and aligns the world

coordinate system with it. Then, the relative latitude and longitude

are obtained by subtracting the original world coordinate of the

map from the input GNSS. Finally, the relative coordinate

information is transformed into the map coordinate system in

real time.

Considering the large variety of fruit trees, the timeliness and

reliability of the point cloud generated by NDT mapping are poor,

and the efficiency of the solution will be affected by a large amount

of data in the subsequent point cloud matching. The trellis is a fixed

and not easily deformed marker in the orchard, and it is the most

ideal reference point cloud for alignment. The research uses the

Point Cloud Library (PCL) to filter and extract it as the reference

point cloud for NDT pose calculation. The specific flow of the point

cloud processing and positioning method is shown in Figure 5. The

input point cloud is first voxel filtered to reduce the overall data

volume of the point cloud, then the lower height point cloud is cut

in the form of straight pass filtering to retain the fruit tree and trellis

point clouds, and finally, the redundant point clouds within the two

trellises are cut by rows in the form of outlier filtering with straight

pass filtering to retain the trellis point cloud alone. After the scaffold

reference point cloud has been processed, the height of the input

LiDAR point cloud is controlled to maximize the proportion of the

input scaffold point cloud among all input point clouds, and the

RTK-supplied positional information is used as the initial value for

the NDT iterative algorithm to match the scaffold reference point

cloud with the LiDAR input point cloud. The NDT first constructs a

transformation matrix T containing six degrees of freedom

according to the initial value of the pose and projects the input

LiDAR point cloud into the reference point cloud coordinate system

via the transformation matrix T. The algorithm calculates the

matching score by comparing the position distribution of each

cell of the input point cloud in the reference point cloud and
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superimposing the cells generated from the two sets of point clouds.

When the matching score is less than the pre-defined matching

threshold, the alignment parameter T is calculated by iterative

Newtonian optimization to make the matching score meet the

requirement, and the result is the position of the input point

cloud. When the matching score does not meet the

predetermined threshold, the positioning is judged to be lost. At

this time, the positioning process is restarted, and the initial

position information is recalculated from the previously obtained

RTK coordinate information. The NDT calculation process is

repeated to obtain the vehicle position information.
2.5 Vector map navigation path generation
and tracing method

The task of mapping driveable paths in a 3D point cloud map is

usually performed by means of high-precision vector maps in the

field of autonomous driving. A vector map consists of point

elements, lane elements, line elements, pole elements, surface

elements, and so on. The lane information is generated by

manually or automatically marking the position of each element

in the point cloud. The complete vector map in the autonomous

driving domain also has elements such as stop lines, traffic lights,

and footpaths. Fruit trees are regularly arranged, which provides

good conditions for map vectorization. Therefore, this paper uses a

manually annotated vector map to plan the driving rules and only

takes the four elements of the point node lane to form the basic

elements of the navigation path. Each point element has its own ID

number and coordinates position in a vector map, and the specific

location of each point can be marked in the point cloud map. When

a path is specified, the point element in the lane is converted into a

node element. The node element defines the points on the driveable

lane in the point cloud, and the location information of the lane

elements can be defined by the node. The dtlane element is a point

element that complements the lane shape information, including

the directional angle between points and the curvature radius of the

steering path. Lane elements are sequentially connected by node

elements to build lanes and define the center of the driving route.

These four elements are recorded in tabular form with their

respective attributes and finally published separately in the point
FIGURE 4

Pseudo code for conversion.
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cloud map through the ROS system. Unity 3D Maptool plug-in is

used to carry out manual vector map annotation in the orchard

point cloud. The planned path is shown in Figure 6. The navigable

path in the orchard is constructed by adding a point element and

connecting each point to lane element. The same method is used to

construct and transform road edges. The U-shaped line is taken as

the fruit tree inter-row steering route, and the driving route map is

built with three rows of fruit trees as the main object. Among them,

the pink dotted line is the calibrated navigation route, the blue solid

line is the prescribed form range, and the green part is the orchard

point cloud. They are used to assist in labeling the driving line of a

vector map to precisely locate the position of each element.

When the trajectory is generated, the final task of the navigation

vehicle is to follow the trajectory. The planned trajectory in the

orchard is relatively simple, and the mobile robot is a wire-

controlled chassis satisfying the differential kinematic model,

which can directly receive the linear and angular velocity

commands sent from the ROS to achieve trajectory tracking. The

kinematic model of the four-wheel chassis during tracing is

modeled in Figure 7. Refer to pure path tracking (Coulter,1992).

For the target trajectoryM, a pre-sighting point C is selected on the

reference path to be tracked, which is at a distance Ld from the

vehicle’s center of mass position, and the rear wheel center of

the vehicle can be driven along a certain turning radius R to reach

this point.
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In triangle OAC, AC and OC satisfy the sine rule, and because

angle OCA is complementary to angle CAB, Formula 5 can be

obtained by using the sine rule.

Ld
sin (2a)

=
R

sin ( p2 �a)
(5)

where Ld is the chord of the steering curvature arc, a is the heading

angle at point A, and R is the radius of the steering curvature circle.

By simplifying Formula 5, the expression for the radius of

curvature in terms of turning can be obtained, which is given by

Formula 6.

R =
Ld

2 sina
(6)

In order to determine the heading angle at each position during

tracking, assume that the vehicle travels from point A to point B.

Because b is complementary to angle OBA, and angle OBA is

complementary to angle AOB, the expression for the heading

angle b can be obtained in triangle AOB using trigonometric

relationships, which is given by Formula 7.

b = arctan
L
R

(7)

where b is the heading angle and L is the distance from the center of

the vehicle to the next position.
Transform RTK data into

robot initial posture

Calculate the NDT score of

the Scaffolding point cloud

The matching result

reaches the set value 

No

Output posture

Yes

Newton optimisation

Voxel, straight-through,

outlier filtering

Scaffolding point cloud

Limit scanning height

Lidar scan point cloud GNSS Date

Original point cloud

Start

End

FIGURE 5

Flowchart of RTK fusion NDT location algorithm. RTK, real-time kinematics; NDT, normal distributions transform.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1207742
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Xia et al. 10.3389/fpls.2023.1207742
FIGURE 7

Pure pursuit model. Point A in the figure represents the current position, C represents the lookahead point position, and B represents the position of
the vehicle during turning. The blue curve M represents the planned path, and the red curve AC represents the turning path. a is the heading angle
at point A, b is the heading angle at point B, L is the distance from the center of the vehicle to the next position, Ld is the chord of the steering
curvature arc, and ey is the error in the lateral direction between the rear wheel center position and the lookahead point.
FIGURE 6

Vector map with manually labeled paths. The green part of the figure is the orchard point cloud, the pink route is the driving path, and the blue line
is the driving boundary.
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By substituting Formula 6 into Formula 7, a further simplified

expression for the turning angle can be obtained, which is given by

Formula 8.

b = arctan
2L sina

Ld
(8)
The lateral error ey is defined as the error in the lateral direction

between the rear wheel center position and the lookahead point. In

triangle ABC, the expression for the forward distance Ld can be

obtained using the sine rule, which is given by Formula 9.

Ld =
ey

sina
(9)

where ey is the error between the rear wheel center position and the

pre-sighting point in the lateral direction.

By substituting Formula 9 into Formula 8, the final expression

for the heading angle can be obtained, which is given by Formula

10.

b = arctan
2Ley
Ld 2

� �
(10)

During the motion at each moment, the turning angle is

relatively small. Therefore, Formula 10 can be simplified to the

form of Formula 11, which leads to the final heading angle control

model.

b =
2L
Ld

2 ey (11)
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3 Results and discussions

3.1 NDT mapping trials

The NDT mapping test was conducted in a pear orchard. After

connecting the hardware, the NDT mapping process was opened in

ROS. The mobile platform was remotely controlled to move along

the rows of trees and steered in a U-shaped trajectory at the end of

each row. The final point cloud map of three rows of fruit trees is

shown in Figure 8A. The point cloud of the orchard is very complex,

it is unreliable to use the NDT-generated map as a reference map

directly, and the original point cloud map needs to be processed

using point cloud filtering to eliminate noise and compress map

data. For the collected point clouds of Y-trellis orchards, the

generated original point clouds were first retained 70% by

downsampling to reduce the data volume. Then, the smaller

dense point clouds were combined by voxel filtering and outlier

filtering to reduce the overall resolution. The results are shown in

Figure 8B, where the overall number of point clouds was effectively

reduced. Three columns of fruit trees were selected as the test object,

and the extra columns of fruit trees were removed by conditional

direct-pass filtering, as in Figure 8C. Considering that the orchard

has the characteristics of a trellis, it was chosen as a retained point

cloud. In this way, the cluttered point cloud of the whole orchard

can be preserved as a trellis point cloud, and it can be used as a high-

precision map for positioning. The final processed localization

point cloud is shown in Figure 8D, where the noisy and

changeable canopy point clouds were filtered.
B

C D

A

FIGURE 8

Orchard point cloud map processing method. (A) Original point cloud map. (B) Voxel filtering point cloud. (C) Pass-through filtering point cloud.
(D) The trellis point cloud.
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After the trellis point clouds were processed, the relative

position of each point cloud was measured in RVIZ using the

measure plugin and compared with the real distance of the orchard

to verify the accuracy of the mapping. Figure 9A shows the initial

point cloud obtained in RVIZ, where the red curve is the movement

trajectory of the vehicle. The mapping effect test method is shown in

Figure 9B, where the trellis structure was divided into two rows. In

an ideal situation, the horizontal distance between the trellis is 3 m,

and the vertical distance between the vertical vertices is 6 m.

The results of the point cloud distance measurement tests in

RVIZ are shown in Table 2. The maximum and minimum absolute

errors of the point cloud in each row were 8 and 3 cm, respectively.

The average measured value of the distance between rows was

3.02 cm, with an average standard deviation of 0.059 cm. The

maximum and minimum absolute errors between reference points

in each column were 11 and 8 cm, respectively. The average

measurement of the inter-column distance was 5.975 cm with a

standard deviation of 0.096 cm. The average error between rows

and columns were within 3 cm, and the accuracy level meets the

requirements of subsequent NDT matching localization. In order to

understand the consistency of the point cloud measurements

between rows and columns, the coefficient of variation (CV) was

used to compare the three ABC data sets to verify the dispersion

errors. The average CV of the three data sets was less than 2%, and

the errors in both column and row directions were stable, which

means that NDT mapping is reliable as a method for large-scale

orchards. Compared to the application of extended Kalman filter

(EKF)–SLAM in orchards (Wu, 2019), the accuracy level of NDT

mapping is not much different from that of EKF–SLAM because

this type of SLAM method determines the location of each point

cloud by randomly scattering particles and calculating their

distribution probability density, which is essentially similar to the

probabilistic estimation method of NDT. However, NDT mapping

uses 3D gridding to calculate probabilities, and the resulting

orchard map was more informative and intuitive, which has the

advantage of better map readability. Compared to the use of

Cartographer in orchards (Xiong, 2021), this method has higher

accuracy and is more advantageous in terms of mapping speed, as

Cartographer needs to continuously optimize the already generated

map, while this method only needs to overlay point clouds based

on position.
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3.2 Fixed-point navigation test

The fixed-point navigation test was conducted to verify whether

the GNSS with NDT point cloud matching in the orchard could

achieve the desired accuracy. The test site is shown in Figure 10A,

and the specific test plan is shown in Figure 10B. The intersection

points of navigation paths were selected, and the column-wise trellis

was selected as the reference point. The measured distances between

the bottom of the scaffold in the point cloud map and each reference

point were taken as the true value 0 for localization. The vehicle was

controlled to pass through points M1, M2,…, M14 in the order, and

the distance to the reference point was measured when it reaches

each point to obtain the lateral deviation. For heading positioning,

the heading of the navigation track was taken as the true value 0.

Since the path generated by the vector map was actually constructed

in the form of points, the Angle between the two points adjacent to

the measurement position and the due east direction was selected as

the ideal course Angle, and the course deviation during its

movement was recorded by the on-board IMU. The speed of the

vehicle was set at 1.0 m/s and the lateral, heading deviations were

recorded as absolute values. Meanwhile, in order to compare the

effect of NDT point cloud matching positioning more clearly, three

methods of GNSS positioning, NDT matching positioning, and

GNSS fusion NDT positioning were selected for the above

positioning tests. The lateral and heading errors of the three

methods at 14 reference points were recorded, and the results of

the box line plot are shown in Figure 11.

When the vehicle speed was 1.0 m/s, the average lateral

deviation of RTK positioning was less than 3 cm, and the SD was

less than 2 cm, while the average heading deviation was less than

3.5°, and the SD was less than 1°. Compared with that of the other

two positioning methods, the lateral accuracy of RTK positioning

was the highest and the data stability was strong, but compared with

the point cloud matching-based positioning method, it was more

susceptible to lateral and heading deviations due to obstruction in

the orchard. The average lateral deviation of the NDT point cloud

matching method was less than 5 cm, and the SD was less than

2 cm, while the average heading deviation was within 1°, and the SD

was less than 0.6°. This positioning method was better in terms of

lateral and heading accuracy, but during long-time operation, it can

be interfered with by similar point cloud scenes and lead to
BA

FIGURE 9

Orchard point cloud mapping test. (A) Initial orchard point cloud and data collection trajectory in RVIZ. (B) Mapping effect test schematic. A1 to A8
and B1 to B8 are the relative horizontal distances between the trellis, and C1 to C8 are the vertical relative distances between the vertical vertices.
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positioning failure. It can be inferred that relying solely on NDT

positional estimation as a navigation method is not stable. The

GNSS fusion NDT positioning was comparable in accuracy

performance to the NDT-only positioning method, with an

average lateral deviation of less than 5 cm and an SD of less than

2 cm. The average heading deviation was within 1° and an SD of less

than 0.6°, in accordance with its positioning theory. However, it is

re-positioned by GNSS when NDT matching fails, and the method

lasts longer in operation than pure RTK positioning. It can still rely
Frontiers in Plant Science 1080
on aligned trellis point clouds to maintain accurate positioning

under some heavily shaded fruit tree canopies. It also provides a

more stable heading position by means of point cloud matching and

correcting deviations in the heading by numerous key point clouds,

which can be more effective in tasks requiring high orientation

accuracy. At the same time, the redundant positioning approach by

combining two positioning information is more fault tolerant in

real-life positioning tasks than relying on one sensor alone

for positioning.
BA

FIGURE 10

Fixed-point navigation tests. (A) Reference point distance measurement. (B) Schematic diagram of a fixed-point navigation test. M1 to M14 are
measuring points on navigation path, and M is the distance between the tree column and the vehicle center.
TABLE 2 Reference point cloud relative distance measurement results.

No
Scaffold sampling point distance measurements (m)

Mean Standard deviation CV
1 2 3 4 5 6 7 8

Line A
A1 A2 A3 A4 A5 A6 A7 A8 3.015 0.064 0.021

3.07 2.92 3.05 3.07 3.06 2.93 2.97 3.05

Line B
B1 B2 B3 B4 B5 B6 B7 B8 3.026 0.054 0.018

3.08 3.05 3.06 3.03 2.92 3.04 2.97 3.06

Line C
C1 C2 C3 C4 C5 C6 C7 C8 5.975 0.096 0.016

5.91 5.91 5.90 6.11 6.08 5.89 5.92 6.08

Total 0.018
frontier
BA

FIGURE 11

Fixed-point navigation test results. (A) Lateral deviation results. (B) Heading deviation results. The top and bottom horizontal lines are the maximum
and minimum values, respectively. Three-quarters of the experimental error data points are in the box.
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3.3 Navigation effect test

Figures 12A–F show different navigation positions when the

speed was 1 m/s; the yellow path is the planning path, and the white

line is the motion control line of pure path tracking planning. It was

found that the planning line keeps changing with the path

curvature, and the curvature was larger when navigating in a

straight line and smaller when curving. Meanwhile, during the
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actual operation, the navigation effect changes significantly when

different speeds were used for navigation. In order to explore the

influence of different speeds on navigation accuracy, three driving

speeds of 0.5, 1.0, and 1.5 m/s were selected, and the driving

trajectories under each speed were recorded by RTK. The driving

trajectories are shown in Figure 12G; the black curve is the planned

path, and the round dots, stars, and triangular scatter points are the

vehicle tracing paths under the three driving speeds. At the speed of
B

C D

E F

G

A

FIGURE 12

Navigation tests at different speeds. (A–G) The control line planning under straight and curved roads.
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0.5 m/s, the maximum and minimum positioning errors of the

tracing path were 13 and 3 cm, respectively, and the overall average

error of the sampling points was 8 cm. At the speed of 1.0 m/s, the

maximum and minimum errors of the tracing path were 6 and

1 cm, respectively, and the overall average error of the sampling

points was 3.5 cm. At the speed of 1.5 m/s, the maximum and

minimum errors of the tracing path were 15 and 5 cm, respectively,

and the overall average error of the sampling point was 7 cm. When

the speed was too slow, the heading adjustment of the navigation

system was very frequent, and the tracing was incoherent. After it

was combined with the pure path tracking, it can be found that the

front view distance of the controller becomes smaller when the

speed was too small, and the heading angle adjustment was large. At

the same time, it can be found that the front view distance becomes

longer when the speed was faster, and the tracking effect was stable

in the straight trajectory, but the steering curvature was larger when

passing through curves, resulting in a large radius through the

curves. If the response lag of each sensor on the control platform

was too fast, it will affect the navigation effect. When the vehicle was

running at 1.0 m/s, the best tracing effect was achieved, as the speed

setting affects the front view distance and thus changes the steering

curvature. The best steering speed should be set according to the

tree spacing. Based on the test, the best driving speed is 1.0 m/s, and

the best forward-looking distance is 5.5 m.
4 Conclusion

Conducting various agronomic processes with an orchard

autopilot platform is important for reducing human work time and

improving operational accuracy in orchard production. Unlike

scenarios in open environments such as field harvesting, the

navigation system of an autonomous driving platform in an orchard

environment is more difficult in terms of complex canopy handling

and unstructured ground travel. In order to make the navigation in the

orchard more suitable for continuous inter-row navigation and

obstruction environment, this study used a four-wheel differential

robot as the platform, constructed the environment using NDT

Mapping’s 3D SLAM method, and processed it with the PCL for the

Y-shaped trellis environment. At the same time, the problem of easy

loss of positioning in complex scenes in orchards was solved by GNSS

fusion NDT point cloud matching for positioning. The results showed

that the accuracy of NDT mapping was 10 cm. The positioning

accuracy reached 5 cm in the lateral direction and 1° in the aerial

direction. During the practical tests, the method was able to perform

continuous navigation in the orchard, but there were problems such as

the large amount of point cloud processing, which caused the chassis

motion control to stutter, and the controller forward-looking distance

parameters could not be applied to different scale scenarios.

In future research, we plan to explore a point cloud localization

method that is less computationally intensive to suit devices with lower

computing power and reduce system latency. To address the issue of

control algorithms, controllers with variable parameters or control

methods such as Model Predictive Control (MPC) and Linear

Quadratic Regulator (LQR) should be used to improve the stability
Frontiers in Plant Science 1282
of navigation control, enabling autonomous navigation of orchard

vehicles in a cost-effective, efficient, and accurate manner.
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Effect of airflow angle on
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air-assisted spraying
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Yuan Zhong1,2, Ye Jin1,2 and Jianli Song1,2*

1College of Science, China Agricultural University, Beijing, China, 2Centre for Chemicals Application
Technology, China Agricultural University, Beijing, China, 3Sanya Institute of China Agricultural
University, Sanya, China, 4Weichai Lovol Intelligent Agricultural Technology Co., Ltd., Shandong,
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Air-assisted sprayers are widely used in orchards for pest and disease control.

However, air-assisted spray deposition on the abaxial surface of leaves is often

limited. In this study, amethod to achieve satisfactory spray deposition on the abaxial

leaf surface and an assessment of factors that affect abaxial surface deposition were

investigated. The effects of leaf angle, wind speed, platform velocity, and nozzle type

were assessed. Abaxial surface coveragewas significantly affected by leaf angle, wind

speed, and nozzle type, of which the leaf angle had the strongest impact. The leaf

angle largely determines the abaxial surface area exposed to the wind field. When

the abaxial surface is situated leeward, deposition of droplets on the abaxial surface is

difficult. Therefore, to improve abaxial surface exposure for field application, the

exposure probability of the abaxial surface at different angles between the leaf and

the airflow (a) was examined. The relationship was well represented by a logistic

growth curve. The exposure probability exceeded 95%when the a valuewas greater

than 5°. The latter finding was verified by conducting a field application in which the

deposition efficiency on the abaxial surface (DEAS)was calculated. Adjustment of the

airflow angle based on the theoretical value achieved DEAS of 49.9% and 109.3% in

the middle and upper layers of the canopy, respectively, whereas the DEAS was less

than 30% if the airflow angle was not adjusted. This is caused by the difference in the

exposure probability of the back of the leaf. The results provide a reference for

adjustment of the wind field of air-assisted sprayers in field applications.

KEYWORDS

air-assisted spray, abaxial surface, coverage, angle of airflow, exposure
1 Introduction

Air-assisted spraying is an efficient ground-based spray application technology

recommended by the Food and Agriculture Organization of the United Nations (FAO,

2001). The auxiliary airflow may cause the leaves to turn over or oscillate. The spray

droplets are directed by the airflow to penetrate the canopy, which improves the uniformity

of spray distribution within the canopy (Burgio et al., 2016; Zhou et al., 2016). In addition,
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disruption from natural wind flow and droplet drift are reduced by

using a suitable airflow rate, and the pesticide utilization can be

improved (Zhu et al., 2004).

For most types of fruit trees, the abaxial leaf surface has a greater

number of stomata and a thinner cuticle than the adaxial surface

(Toselli et al., 2009; Carr, 2013; Carr, 2014), and is the main site of

pathogen infection (Washington et al., 1998; Churchill, 2011). Pests,

such as red spider mites and whitefly, also tend to be more frequent

on the abaxial leaf surface (Laurence et al., 1978). Therefore,

adequate deposition of pesticides on the abaxial surface of leaves

is required for effective pest control in fruit trees. However,

deposition on the abaxial surface is often inadequate or uneven in

air-assisted spraying. In addition, adjustment of the spray volume

has little effect on deposition on the abaxial surface (Garcerá

et al., 2020).

Airflow is another important factor affecting deposition. The

state of leaves is changed when the airflow changes (Zhang et al.,

2022). The reconfiguration and vibration of the leaf vary under

different airflow characteristics (Jiang et al., 2021). Deposition can

be affected by aerodynamic response speed (Li et al., 2021). Field

application also showed that the adjustment of airflow influences

droplet deposition between the medial and lateral parts of the

canopy (Svensson et al., 2003; Pai et al., 2009). A computational

fluid dynamics (CFD) simulation revealed that deposition on the

abaxial leaf surface was strongly associated with the airflow angle

(Wang et al., 2015). Therefore, airflow direction is an important

factor that must be considered. In most orchard air-assisted

sprayers, wind direction is varied mainly by adjusting the guide

plate. A strong correlation between leaf droplet deposition in the

vertical profile of the canopy and sprayer airflow direction has been

reported (Duga et al., 2015). Furthermore, improved deposition is

achieved by adjusting the angle of the air outlet (Celen, 2008; Pai

et al., 2009; Grella et al., 2022).

Recommendation manuals and devices have been developed that

allow rough adjustment of the airflow characteristics (TOPPS-

Prowadis Project, 2014; Garcerá et al., 2017). However, these

adjustments need to be based on specific canopy characteristics, such

as canopy size and leaf density. Hence, the recommendations are not

readily implemented in practical applications. In addition, there is

currently a lack of guideline data for the improvement of deposition on

the abaxial leaf surface during application. Therefore, in this study,

factors that influence droplet deposition on the abaxial leaf surface were

investigated. The effect of the angle between the leaf and airflow on

exposure of the abaxial surface was examined, and the optimal angle

was calculated. The findings provide a reference for the adjustment of

air-assisted sprayers in practical applications.
2 Methods

2.1 Effect of parameters setting on
deposition on the abaxial surface

A movable spray platform was used in the initial experiment

(Figure 1). The platform was composed of an air-assisted spraying

system and a crawler chassis. The air-assisted sprayer system
Frontiers in Plant Science 0285
comprised a 24 V power source, an axial fan (blade diameter 38

cm), a motor, a speed regulator, a pressure gauge, a centrifugal

pump, and a nozzle. The motor speed was controlled by a speed

regulator with an adjustable range from 1200 to 3600 rpm. The

small tracked chassis was operated by remote control for constant

speed movement.

An artificial leaf was used, which was made from a polyvinyl

chloride sheet of 5 mm thickness. Unlike a real leaf, the artificial leaf

would not deform in the wind field. Therefore, the angle between

the artificial leaf and the direction of forward motion of the movable

spray platform was fixed during the experiment. A double-headed

clamp was used to fix the artificial leaf in position (Figure 2A). The

artificial leaf was fixed at the same height as the center of the axial

fan. The head of the clamp could be rotated to alter the angle

between the leaf surface and the direction of forward motion. Seven

artificial leaves were fixed on the test frame. The distance between

each leaf was 0.2 m. The tested angles between the leaf surface and

the direction of forward motion of the movable spray platform were

0°, 30°, 60°, 90°, 120°, 150°, and 180° (Figure 2B). Water-sensitive

paper (WSP) was secured to the abaxial surface of the artificial leaf.

The horizontal distance between the axial fan and the artificial

leaf was 1.0 m. The experimental parameters in each treatment

group are summarized in Table 1. The rotation speed was 2700 or

3600 rpm. The forward speed of the movable spray platform was 0.8

or 1.2 m s−1. The nozzle types used in the experiment were TR80-02

and TR80-005C hollow-cone nozzles (Lechler, Düsseldorf,

Germany). The spray pressure was 3.0 bar. After spraying, the

WSP was removed and scanned at 600 dpi resolution. Deposit Scan

(National Institutes of Health, Bethesda, MD, USA) was used to

determine the spray coverage for each artificial leaf. Each treatment

group comprised three replications.
2.2 Effect of airflow angle on exposure of
the abaxial surface

In this experiment, the probability of exposure of the abaxial

surface to the airflow was evaluated. In addition, the minimum
FIGURE 1

Schematic illustration of the movable spray platform used in the
initial experiment.
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angle between the leaf abaxial surface and the airflow for effective

deposition was calculated. The leaf used in the experiment was from

a citrus tree located at the China Agricultural University. To ensure

the freshness of the leaves, the experiment was conducted within 10

min of their collection. The fan used was identical to that described

in section 2.1. The direction of the axial fan was parallel to

the ground.

The angle a between the leaf and the airflow direction was

varied during the experiment (Figure 3). The a value was adjusted

at 5° intervals from −40° to 40°. The leaf was fixed to an iron rod

with clamps during the experiment. The leaf inclination angle was

adjusted to the preset value with the aid of an angle-measuring

instrument (ROK International Industry Co., Ltd., Shenzhen,

China). The air-assisted spray platform used was identical to that

described in section 2.1. The rotation speed was set to 3600 rpm.

The fan was maintained at the same height as the center of the leaf.

The horizontal distance between the fan and the leaf was 1.0 m. The

velocity of the platform was 1.2 m s−1. A Gopro Hero 7 digital

camera (Gopro, Inc., San Mateo, CA, USA) was used to record the

oscillation of the leaf. Thirty repetitions were performed for each

a value.

The leaf oscillation in the recorded video was observed and

scored. If the abaxial surface was exposed to the wind field

(Figure 4B), the result was recorded as 1; if the abaxial surface

was not exposed to the wind field (Figure 4A), it was recorded as 0.

The probability of abaxial surface exposure to the wind field was

calculated for each a. The probability (as the dependent variable on
the y-axis) for each a (as the independent variable on the x-axis)
Frontiers in Plant Science 0386
was plotted. In addition, a growth curve function (Equation 1) was

fitted to the data:

y =
a

1 + e−k(x−xc)
(1)

where x is the angle between the fan and the leaf, y is the

probability of abaxial surface exposure, and a, k, and xc
are constants.

2.3 Spray coverage with different airflow
angles in field application

A field experiment was conducted to verify the applicability of

the findings of the experiment described in section 2.2. The spraying

equipment used was basically identical to the movable spray

platform described in section 2.1. The difference was that the

number of spray units was increased to three. Each spray unit

was fixed to the connecting rod by adjustable fasteners at an angle

adjustable from −20° to 20°. The distance between the center of

adjacent fans was 0.5 m.

The experiment was conducted in a citrus orchard greenhouse

in the Xiao Tangshan Agricultural Demonstration Park, Beijing,

China. The spacing between rows of citrus trees was 2.8 m. The

average height of the trees was 1.7 m. Three trees were selected for

the experiment. The leaf angles in the upper, middle, and lower

vertical layers of the canopy were measured. Thirty leaves in each

layer were measured. The leaf angle was defined as the angle

between the abaxial surface and the horizontal plane. The mean
BA

FIGURE 2

Experimental setup for spray deposition on the abaxial surface of an artificial leaf. (A) Method of securing the position of an artificial leaf. (B) The
tested angles of an artificial leaf relative to the direction of forward motion.
TABLE 1 Parameters for spray deposition on the abaxial surface of the artificial leaf.

Treatment group Rotation speed of the fan (rpm) Platform velocity (m s−1) Outlet wind speed (m s−1) Nozzle type

1 2700 0.8 8 TR80-02

2 3600 0.8 12 TR80-02

3 2700 1.2 8 TR80-02

4 3600 1.2 12 TR80-02

5 3600 1.2 12 TR80-005C
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leaf angles were 16.5° in the upper layer, −10.2° in the middle layer,

and −43° in the lower layer. The angles of the fans were adjusted

according to the conclusions from the experiment described in

section 2.2 (Table 2). However, the angle of the lower fan in

treatment group 1 could not be adjusted to the preset value

because of the structure of the fan. Therefore, an angle of 20° was

used. Fans in the control (treatment group 2) were set parallel to the

horizontal plane.

Three citrus trees located on the spraying route were selected.

The canopy of each tree was divided into 15 areas for measurement

of spray distribution (Figure 5A) in accordance with the guidelines

in ISO 22522:2007. The canopy was divided into three layers (upper

[U], middle [M], and lower [L]) in the vertical profile and five

sectors sequentially along the horizontal airflow direction

(numbered 1 to 5). The layer nearest to the axial fan was termed

the first layer and the layer farthest from the fan was the fifth layer.

In each of the 15 areas of the canopy, three leaves were selected and

WSP was secured to the adaxial and abaxial surfaces of each leaf.

The distance between the sprayer and the tree row was 1.5 m. The

nozzle used in the experiment was a TR80-02 hollow-cone nozzle

(Lechler). The pressure was 5 bar and the velocity of the sprayer was
Frontiers in Plant Science 0487
0.5 m s−1. The rotation speed was 3600 rpm. To observe the effect of

the airflow angle on spray deposition onto the leaf surfaces, only

one side of the tree row was sprayed (Figure 5B). After spraying, the

WSPs were collected and scanned at 600 dpi resolution. Deposit

Scan was used to determine the spray coverage in each area of the

canopy. Each treatment was repeated three times.

The deposition efficiency on the abaxial surface (DEAS) was

used to express the ability for droplet deposition on the abaxial

surface of the leaf, which was calculated using Equation 2:

DEAS   ( % ) =
ABSC
ADSC

� 100 (2)

where ABSC is spray coverage on the abaxial surface and ADSC

is spray coverage on the adaxial surface.

Given that the airflow angle may affect droplet penetration, the

penetration rate in each area of the canopy was calculated using

Equation 3:

Penetration   rate   ( % ) =  
Ci

C1
� 100 (3)
FIGURE 3

Schematic diagram illustrating the angle a between a leaf and the airflow direction.
BA

FIGURE 4

Two states of a leaf in the wind field. (A) The abaxial surface of the leaf is not exposed to the wind field. (B) The abaxial surface of the leaf is exposed
to the wind field.
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where C1 is the spray coverage of the first layer and Ci is the

spray coverage of layer i.
3 Results

3.1 Effect of parameters setting on spray
deposition on the abaxial surface of an
artificial leaf

The spray coverage on the abaxial surface of an artificial leaf, as

influenced by four application parameters, is summarized in

Table 3. The angle between the artificial leaf and the direction of

forward motion of the movable spray platform significantly affected

the coverage. At an angle between 0° and 90°, spray coverage on the

abaxial surface was less than 2% in all treatments. In these cases, the

abaxial surface was situated leeward, making droplet deposition

difficult. Nevertheless, a small number of droplets were deposited

on the abaxial surface. At an angle exceeding 90°, a significant

increase in spray coverage on the abaxial surface was observed. In

group 2, for example, the coverage was 1.6%, 18.7%, 34.1%, and

49.8% at 90°, 120°, 150°, and 180°, respectively, and at these angles,

the differences in coverage were statistically significant (P ≤ 0.05).

Similar patterns were observed for the other treatments. The abaxial

surface was directly exposed to the wind field at an angle greater

than 90° and the degree of exposure increased gradually as the angle

increased. These results indicated that deposition under air-assisted

spraying was positively correlated with the degree of exposure to the

wind field.
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The effects of four application parameters on spray coverage

were considered. Multi-factor ANOVA was used to analyze the

effects of the included angle, the rotation speed of the fan, platform

velocity, and nozzle type on spray coverage on the abaxial surface

(Table 4). A significant effect was observed for the included angle,

rotation speed of the fan, and nozzle type (P ≤ 0.05). The included

angle was observed to have the strongest significant effect on spray

coverage (F-value = 54.8).
3.2 Effect of airflow angle on exposure of
the abaxial surface

The probability of exposure of the leaf’s abaxial surface under

different a values is summarized in Table 5. At a< −25°, the abaxial

surface was not exposed to spray droplets. With an increase in a,
the degree of exposure gradually increased. At a ≥ 10°, the abaxial

surface was entirely exposed to the wind field. The growth curve

fitted to the data as well as the third-order derivative is shown in

Figure 6. The curve was divided into three stages based on the

positive and negative values of the third-order derivatives: a ≤ −17°

(first stage), −17°< a ≤ −3° (second stage), and a > −3° (third stage).

In the first stage, the leaves were located too low in the vertical

profile of the canopy and were forced downwards by the wind field.

Thus, the abaxial surface’s probability of exposure was low (less

than 22%). In the second stage, with an increase in a, the probability
of exposure increased rapidly. At a > −3°, the rate of increase in the

probability of exposure declined. In this stage, the probability of

abaxial surface exposure was high (greater than 80%). Thus, it was
TABLE 2 Airflow angles applied in the field experiment.

Treatment group Parameter
Canopy layer

Upper Middle Lower

1
Airflow angle (°) −6.5 20.2 20

a (°) 10 10 −23

2
Airflow angle (°) 0 0 0

a (°) 16.5 −10.2 −43
front
The angle of the axial fan was adjusted relative to the horizontal plane (0°) to generate the specified airflow angle. a is the mean angle between the abaxial surface of a leaf (n = 30) and the airflow
direction. Treatment group 2 (airflow angle = 0°) served as the control.
BA

FIGURE 5

Schematic diagram of the experimental setup for the field application. (A) Division of the canopy of a citrus tree into horizontal and vertical layers.
(B) The route used in the spray application.
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observed that the abaxial surface had a high probability of exposure

to the airflow at an airflow angle slightly less than the leaf angle. The

probability of abaxial surface exposure at a = 10° was greater than

98%. Therefore, an a value of 10° was chosen for the following

field experiment.
3.3 Comparison of coverage under
different a values

Spray coverage in the different canopy areas for the two

treatments is summarized in Table 6. Paired-sample t-tests were

performed to assess the treatment effects on spray coverage in the

same canopy area. For the leaf adaxial surface, no significant

differences were observed in all areas. However, for the abaxial

surface, significant differences were observed in the middle layer

(P ≤ 0.05). Based on the conclusion from the experiment

described in section 3.2, a affects the abaxial surface’s

probability of exposure. In the middle layer, a was 10° in group

1, which led to a high probability of abaxial surface exposure. In

contrast, the a value in group 2 was −10.2° and the probability of

abaxial surface exposure was less than 50%. This accounted for the

difference in spray coverage on the abaxial surface between the

two treatments. In addition, for the upper layer, a was always

greater than 10° for the two treatments. Therefore, high spray
Frontiers in Plant Science 0689
coverage was consistently observed, with an average coverage of

10.3% and 16.7% in groups 1 and 2, respectively. For the lower

layer, a was less than −20° in two treatments, which resulted in

low spray coverage.

Differences in the DEAS were observed (Figure 7). In the lower

layer, the two treatments showed low DEAS (25.0% in group 1 and

23.6% in group 2). In the middle layer, group 1 had a DEAS of

49.9%, whereas the DEAS of group 2 was 29.4%. High DEAS values

were observed in the upper canopy layer (more than 100% for

both treatments).

The penetration rates in the different areas of the canopy are

summarized in Figure 8. As seen in the figure, both treatments

showed high penetration rates (>75%) in the proximal portion of

the canopy (layers 1 and 2). In the center of the canopy (layer 3), the

penetration rates were higher than 50% in most areas. Area M3 in

group 1 and L3 in group 2 had relatively low penetration rates of

approximately 40%. The penetration rates decreased severely in the

distal portion of the canopy (layers 4 and 5). In the middle layer, the

penetration rates for all areas were less than 15%.
4 Discussion

Spray deposition on the leaf abaxial surface has been the focus

of increasing research attention in recent years (Maski and Durairaj,
TABLE 5 Probability of exposure of the abaxial leaf surface to spray deposition at different airflow angles (a).

a (°) −40 −35 −30 −25 −20 −15 −10 −5 0 5 10 15 20 25 30 35 40

Number of leaves with deposition
on abaxial surface

0 0 0 0 5 10 13 24 24 29 30 30 30 30 30 30 30

Exposure probability (%) 0 0 0 0 17 33 43 80 80 97 100 100 100 100 100 100 100
fro
ntiersi
TABLE 4 Significance of the effects of application parameters on spray coverage on the abaxial surface of an artificial leaf.

Parameter df F Significance

Included angle 6 54.8 *

Rotation speed of the fan 1 24.2 *

Platform velocity 1 2.6 −

Nozzle type 1 19.4 *
− P > 0.05, * P ≤ 0.05.
TABLE 3 Spray coverage on the abaxial surface of an artificial leaf at different included angles.

Treatment group
Included angle (°)

0 30 60 90 120 150 180

1 0.9 ± 0.3 c 0.2 ± 0.1 c 0.4 ± 0.1 c 1.2 ± 0.6 c 10.3 ± 3.9 b 17.2 ± 5.4 ab 21.0 ± 6.6 a

2 1.0 ± 0.8 d 0.5 ± 0.1 d 0.3 ± 0.3 d 1.6 ± 0.8 d 18.7 ± 11.2 c 34.1 ± 13.2 b 49.8 ± 5.5 a

3 0.1 ± 0.1 d 0.2 ± 0.1 d 0.1 ± 0.1 d 0.6 ± 0.5 d 8.3 ± 3.1 c 16.5 ± 3.7 b 29.3 ± 2.9 a

4 0.2 ± 0.1 d 0.3 ± 0.2 d 0.1 ± 0.0 d 0.8 ± 0.2 d 19.0 ± 9.3 c 28.9 ± 5.0 ab 27.9 ± 4.9 a

5 0.1 ± 0.0 b 0.3 ± 0.2 b 0.1 ± 0.0 b 0.5 ± 0.4 b 8.0 ± 2.3 a 7.7 ± 0.7 a 11.9 ± 4.4 a
Values are the mean ± standard deviation (n = 3). Different lowercase letters within a column indicate a significant difference between means (one-way ANOVA; p< 0.05).
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FIGURE 6

Fitted growth curve and the third-order derivative for the probability of exposure of the leaf’s abaxial surface.
TABLE 6 Spray coverage on the adaxial and abaxial leaf surfaces in different canopy areas for the two treatments.

Canopy area
Adaxial surface of leaves Abaxial surface of leaves

Group 1 Group 2 Group 1 Group 2

Upper canopy

U1 14.4 ± 10.8

a

9.7 ± 6.9

a

16.7 ± 11.4

a

25.8 ± 11.2

a

U2 10.3 ± 7.3 6.8 ± 3.7 17.0 ± 8.7 28.1 ± 6.7

U3 10.8 ± 6.7 8.3 ± 6.1 8.1 ± 9.9 22 ± 21.3

U4 6.8 ± 4.8 6.6 ± 4.6 7.4 ± 5.3 5.8 ± 6.2

U5 4.7 ± 2.4 6.8 ± 2.7 2.2 ± 2.8 2.0 ± 2.7

Average 9.4 7.6 10.3 16.7

Middle canopy

M1 21.1 ± 12.8

a

23.2 ± 9.6

a

8.6 ± 8.8

a

6.7 ± 9.3

b

M2 23.4 ± 10.4 18.6 ± 11.3 7.9 ± 3.5 4.7 ± 3.1

M3 4.8 ± 3.3 11.5 ± 10.5 6.9 ± 7.4 3.8 ± 6.8

M4 2.2 ± 1.5 2.5 ± 1.7 1.8 ± 2.5 1.9 ± 2.2

M5 2.4 ± 2.4 3.1 ± 1.6 1.7 ± 3.9 0.3 ± 0.3

Average 10.8 11.8 5.4 3.5

Lower canopy

L1 23.5 ± 11.8

a

30.3 ± 12.2

a

3.8 ± 3.6

a

1.8 ± 1.4

a

L2 19.7 ± 9.6 30.6 ± 8.6 3.2 ± 3.7 6 ± 8.3

L3 13.1 ± 7.1 6.7 ± 6.7 6.1 ± 5.8 6.5 ± 6.8

L4 12.5 ± 9.8 5.6 ± 5.1 3.3 ± 4.7 1.4 ± 1.0

L5 3.0 ± 1.6 2.2 ± 1.5 1.5 ± 2.3 2.0 ± 2.3

Average 14.4 15.1 3.6 3.6
F
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2010; Owen-Smith et al., 2019; Jiang et al., 2023). Air-assisted

spraying has been shown to achieve superior deposition on the

abaxial surface of leaves in practical application (Christovam et al.,

2010; Sinha et al., 2020; Xu et al., 2023). However, most previous

studies have been conducted to test the performance of sprayers.

The mechanism of deposition on the leaf’s abaxial surface and the

optimization of sprayer systems for field application are poorly

investigated. In the present study, the patterns and efficiency of

spray coverage were examined. Assessment of the effects of different

application parameters revealed that the included angle, rotation

speed of the fan, and nozzle type significantly influenced spray

coverage on the leaf’s abaxial surface, of which the included angle

had the strongest effect (Table 4). When the target is situated

leeward, deposition of droplets on the target is difficult. Although

the airflow may move around a barrier to a certain extent

(Greenspan, 2009), only a limited number of droplets will reach

the abaxial surface of leaves in this manner. Therefore, it is

necessary to investigate strategies to enhance the exposure of the

abaxial surface of leaves to the wind field.

The effect of airflow on the leaf has been studied previously. Wu

et al. (2021) defined two states of blade motion in the wind field.

The critical wind speed when the leaf motion state changes is

important. The wind deflection area of the leaf is affected by wind

speed (Zhang et al., 2022). The reconfiguration, vibration, and wake

characteristics of leaves were investigated by Jiang et al. (2021).

With improvements in simulation technology, CFD has been used

to simulate the motion and deformation of plant leaves in wind

fields. The results suggest that the wind field angle of wind-delivered
Frontiers in Plant Science 0891
spray must be adjusted according to the stem and leaf angles (Yan

et al., 2022). However, the relationship needs to be quantified by

conducting additional research.

The present research explored the probability of exposure of the

leaf’s abaxial surface for different values of a. Guidance for the

adjustment of the airflow angle was provided by fitting a growth

curve. Airflow direction can be changed by adjustment of the

deflector angle for most orchard air-assisted sprayers, although

the degree of adjustment is relatively limited owing to the structure

of the fan. Given that the airflows are derived from one axial fan, the

interaction between the wind fields after splitting is negligible.

However, for multi-head fan sprayers, the interaction between the

fan units also needs to be considered. As the airflow is generated by

different fans, the wind field of the adjacent fan units may be

affected if the angle is adjusted excessively. In such a case, spray

deposition will be unpredictable. In addition, the adjustable angle of

the fan unit is often limited because of its structure. The fan unit

may not be adjustable to the optimal angle when the leaf angle is

extreme. In the present research, an a value of 5–10° was ideal when

conditions enabled a combination of these factors. Based on the

fitted curve, the probability of abaxial surface exposure was higher

than 95% within this range. An a value of 10° was used in the field

validation in the present study.

In the field application, differences in a led to changes in spray

coverage of the abaxial surface. It is worth noting that the DEAS of

the upper canopy layer was higher than 100% in both treatments.

This may be because the canopy of the citrus trees was spindle-

shaped. The density of the canopy in the upper layer was lower, and
FIGURE 7

Spray deposition efficiency on the abaxial surface (DEAS) in different layers of the canopy under the two treatments.
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thus the wind field and droplets would experience less resistance

(Rossi et al., 1992). Therefore, the exposure of the abaxial surface in

the upper layer was more similar to that of a single leaf. The a value

was within a desirable range in both treatments (10° in group 1 and

15° in group 2). In terms of fog droplet penetration, it was found

that an excellent deposition rate of the outer canopy may lead to a

decrease in the deposition amount of the inner canopy (M3 in

group 1 and L3 in group 2). This may be caused by excessive

interception of droplets by the leaves of layers 1 and 2. Previous

studies have shown that the penetration rate of droplets in the

canopy is changed with the adjustment of the airflow angle (Pergher

et al., 1997; Li et al., 2022). However, such change was not observed

in the present field application. This may be associated with the

canopy density of the citrus trees.

Many systems have been developed to guide the adjustment of

sprayer parameters (Doruchowski et al., 2013; Doruchowski et al.,

2014; Bahlol et al., 2020). Canopy features, such as tree row volume

and leaf wall area, have been used to inform the adjustment of

sprayer parameters (Sutton, 1988; Toews and Friessleben, 2012;

Zhou et al., 2012; Miguez et al., 2019). However, such systems are

aimed at improvement of pesticide utilization as well as reducing

spray drift. There has been a lack of research attention on

deposition on the abaxial surface of leaves. In the present study,

the a value was used as a reference to guide the regulation of

airflow. The only measurement required is that of the inclination

angle of the leaf, which is easily determined for field application.
5 Conclusions

The angle a between the leaf and the airflow in an air-assisted

spray system was observed to be an important factor affecting spray

deposition on the abaxial leaf surface. Although a proportion of the

droplets were deposited on the abaxial surface, the quantity was limited.

To achieve improved abaxial surface deposition, the relationship

between a and the abaxial leaf surface exposure probability was
Frontiers in Plant Science 0992
examined. The a value was positively correlated with the abaxial leaf

surface exposure probability. The trend was in accordance with the

fitted logistic growth curve. When the a value was greater than 5°, the

probability of abaxial surface exposure was greater than 95%. The

airflow angle adjustment was shown to be reliable in a field application.

When the airflow angle was adjusted according to the theoretical value,

spray coverage of the abaxial surface was significantly increased and

higher DEAS was observed. In addition, the droplet penetration rate

was not significantly affected by the adjustment of the airflow angle.

These results provide a reference for adjustment of the wind field of air-

assisted sprayers in field applications.
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Spray penetration rate in different areas of the canopy under the two treatments.
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Introduction: Spread effect is one of the aspects on deposition quality evaluation

of pesticide droplets. It could be affected by many factors such as the

microstructure of the target plant leaf surface, physical features of the

droplets, and the concentration of spray additives.

Methods: In this study, using a high-speed photography system, 2.3% glyphosate

ammonium salt solution with different concentration of the additive was applied

to investigate the impact process of single droplet deposition on the plant leaf

surface with burrs. Effect of droplet sizes and velocities on spreading area and

dynamic deposition procedure was analyzed using image processing programs.

Results: The diffusion factor in the process of droplet spreading was changed over

time. The occurrence of bubbles in the droplets was observed in the results. With the

bubble generation, the droplet diameter expands and a better diffusion effect is

obtained. As a result, better spreading effect was obtained as the droplet diameter

was expanded with the generation of bubbles. The significant effects of each

physical property of droplets on droplet spreading and the interaction effects

between the influencing factors were analyzed. A significant correlation was

found between additive concentration, droplet impact velocity, droplet diameters

and droplet spreading area. All interactions of concentration:velocity, concentration:

diameter, velocity:diameter, and concentration:velocity:diameter had a significant

effect on the spreading area of droplets. The study of the factors influencing the

process of pesticide droplet impact on the leaf surface contributes to the efficient

use of pesticides. Thus, the consumption of pesticides and the resulting impact on

the environment can be reduced.
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1 Introduction
Pesticide application is one of the most effective and

indispensable means to control pests during crop production,

which mainly targets the stems and leaves of the plants (Song

et al., 2019). However, environmental pollution and food safety risk

issues in crop production could be attributed to the runoff of

pesticides to the soil, atmosphere, and water, which could also

result in over-residual of agrochemicals in crop products (Xia et al.,

2022). Droplet loss to soil can be reduced by increasing the spread

area and retention of droplets on plant foliage. The pesticide runoff

could be reduced by enhancing droplet spread property to realize a

better deposition effect, particularly on leaf surfaces with burrs.

During the deposition procedure, the phenomenon of droplet

rebound, splashing, aggregation, and rolling off would occur as the

surface of targets might not be effectively wetted (Xu et al., 2021).

Droplet retention duration on leaves can affect the absorption of

pesticide by insects or plants, leading to different pesticide efficacy

(Bukovac et al., 2002; Dong et al., 2015; Krahmer et al., 2021).

Microscopic kinetic studies on droplets have shown that the

properties of the liquid had a significant influence on the

behavior of the droplet when it hits solid objects (Yan et al.,

2019). The physical properties of droplets include surface tension,

viscosity, density, droplet particle size, impact velocity, and impact

angle. Droplets of different surface tensions have different contact

angles on crop leaves, thus affecting the adhesion properties of

droplets (Kang et al., 2021). Previous studies have shown that the

addition of reasonable additives to pesticide formulations could

change the physicochemical properties of the solution, thereby

improving the wetting deposition of the solution to the target

(Appah et al., 2020; Huet et al., 2020; Zhang et al., 2020).

The addition of additives to the spray mixture could enhance

the deposition, retention, diffusion, osmosis, and absorption of

pesticide ingredients (Xu et al., 2011; Travlos et al., 2017; Li et al.,

2019; Lee et al., 2021; Song et al., 2021). On the surface of

hydrophilic plants, the droplet fragmentation is related to the leaf

surface roughness of plants, while crushing possibility would reduce

on the surfaces with polar chemicals of plants such as avocado and

cabbage (Massinon et al., 2017).

The spread area and evaporation time of droplets on leaves

would also be affected after the addition of additives (Lin et al.,

2019). The hydrophilic leaf spread area and evaporation time of two

sizes of droplets with and without additives were compared by

experimental studies (de Oliveira et al., 2019). It was found that the

retention of droplets on the leaf surface is related to the type of leaf

surface and the physical and chemical properties of the spray. The

above studies presented the effect of additives on droplet spreading

and precipitation. However, the mechanism of these changing

physical properties was not discussed.

Leaves with burrs are also more water repellent than leaves without

trichomes, especially when the trichome density is greater than 1 per 25

mm2 (Brewer et al., 1991). The hydrophobicity of the burr surface is

related to the villous density, which prevents fluid from reaching the

leaf surface, resulting in less retention of the liquid on the leaf surface

during application (Xu et al., 2011). It is particularly important to study
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the impact behavior of pesticide droplets on the burr surface. There

were fewer experiments that study the impact of droplets on burr

surfaces. In this experimental study, glyphosate and patchouli thistle

were used as experimental objects to study the impact behavior of

pesticide droplets on the burr leaf surface.

This study investigated the difference in droplet impact

behavior on the burr surface under different concentrations of

silicone additives. The impact behavior of droplets was analyzed

to investigate the effect of pesticide droplet physical properties on

droplet spreading on the leaf surface of Ageratum conyzoides Linn, a

weed species with burr leaves. In turn, optimization strategies for

pesticide application parameters could be obtained in order to

reduce the environmental pollution by agrochemicals.
2 Materials and methods

2.1 Test setup

A. conyzoides Linn was selected as the pesticide deposition

object in this test. It is native to Central and South America and

Mexico in North America, and is now widely distributed in tropical

and subtropical regions of Asia (Okunade, 2002). During the test,

the environmental conditions were controlled at a temperature of

25°C and a relative humidity of 20%. The plant leaves were cut into

small blades with a size of 10 × 10 mm. The surface of the blades was

wiped with a paper towel and placed on the blade holder. Figure 1

presents a schematic diagram of the test apparatus. The high-speed

photography system (Model: Photron UX50, PHOTRON, Japan)

was placed above the blade holder. An LED light source was placed

opposite to the high-speed camera. Droplets in volumes of 0.10 ml,
0.15 ml, and 0.20 ml were generated with a pipette gun (Model:

7010101001, DLAB Scientific, Beijing, China, measurement range is

0.1–2.5 ml, minimum adjustable variable is 0.05 ml). The purpose of
turning the knob of the transfer gun is to adjust to the proper

droplet volume. Then, squeezing the knob of the pipette gun can

generate drops of liquid. Droplets were released at heights of 15 cm,

20 cm, and 25 cm. The dynamic impact behavior of droplets hitting

the blade and the spreading, bouncing, and balancing of droplets on

the blade were recorded by using high-speed photography

equipment under a focal length lens of 36 mm. The capture

duration was set for 4 s, under a pixel resolution of 1,280 × 512

and a shutter frequency of 4,000 frames per second. The PFV4

(Model: Photron UX50, PHOTRON, Japan) and ImageJ (National

Institutes of Health, USA) software were used to view and process

the captured images after the shooting was completed.
2.2 Chemical preparation

In this study, droplets were generated from 2.3% glyphosate

(a.i.: isopropylamine salt, provided by Hebei Zhongbao Green Crop

Technology Co., Ltd.) solution mixed with silicone additives

(Institute of Plant Protection, Chinese Academy of Agricultural

Sciences, 99.9%) in several concentrations of 0%, 0.25%, 0.5%, and

0.75% (Table 1).
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2.3 Physical property evaluation

The physical properties of the droplet itself would greatly affect

the spread of the droplet after impacting the blade. The surface

tension and contact angle of the droplet would have a greater

impact on the spread. Cassie and Baxter (1944) found a relationship

between the angle of contact and the solid surface

cos qc = f cos q − (1 − f ) (1)

where f is the solid phase resolution of the solid surface, f <1; qc
is an apparent contact angle.

It was possible to conclude from the equations that the droplet

contact angle would be larger on the solid surface with a lower solid-

phase resolution (f ), which means that solid surfaces with a lower

solid-phase resolution would have better hydrophobicity. Thus, the

solid surface structure would affect the static contact angle of

the droplet, which would further affect the spread and wetting of

the droplet after impacting the surface. The lie-down method was

applied to measure the static contact angle of the droplet on the

solid surface. Leaves of A. conyzoides Linn used in the test were fixed

on the stage. Eight-microliter droplets were spun out from a

micropipette. Small droplets could be delivered to the tested leaf

surface by adjusting the micropipette height to ensure that the

droplet and plant foliage were just contacted. The measuring system
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(Kruss, model: DSA10030700, Hamburg, Germany) would correct

the droplet shape and measure the contact angle on the leaf surface

as shown in Figure 2. Each droplet was measured three times in the

test and the results are shown in Table 2.

The surface tension of the droplets was measured using the

suspension method. The shape of large droplets or bubbles was

varied due to the competition between gravity and cohesion

between liquid molecules. Gravitational forces tended to lengthen

suspended droplets, while cohesive forces tended to produce

compact, spherical droplets. The surface tension could be

compared using capillary length by analyzing the equilibrium

droplet shape (Figure 3). If the density of the fluid and the

surrounding medium was known, the surface tension could be

calculated. The specific principle is

2 − b(z=b) = b=R + b sinФ=x (2)

b = (b ^ 2� Dr� g)=g = b2=a2 (3)

a =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(g=(Dr� g))

p
(4)

where b is the radius of curvature at the low end of the

suspension droplet; R is the radius of curvature of a point P(x,y)

on the contour of the drop in the plane; Ф is the angle between the

tangent line and the x axis at the point P(x,y) on the contour line; b
is the shape factor of the droplet, which determines the shape of the

droplets; Dr is the density difference between the liquid direction

and the surrounding gas phase; g is the surface tension; and a is the

capillary constant of the system.

The system software was used for the image processing in this

test. The surface tension was measured by matching the suspension

drop profile with the program. Surface tension was measured using

the contact angle measuring instrument as described above. The

surface tension of each droplet was measured three times during the

test. The results are shown in Table 3.
TABLE 1 Preparation of droplet solutions. V1 is the glyphosate volume
and V2 is the silicone volume.

Concentration Glyphosate V1
(ml)

Silicone V2
(ml)

Water
(ml)

0.25% silicone 200 25 10

0.50% silicone 175 50 10

0.75% silicone 150 75 10
B

C

D

E

F

G
H

A

FIGURE 1

Schematic diagram of the test apparatus. (A) Computer + ImageJ software, (B) high-speed photography equipment, (C) blade holder, (D) leaf blade,
(E) droplet generator pipette, (F) LED light source, (G) adjustable height holder, and (H) droplet release height.
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3 Results

3.1 Spreading process

After the droplet affected the burr surface, there were four

processes: movement, spreading and fragmentation, retraction, and

balancing. No rebound behavior was observed in this test. Figure 4

shows the impact process on burr leaves of glyphosate droplets with

0.25%, 0.50%, and 0.75% silicone additives released at a height of

15 cm and with a diameter of 576 mm. The duration t was set as 0

ms when the droplet reached the leaf blade. The next image was

recorded immediately after the contact of the droplet and leaf was

defined as the beginning of spreading, when t = 0.25 ms (the

minimum time interval between two shutters). Since 0.25 ms

onwards, the droplets began to spread on the leaf surface. As

shown in Figure 4, in the initial spread of droplet of glyphosate

solution without additives, the edge of the deposition area was
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disturbed by the fine villi on the leaf surface. The surface tension

was large, resulting in the spreading edge showing divergent

spreading. This situation resulted in a splash of tiny droplets on

impact. Test results in Table 3 show that droplet surface tension

reduced when the silicone additive was mixed with the glyphosate

solution. The low surface tension made the droplets less capable of

maintaining the spherical shape.

Figure 4 shows that, at the beginning of the spreading process,

the droplets with adjuvant could spread smoothly despite the

disturbance from the burr on the leaf surface. A more regular

circle was formed as the edge of the deposited area. Droplets spread

to the maximum area approximately t = 1.00 ms. During the droplet

spreading, the kinetic energy of the droplets was dissipated to

overcome the viscosity and surface tension, which induced the

establishment of a new droplet shape. Glyphosate solution droplets

were subjected to excessive resistance in spreading due to their

surface tension and the surface villi of the leaves, resulting in
TABLE 2 Measurement of static contact angles of glyphosate solutions with different concentrations of additives.

Additive concentration Number of measurements Measuring position and measured value (°) Average (°) Standard error

q1 q2 mean

1 66.975 68.199 67.587

0% 2 65.772 66.975 66.373 65.609 2.000772

3 62.301 63.435 62.868

1 61.189 62.301 61.745

0.25% 2 59.036 59.036 59.036 58.28 3.183449

3 54.058 54.058 54.058

1 44.293 44.293 44.293

0.50% 2 45.725 46.469 46.097 45.747 1.072882

3 46.469 47.231 46.85

1 38.108 38.66 38.384

0.75% 2 38.66 39.226 38.943 39.344 1.418781

3 41.634 41.634 41.634
FIGURE 2

Schematic of contact angle measurement. The yellow line is the contour line of the droplet. The white lines on both sides are the tangent lines of
the contact points between the droplet and the surface. q1 and q2 are the left and right contact angles, respectively.
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incomplete spreading. During the spreading process, droplets with

additives also spread more widely than the droplet of glyphosate-

only solution.

The droplets shown in Figure 4 started to retract at t = 1.25

ms. The droplet retraction was affected by the surface tension of

the droplets, the internal intermolecular forces, and the

magnitude of the adsorption force on the droplet surface. The

surface tension acting on the surface of the droplets prevented

the droplets from spreading on the blade surface and thus

caused the droplets to retract. It can be seen from Figure 4

that the retraction time of droplets with different additive
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concentrations was not the same. The retraction time of

glyphosate solution with maximum surface tension was 1 ms,

while the retraction time of the droplets with additive

concentrations of 0.25%, 0.5%, and 0.75% was 2 ms, 1.25 ms,

and 0.25 ms, respectively. It could be seen that the shape of the

four droplets differed greatly after retraction. The degree of

completion of the retraction was mainly affected by the surface

tension and the surface structure of the blades. Droplets with

0.75% silicone had bubbles inside the droplet before impact. It

also presented better spreading effect and shorter retraction

time of droplets with 0.75% silicone.
TABLE 3 Measurement of surface tension of glyphosate solutions with different concentrations of additives.

Additive concentration Number of measurements Measured value (mN/m) Average (mN/m) Standard error

1 43.746

0 2 43.613 43.591 0.136428

3 43.414

1 30.732

0.25% 2 30.749 30.76 0.02798

3 30.798

1 24.247

0.50% 2 23.782 23.868 0.280654

3 23.576

1 22.854

0.75% 2 23.132 23.12 0.212459

3 23.374
FIGURE 3

Schematic of surface tension measurement. R is the radius of curvature of a point P (x, y) on the contour of the drop in the plane; Ф is the angle
between the tangent line and the x axis at the point P (x, y) on the contour line; Z and X correspond to the X and Z axes respectively.
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3.2 Spread area

3.2.1 Relationship between spread area and
droplet diameter

Figure 5 presents the results of the spread area of glyphosate

solutions with different additive concentrations, different diameters,

and different velocities. Figure 5A shows that the spread area of

droplets with 0.25% silicone increased by 21.91% when the diameter
Frontiers in Plant Science 0699
increased from 576 mm to 660 mm. When the droplet diameter

increased to 726 mm, the spread area of droplets increased by

41.17% and 15.81% compared with the spread area of droplets in

diameters of 576 mm and 660 mm, respectively.

The spread area of droplets of the silicone additive at 1.776 m/s

that affected the blade can be seen in Figure 5 for an additive

concentration increase to 0.50% silicone additive. The spread area

of droplets and droplet diameters could be seen to be positively
FIGURE 4

Spreading process of droplets after impacting the blade surface. The spreading process of droplets of 2.3% glyphosate solution with organosilicon
additive concentrations of 0%, 0.25%, 0.50%, and 0.75%, respectively, with a velocity of 1.776 m/s and a diameter of 576 mm, impacted the leaf
surface. Different categories of images have different scales.
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correlated at three velocities. The spread area after the impact of

660-mm diameter at a velocity of 1.776 m/s increased by 26.23%

compared with the spread area after the impact of 576 mm. The

spread area increased by 41.32% after the droplet diameter

increased to 726 mm and the spread area increased by 11.96%

after the droplet diameter increased from 660 mm to 726 mm. At the

rate of 1.979 m/s and 2.212 m/s, the glyphosate solution of 0.5%

silicone additive was added, and the spread area of the droplets

increased with the increase in diameter.

3.2.2 Relationship between spread area and
additive concentration

As shown in Figure 5A, after adding 0.25% silicone additives,

the droplets in all the three diameters presented a significant

increase of the spread area after impacting the blade compared to

the spread area of droplets without the addition of silicone

additives. The addition of additives to the glyphosate solution

could greatly increase the spread area of the droplets.

At a velocity of 1.776 m/s, the droplet diameter was 576 mm, and

the spread area of the solution with 0.25% silicone additives was
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46.36% higher than that of the solution without additives, which

was a larger increase. With the increase of the concentration of the

additives, the spread area of the silicone solution added to 0.5% was

only 5.1% higher than that of the 0.25% silicone solution, and the

0.75% silicone solution was increased by 7.5% compared with the

0.5% silicone solution. It could be seen to increase the concentration

of the additives, and the spread area of the droplet could also be

increased. The same situation was also reflected in the droplets with

droplet diameters of 660 mm and 726 mm. In droplets with a

diameter of 660 mm, for each increase in silicone concentration of

0.25%, the growth of the spread area was 47%, 8.8%, and 7.0%,

respectively. For each increase in silicone concentration of 0.25% of

droplets with a diameter of 726 mm, the growth of the spread area

was 69.73%, 5.2%, and 6.4%, respectively.

From Figure 5B, the spread area of droplets with a diameter of

576 mm increased by 22.87%, 4.1%, and 6.9%, respectively, with the

concentration of the additive 0%–0.75% at a velocity of 1.979 m/s.

The same situation was also observed for droplets of 660-mm and

726-mm diameters. It can be seen that at a velocity of 1.979 m/s, the

spread area of the droplet increased with the increase of
B C

A

FIGURE 5

The spread area of the droplet impacting the burr surface. Panels (A-C) show the final spread area after impacting the leaf surface at a velocity of 1.776 m/s,
1.979 m/s, and 2.212 m/s, respectively. In the figure, the vertical coordinate is the spread area of droplets on the leaf surface; the horizontal coordinate is the
solution of glyphosate with different concentrations of additives. OS, organic silicone. Spread area unit: mm².
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the concentration of silicone additives. The spread area of the

droplet after impacting the blade at a velocity of 2.212 m/s is

shown in Figure 5C. At this velocity, it can also be seen that the

droplet spread area is increasing with increasing concentration of

silicone additives.

3.2.3 The relationship between spread area
and velocity

The velocity of droplets impacting the leaf surface was

controlled by releasing droplets at different heights in the

experiment. Find the local acceleration of gravity and use the

equation v = √2gh to calculate the velocity of the droplet at

impact, where v is the droplet falling velocity, g is the acceleration

of local gravity, and h is the droplet release height. Table 4 shows the

spread area of droplets at different velocities and the growth of

droplet spread area when comparing different velocities. The spread

area of glyphosate droplets without additives increased with

increasing droplet impact velocity at three diameters. The same

situation was observed in glyphosate solutions with 0.75% silicone

additives. The impact velocity of 576-mm droplets was increased

from 1.776 m/s to 2.212 m/s, and the growth of the spread area was

6.22%, 21.17%, and 28.71%. The droplet spread area of 660 mm and

726 mm was also continuously increased after the velocity increase.

However, in glyphosate solutions with 0.25% and 0.50% silicones

added, the effect of the increase in velocity on the droplet spread

area was not clear.
3.2.4 Interpretation of the ANOVA results
3.2.4.1 Main effects

The ANOVA results presented sufficient statistical evidence

that the concentration, velocity, and diameter could significantly

affect the spread area of the droplets, as shown in Table 5. The post-
Frontiers in Plant Science 08101
hoc analyses showed that 0.75% of the concentration had the

highest effect with a mean of 5.086587, while 2.212 m/s of

velocity had the highest effect with a mean of 4.863929.

3.2.4.2 Interaction effect

The two-factor interaction between concentration and velocity

reported a p-value of 0.0001702. This was less than alpha (0.05).

Concluding with 95% statistical confidence, sufficient data existed

to evidence that the interaction of concentration and velocity could

affect the spread area of droplets. The post-hoc LSD test showed that

the combination of 0.75% concentration and 2.212 m/s velocity led

to the maximum spread area with a mean of 5.364571 mm², while

the combination of 0% concentration and 1.776 m/s velocity

showed a low effect on the droplet spreading with a mean of

2.953095 mm².

The two-factor interaction between velocity and diameter

reported a p-value of 0.0486874. This was less than alpha (0.05).

Concluding with 95% statistical confidence, it indicated that the

combination of velocity and diameter had a significant effect on the

spread area. Post-hoc analyses showed that 2.212 m/s:726 mm
exhibited the highest effect with a mean of 5.245607, while

1.776 m/s:576 mm exhibited the lowest effect with a mean

of 3.477071.

The two-factor interaction between concentration and diameter

reported a p-value of 2.069e-06. This was less than alpha (0.05).

Concluding with 95% statistical confidence, it indicated that the

combination of concentration and diameter had a significant effect

on the spread area. Post-hoc analyses showed that 0.75%:726 mm
exhibited the highest effect with a mean of 5.783143, while 0%:576

mm exhibited the lowest effect with a mean of 3.217667.

The three-factor interaction of concentration:velocity:diameter

reported a p-value of 3.038e-07. This was less than alpha (0.05).

Concluding with 95% statistical confidence, there existed sufficient
TABLE 4 Droplet spread area. v1: 1.776 m/s; v2: 1.979 m/s; v3: 2.212 m/s.

Solution Diameter

Spread area (mm2)

Velocity Percentage increase

v1 v2 v3 v2-v1 v3-v2 v3-v1

2.3% glyphosate

576 mm 2.489 3.197 3.958 28.45% 23.80% 59.02%

660 mm 3.021 3.513 4.369 16.29% 24.37% 44.62%

726 mm 3.030 4.121 4.514 36.01% 9.54% 48.98%

2.3% glyphosate + 0.25% organic silicone 576 mm 3.643 3.928 4.134 7.82% 5.24% 13.48%

660 mm 4.441 4.202 4.924 -5.38% 17.18% 10.88%

726 mm 5.143 4.605 5.348 -10.46% 16.13% 3.99%

2.3% glyphosate + 0.50% organic silicone 576 mm 3.828 4.088 4.626 6.79% 13.16% 20.85%

660 mm 4.832 4.357 5.211 -9.83% 19.60% 7.84%

726 mm 5.410 5.136 5.833 -5.06% 13.57% 7.82%

2.3% glyphosate + 0.75% organic silicone 576 mm 4.114 4.370 5.295 6.22% 21.17% 28.71%

660 mm 5.172 5.615 5.916 8.57% 5.36% 14.39%

726 mm 5.754 6.279 6.790 9.12% 8.14% 18.00%
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statistical evidence to support the claim that the three-factor

interaction of concentration, velocity, and diameter had a

significant effect across all sets of combinations. Post-hoc analyses

showed that 0.75%:1.979 m/s:726 mm exhibited the highest effect

with a mean of 5.934429, while 0%:1.776 m/s:576 mm exhibited the

lowest effect with a mean of 2.488571.

It could be seen from Figure 6 that the droplet with a velocity of

2.212 m/s has the best spreading effect at each diameter with the

interaction of droplet diameter and velocity, in which the spread

area of droplets with three velocities at all three droplet diameters

has a positive trend. With the interaction of droplet additive

concentration and velocity, the droplet with a velocity of 2.212 m/

s has the best spreading effect at each additive concentration.

Droplets with velocities of 1.979 m/s and 1.776 m/s had similar

effects with the addition of additives. The spread area of the droplet

at all three droplet velocities at all three additive concentrations

showed a positive trend. The droplet with a diameter of 726 mm had

the best spreading effect at the three additive concentrations with

the interaction of droplet diameter and additive concentration. The

droplet with a 576-mm diameter showed no growth trend at 0.5%–

0.75% of the additive concentration. Droplets with 726-mm and

576-mm diameters showed a positive growth trend in the spread

area at all three additive concentrations.
3.3 Spreading factors

To describe the impact phenomenon in more detail and

accurately, the time evolution of the spreading factor (defined as

spread factor, xt = Dt=D0, where D0 is the initial diameter of the

droplet before impact and Dt is the spreading diameter of the

droplet impacting blade at time t) of the four solutions at different

velocities and different diameters is shown in Figure 7. Figures 7A-C

show the spreading process of the glyphosate solution without the

addition of silicone additives at 576-mm, 660-mm, and 726-mm
droplet diameters impacting the leaf surface, respectively. In

Figure 7A, it can be seen that for the 576-mm-diameter droplets,
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the droplets of three velocities reached the maximum spread area at

the time of 1.00 ms to 1.25 ms. The degree of undulation of the

variation curve of the spreading factor of these droplets is relatively

small at the three velocities. There was no significant increase or

decrease in the spreading factor. However, the fluctuation of

spreading factor variation for droplets with diameters of 660 mm
and 726 mm was slightly higher than that for droplets with

diameters of 576 mm.

Figures 7D-F show the xt of the droplet in the glyphosate

solution with 0.25% silicone added. It can be seen in Figure 7D that

the xt of the 1.776 m/s droplet was higher than that of the 1.979 m/s

and 2.212 m/s droplet. The spreading factor of the droplet with a

velocity of 1.979 m/s is higher than that of the droplet with a

velocity of 2.212 m/s. Adding silicone additives to reduce the surface

tension of the solution (Table 3), the droplets had difficulty

maintaining their spherical shape after impacting the blade,

which was conducive to spreading. The droplets without bubbles

at low velocities had a better spreading factor xt . In Figure 7E, the

relationship of xt of the droplets at the three velocities can be seen.

Droplets impacting the blade at 1.979 m/s could achieve a good

spreading process and the maximum spread area was reached at 1

ms, while droplets with velocities of 1.776 m/s and 2.212 m/s

reached the maximum spread area at 1.75 ms and 2.00 ms,

respectively. The droplet at a velocity of 1.979 m/s was relatively

stable in the oscillation retraction stage, and the variation of xt was
small. The droplet of 1.979 m/s in Figure 7F also had a better

spreading effect. Compared with the droplets with the other two

velocities, the maximum spread area of the droplets with a velocity

of 1.979 m/s was reached at approximately 1 ms, the xt was higher,
and the effect was better in the spreading process. The 2.212 m/s

droplets had a small xt value due to the generation of air bubbles.

This was because before the droplet impacted the blade, there were

obvious bubbles in the droplet, which resulted in no change in the

mass of the droplet, but its volume increased (Figure 8). The

droplets actually hit the blade as a liquid film during impact, and

the liquid film breaks up to create a large spreading area. The

appearance of air bubbles substantially increased the diameter of the
TABLE 5 Analysis of variance table.

Df Sum Mean_sq F-value Pr(>F)

Replicationvector 5 6.919 1.3838 6.6433 9.100e-06 ***

Fact.A 3 77.837 25.9458 124.5629 < 2.2e-16 ***

Fact.B 2 20.922 10.4609 50.2215 < 2.2e-16 ***

Fact.C 2 56.094 28.047 134.6507 < 2.2e-16 ***

Fact.A:Fact.B 6 5.853 0.9755 4.6831 0.0001702 ***

Fact.A:Fact.C 6 8.251 1.3752 6.602 2.069e-06 ***

Fact.B:Fact.C 4 2.026 0.5064 2.4312 0.0486874 *

Fact.A:Fact.B:Fact.C 12 12.424 1.0354 4.9706 3.038e-07 ***

Residuals 211 43.95 0.2083
Replicationvector, repeat groups of measurements; Fact.A, concentration; Fact.B, velocity; Fact.C, diameter. p < 0.05: indicated by an asterisk "*". This indicates that the observed result is
statistically significant at the significance level a = 0.05.p < 0.01: indicated by two asterisks "**". This indicates that the observed result is highly significant at the significance level a = 0.01. p <
0.001: ndicated by three asterisks "***". This indicates that the observed result is highly significant at a significance level of a = 0.001.
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droplet, resulting in a smaller xt . Through Figures 7D–F, it could be

seen that the droplet of 2.212 m/s had a lower xt during the

spreading process, while the droplets of 1.776 m/s and 1.979 m/s

with lower velocities had higher xt during spreading.

From Figures 7G–I, the spreading factor xt of the droplets with
the concentration of 0.5% silicone additives was reduced compared

with the addition of 0.25% silicone. The number of droplets with

bubbles was found to increase significantly after the increase of

additive concentration in the experiments. The same phenomenon

was found in droplets of three diameters at 0.50% of the additive

concentration. The droplets with a velocity of 1.979 m/s had a

higher xt than the droplets with the other two velocities and quickly

reached the maximum spread area. The 1.979 m/s droplets of the

three diameters reached the maximum spread area at 1.00 ms, 0.75

ms, and 1.00 ms, respectively. It was roughly 0.25 ms ahead of the

droplets with 1.776 m/s and 2.212 m/s velocity. Comparative

analysis of Figures 7G-I showed that in the three diameters, the

spreading process xt of the 576-mm-diameter droplet was higher,

especially comparing the three diameters with a velocity of 2.212 m/

s. The xt value of the droplet was a decreasing trend with the

elevation of the diameter. The other two velocity droplets had a

similar trend but were not as pronounced as the high-velocity

droplets. It can be seen from Figures 7J-L that only droplets with a

diameter of 726 mm reached xt above 3 at a velocity of 1.776 m/s.
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4 Discussion

This study controlled the velocity of droplet impacting the leaf

surface by adjusting the height of droplet release. Adding additives

of different concentrations changed the surface tension of the

droplets. A high-speed photographic system was used to observe

the spreading process of droplets. The change of spread factor

during the spreading process was analyzed, and the final spread area

of different droplets was compared. Four stages of the droplet

spreading procedure were observed. A similar phenomenon has

been observed in the test on droplet impacting soybean foliage (burr

surface) (Jia et al., 2013). During the spreading process, the droplets

were spread many times, contracted, and finally stabilized.

However, Jia’s study focused on the retracting and broken state

after the droplet hit the leaf surface. Studies have shown that the

kinetic energy inside the droplets is different when droplets of

different viscosities collide (Kumar et al., 2017). The variation of

kinetic energy would greatly affect the behavior after the droplet

impact, which corresponds to the result of this study. The same

height as the released droplets would have the same kinetic energy.

Surface tension and viscosity of droplets would vary after the

addition of additives, resulting in a completely different impact

behavior when droplets hit the blades. The droplets with low surface

tension spread the maximum area in this study. It was observed that
B C

A

FIGURE 6

Analysis of the interaction effect between each of the two factors. (A) shows the interaction effect between diameter and velocity; (B) shows the
interaction effect between concentration and velocity; (C) shows the interaction effect between concentration and diameter. The vertical
coordinates are the mean values of spread area under different combinations of factors. Velocity unit: m/s; diameter unit: mm.
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the liquid spread and flowed from the middle to the surrounding

area and formed a circle at the edge of the droplet. This

phenomenon indicated that the liquid was less disturbed during

flowing. The reason was that droplet surface tension was light,

which helped maintain their original spherical shape easier. Thus, it

was lightly affected by the burr of the blades. The surface tension

during the spreading process was the resistance to the spreading of

the droplets. The increasing concentration of silicone additives

decreased the surface tension and contributed to lower

obstruction of droplets in the spreading process. Different
Frontiers in Plant Science 11104
droplets behaved differently at each impact stage. When the

droplet spread to the maximum area after impacting the blade,

the kinetic energy of the droplet was converted to surface energy.

Then, the surface tension of the droplets would cause retraction.

Since no rebound occurs, the surface energy of the droplets was

converted into viscous dissipation in contact with the leaf surface.

More kinetic energy was converted into surface energy. For this

reason, the retraction time was faster. The surface tension of

droplets was reduced by the addition of silicone additives. The

droplets were less hindered by surface tension during the spreading
FIGURE 7

Variation of spreading factor (xt) after the droplet affected the leaf surface. Evolution of the diffusion factor of droplets impacting the leaf surface
over time for droplets of 2.3% glyphosate solution with organosilicon additive concentrations of 0%, 0.25%, 0.50%, and 0.75% at velocities of
1.776 m/s, 1.979 m/s, and 2.212 m/s and diameters of 576 mm, 660 mm, and 726 mm, respectively. The first to third columns are droplet spreading
factors with diameters of 576 mm, 660 mm, and 726 mm, respectively. For ease of presentation each image is numbered from (A-L).
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process of the maximum area. Thereby, the spread area was

expanded. Thus, there would be more energy consumed by

friction with the leaf surface, resulting in a progressively smaller

retraction time. Finally, in the balancing process of the droplet, the

surface energy of the droplet could be gradually converted into

translation kinetic energy and oscillating kinetic energy. There was

gradual stabilization of droplets on the leaf surface after gradual

energy balance. Glyphosate solution droplets have more surface

energy; thus, they required more energy conversion and a longer

equilibrium time. This was proved by the equilibration times of the

three droplets with the addition of silicone additives, which were

1.25 ms, 1 ms, and 0.5 ms, respectively.
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This phenomenon could be attributed to the surface tension

and viscosity of the droplets. Some experiments have found that

lower surface tension promotes greater diffusion and dampens

diffusion oscillations, while higher viscosity inhibits diffusion and

retraction processes (Andrade et al., 2012). The spreading of

droplets with different surface tensions was indeed observed in

the experiment. Droplets with higher surface tension had shorter

time to expand to the largest area. The study obtained similar

conclusions by analyzing the differences between individual

droplets from an energy perspective. By comparing and analyzing

the final spread area of various droplets, the droplet spread area of

glyphosate solution with additives was much higher than that of
BA

FIGURE 8

Comparison of droplets of the same mass with and without bubbles. (A) Droplets without bubbles. (B) Droplets with bubbles.
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droplets of glyphosate solution without additives. Some scholars

have found that the addition of additives to pesticides can effectively

improve the deposition properties of the liquid on the leaf surface of

the target (Song et al., 2021). The same conclusion was found in

Song’s study. However, it mainly studied the effects of different

kinds of additives on droplet deposition and did not study the effect

of additive concentration and the physical properties of droplets on

the deposition behavior of liquid droplets.

In this study, it was also found that the increase of additive

concentration could increase the final spread area of the droplets.

However, the effect of the improvement gradually declined. After

comparing the effect of water droplets on glass and leaves with the

addition of additives, it was found that the increase in additive

concentration could reduce and eliminate the bounce or splash of

water droplets, thus improving the diffusion area (Dong et al., 2015).

The surfaces used in that experiment were all smooth surfaces, and no

more studies were conducted on burrs. The reason for this

phenomenon was that increasing the concentration of the additive

reduced the surface tension and the contact angle of the droplet

(Tables 2, 3), thereby increasing the wettability of the liquid. The

effect of surface wettability on droplet kinetics has been studied. It was

proposed that droplet diffusion was influenced by the wetting state of

the surface (Abubakar et al., 2020). Therefore, increasing the contact

angle of the surface would reduce the diffusion diameter of the

droplet on the surface. The spreading time of droplets varied with the

wetting state of the hydrophobic surface, resulting in the increase in

droplet contact angle reducing the spreading time of droplets on the

surface. The increase in the static contact angle of the droplet reduces

the spreading ability of the droplet on the surface. In this way,

droplets can easily form spheres and run off. It was found that

increasing the concentration of the additive could lead to the increase

of spread area of the droplets. In this study, the correlation between

the spread area and the impact velocity of the droplet was found to be

significantly positive when the droplet diameter of glyphosate

solution was 576 mm. Jia et al. (2013) proposed that the higher the

impact velocity of droplets, the greater the maximum spread area. It

was similar to the results in this test. It has also been proposed by

other scholars that increasing the diameter of the droplet increases

the diameter of the wetted area on the impact surface (Abubakar

et al., 2021). The same phenomenon was also observed in this test, in

which the spread area of the droplet impact burr surface increased

with the increase of droplet diameter.

By analyzing the spreading factor of droplets, it was found that

the spreading factor of droplets gradually decreased with the

increase of additive concentration. It was found that the number

of droplets with bubbles increased after the addition of additives.

The reason for the phenomenon of decreased spreading factor was

the fact that the bubbles were generated from the liquid droplets.

When generating droplets, the volume of the droplets increased

when air entered the droplets. A bubble would be generated in the

droplets, increasing the initial diameter of the droplets D0. It was

found that when the concentration of the additive increased, the

surface tension of the droplets decreased and the number of

droplets producing bubbles became larger, which led to a

decrease in the spreading factor. For two droplets of the same

mass, the droplet with bubbles could produce a larger spread area
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when it impacted the blade. This also verified the relationship

between the spread area of droplets and the concentration of

additives. The hydrodynamics of water droplets on surfaces with

a different wettability was investigated, and it was found that

droplets with a smaller diameter possess larger spreading factors

(Khurana et al., 2019). In our test, it was observed that droplets with

a lower velocity had larger diffusion factors. During the test, it was

observed that larger droplets could easily form bubbles before

impact, increasing the volume of droplets. As the droplet was

pushed out of the mouth of the tube, the diameter of the area

where the droplet was attached to the syringe gradually decreases.

Then, after a small oscillation, the droplet would change to a

flattened ellipsoidal shape. In this case, the droplet with a larger

mass undergoes a greater shape change than the droplet with a

lower mass. The change in droplet shape led to the increase in the

contact area of the droplet with air and downward movement by

gravity. This led to the increase in the possibility of air entering the

droplet. The property of surface tension of such droplet tend to be

minimized. The premise of air entering the droplet and forming

bubbles was that the pressure generated by the gas inside the droplet

and the pressure inside the droplet would be balanced between each

other. According to the gas properties, the gas pressure was

inversely related to the gas volume for the same mass of gas.

Compared to droplets with a larger surface tension, droplets with

a lighter surface tension would form larger bubbles inside

the droplet.
5 Conclusion

In this work, the effect of droplets on the physicochemical

properties of the impact burr surface was investigated. By observing

the spreading process of droplets, various behaviors of droplets

during impact were observed, including movement, spreading,

retraction, and balance processes. By analyzing the physical

properties, such as the surface tension of droplets and the energy

conversion process of droplet diffusion, it was found that higher

surface tension inhibits the diffusion process, reduces the retraction

time of droplets, and increases the equilibrium time.

Impact velocity of droplet, droplet diameter, and additive

concentration will positively affect the final spreading effect of

droplets . ANOVA results presented that the additive

concentration, droplet impact velocity, and droplet diameter had

a significant correlation to the spread area of droplets.

Concentration:velocity, concentration:diameter, velocity:diameter,

and concentration:velocity:diameter interactions had a significant

effect on the spread area of droplets. The spreading effect of droplets

with a high concentration and high velocity was found to be better.

It was also concluded that the droplets with a higher auxiliary

concentration and larger diameter spread better. Velocity was also

an important factor, but with a lower effect than the additive

concentration and droplet diameter. The curve of surfactants

reducing the surface tension of liquids shows a sharp drop and

then levels off. This means that when applying pesticides, the

addition of more additives can still have a better effect. However,

choosing the best concentration in the application process can
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significantly reduce droplet flow and spray drift, and also reduce the

amount of surfactant. This study is relevant in guiding

pesticide spraying.
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Different fruit tree canopies have different requirements for air speed and air

volume. Due to the strong relationship between air speed and air volume, the

decoupled control of air speed and air volume cannot be achieved using the

existing sprayers. In this study, an innovative air-assisted sprayer that supports the

independent adjustment of fan speed (0-2940 r/min) and air outlet area

(1022.05-2248.51 cm2) is developed, and the maximum air speed and air

volume of the sprayer outlet are 45.98 m/s and 37239.94 m3/h, respectively.

An independent adjustment test of the fan speed and air outlet area was carried

out. The results indicated that the fan speed and air outlet area have opposing

adjustment effects on air speed and air volume; decoupled control of the outlet

air speed and air volume can thus be achieved through combined control of the

fan speed and air outlet area. A test was carried out on combined fan speed and

air outlet area control. Two decoupled air speed and air volume adjustment

models were established, one with a constant air speed and variable air volume

and the other with a constant air volume and variable air speed. The test results

show that the air volume adjustment model with constant air speed had a

maximum mean error of 1.13%, and the air speed adjustment model with

constant air volume had a maximum mean error of 1.67%. The results will

provide theoretical and methodological support for the development of

airflow adjustment systems for orchard air-assisted sprayer.
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1 Introduction

The global fruit industry has become the third-largest

agricultural planting industry after the grain and vegetable

industries. By 2020, the area of orchards in China had reached

1.33×107 hm2 (Zheng et al., 2020; Wei et al., 2023), ranking first in

the world. Orchard pest control has long relied on chemical

pesticides. According to statistics, 66-90% of fruit crops can be

lost without pesticides (Mahmud et al., 2021b). The application rate

of pesticides per unit area in China is considerably higher than the

world average. Excessive application of pesticides not only wastes

pesticides and causes environmental pollution but also greatly

threatens the safety of agricultural products (Gil et al., 2014;

Manandhar et al., 2020; Zheng and Xu, 2021). To improve the

pesticide use efficiency, orchard precision spraying technology has

gradually emerged in recent years. Orchard precision spraying

refers to the target-oriented variable-rate application of pesticides

through the online detection of the target characteristics and disease

characteristics of orchards with sensor systems, the calculation of

the pesticide dose and airflow requirements for air-assisted spraying

according to the detected characteristics, and the variable

adjustment of the pesticide dose and airflow supply (He, 2020).

Orchard air-assisted precision spraying requires on-demand

pesticide dose control technology and on-demand airflow

adjustment technology. Scholars worldwide have conducted

considerable research regarding on-demand pesticide dose

control, explored target orchard spraying control technology

(Salcedo et al., 2021; Warneke et al., 2021; Dou et al., 2022) and

developed variable adjustment models and methods (such as pipe

and nozzle flow or the direct-injection flow of liquid pesticides)

based on pressure, travel speed and pulse width modulation (PWM)

to potentially solve the key theoretical and methodological problems

of dose demand-based variable spraying control (Shen et al., 2017;

Grella et al., 2022). However, there are few related studies of the on-

demand control of airflow. Airflow includes three elements: air

speed, air volume and airflow direction. For the current airflow

adjustment devices, the airflow is mainly adjusted by changing the

fan speed, the air inlet area, the air outlet area, the inclination angle

of the deflector and the inclination angle of the air outlet (Zhai et al.,

2018a). The fan speed, air inlet area, and air outlet area can be

adjusted by changing the air speed and air volume at the air outlet.

Professor Lander at Cornell University in the United States started

research on airflow adjustment technology as early as 2010. By

adding louvres at the air outlet of an air-assisted sprayer to change

the airflow and integrating infrared target technology into the

device, Landers (2010) and Khot et al. (2012) developed a sprayer

that can control air speed and air volume according to the profile

information of the fruit tree canopy and found that the use of air

louvres resulted in a 30% increase in deposition and a 75% reduction

in drift during trials in apple orchards. Qiu et al. (2016) adjusted the

airflow by changing the fan speed to study the effects of airflow on

deposition and drift. Hołownicki et al. (2017) designed a variable air

volume system with a variable fan blade angle and fan speed and

developed a target orchard sprayer with an adjustable air volume.

Doruchowski et al. (2011a) ; Doruchowski et al. (2011b) successfully

adjusted the air speed and air volume by changing the openings of
Frontiers in Plant Science 02110
the air inlet and outlet. Li et al. (2017) designed an orchard air-

assisted sprayer for which the air volume can be adjusted according

to an empirical parameter formula. Mahmud et al. (2021a);

Mahmud et al. (2022) designed an orchard air-assisted sprayer

with a variable air inlet area, used light detection and ranging

(LiDAR) to obtain characteristic information from the fruit tree

canopy, established an equation describing the relationship between

the laser point cloud and the airflow demand, and realized online

airflow adjustment. The inclination angles of the deflector and air

outlet mainly influence the airflow direction, and Pai et al. (2009)

successfully adjusted the outlet airflow direction by changing the

inclination angle of the deflector. Osterman et al. (2013) designed a

LiDAR-based orchard air-assisted sprayer with variable dimensions,

and the position of the spray arm could be adjusted in real time

according to the canopy feature information obtained by LiDAR;

thus, the position of the air outlet of the bellows could be changed to

achieve airflow adjustment at different canopy positions. Jiang et al.

(2020) designed an air volume control system for an orchard

multipipe air sprayer by installing a butterfly valve at each air

outlet duct position to control the backflow ratio of the outlet air

volume; they experimentally demonstrated that spraying with

variable air volumes can improve canopy deposition by 17.3%,

reduce deposition below the canopy and in gaps by 21.6% and

40.7%, respectively, and reduce airborne drift by 50.9%. Xu et al.

(2013) and Zhai et al. (2018b) designed an orchard air-assisted

sprayer with an adjustable spray height, and airflow adjustment was

achieved by changing the inclination angle of the bellows.

In summary, most existing airflow adjustment devices only have

a single adjustment mode, but due to the coupled relationship

between the adjustment of air speed and air volume, these devices

fail to provide independent adjustments for air speed and air

volume. Different fruit trees require different combinations of air

speed and air volume. In orchard air-assisted spraying, there are

obvious differences in the canopy in different growth periods and

for types of fruit trees. To improve the spray deposition in the

canopy and reduce the spray drift in nontarget areas, differentiated

canopies have different requirements for air speed and air volume at

the sprayer outlet. For example, a canopy with dense branches and

leaves but a small volume generally requires a high air speed and a

low air volume, whereas a canopy with sparse branches and leaves

but a large volume requires a low air speed and a high air volume.

Therefore, the on-demand adjustment of airflow requires the

decoupled control of air speed and air volume, which requires the

online detection and calculation of the air speed and air volume

demands of fruit trees to control the air supply actuator in real time

and select the appropriate airflow, such that after the airflow loss in

the conveying space, the pesticide can be delivered into the fruit tree

canopy with the correct amount of airflow.

The objective of this study was to propose a method for the

decoupled control of air speed and air volume at the sprayer outlet,

and it could meet the air speed and air volume requirements of fruit

trees with different combinations of canopy volume and branch/leaf

density. Given that the independent adjustment of air speed and air

volume cannot be achieved using the existing single-control-mode

airflow adjustment devices, we designed an innovative airflow

adjustment sprayer that supports the independent adjustment of
frontiersin.org
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the fan speed and air outlet area. Based on this sprayer, we carried

out airflow adjustment experiments and obtained the variation

characteristics of air speed and air volume at the air outlet under

two independent adjustment modes. Based on the opposing

adjustment effects of fan speed and air outlet area on air speed

and air volume, we proposed a method for the decoupled control of

the outlet air speed and air volume of the bellows. This study will

provide theoretical and methodological support for research on and

the development of airflow adjustment sprayers for orchards.
2 Materials and methods

2.1 Design of an air-assisted sprayer
for orchards

To realize the independent adjustment of fan speed and air outlet

area and to facilitate subsequent research on methods for the

decoupled control of air speed and air volume, an airflow

adjustment sprayer was designed, as shown in Figure 1. The sprayer

mainly consists of a fan speed adjustment device, an air outlet

adjustment device, a spray system, LiDAR (LMS10100, SICK Ltd,

Germany), a speedmeasuring device, a power system, a control system

and a crawler chassis. The sprayer fan (CSF-660, Tianjin Cheng En

Technology Co., Ltd, China) is an axial flow fan commonly used for

orchard air-assisted spraying. The fan is connected to an AC motor

(YE2-160M2-2, Tianjin Jin Rong Electromechanical Co., Ltd, China)

by a belt, and the fan speed can be controlled from 0 to 2940 r/min by

adjusting themotor speed. The back plate of the fan is connected to the

air duct through six sliding bearings. The sliding bearings not only

support the weight of the air duct but also allow relative movement

between the bearing nut fixed on the air duct and the back plate. A

linear actuator (12-150-50, Leicester Nuo (Dongtai) Transmission

Machinery Manufacturing Co., Ltd, China) and a displacement

sensor (KPM18, Shenzhen Milang Technology Co., Ltd, China) are

installed between the back plate and the air duct. Themovement of the
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linear actuator causes the sliding bearings to move, which in turn

causes the air duct to move, such that the opening of the air outlet

changes from 5 to 11 cm, corresponding to an air outlet area variation

ranging from 1022.05 to 2248.51 cm2. The spray system is used for

pesticide application. To facilitate the subsequent on-demand control

of the pesticide dose, a pressure regulation device and a PWM control

solenoid valve (YCH41, Yuyao yongchuang solenoid valve co., ltd,

China) are added to the system to support the adjustment of the system

spraying pressure and single-nozzle flow. LiDAR can obtain

information on fruit tree canopy features (position, volume, leaf area

density, etc.) in real time to provide a basis for the online control of the

airflow and pesticide dose. The control system is used to control the

movement of the crawler chassis, the operation of the spraying system

and the adjustment of the fan speed and air outlet area, thus ensuring

the stable operation of the test platform in accordance with the

control requirements.

1. Linear actuator 2. Nozzle 3. Solenoid valve 4. Radiator 5.

Speed sensor 6. Track chassis 7. Control cabinet 8. Fuel tank 9.

LiDAR 10. PC 11. Remote control unit 12. Fan-driven motor 13.

Spraying system 14. Displacement sensor 15. Slide bearing
2.2 Checking the airflow
adjustment system

2.2.1 Fan speed adjustment
To accurately control the fan speed, it is necessary to clarify the

relationship between the converter output frequency and fan speed.

The converter output frequency was set to 15, 20, 25, 30, 35, 40 or 45

Hz, and the fan speed wasmeasuredwith a noncontact laser induction

tachometer (TM680, Mitutoyo, Japan) at the connection between the

fan and the AC motor. The recorded data for the converter output

frequency and fan speed were fitted to obtain the corresponding

relationship equation, as shown in Figure 2. The maximum fan

speed was 2923 r/min, the R2 of the equation was 0.9998, and the

linearitybetween the converter output frequency and the fan speedwas

good; thus, the control requirements were met.

2.2.2 Air outlet area adjustment
The fan outlet is a ring structure, and the air outlet area is

equivalent to the sum of the areas of two rectangles and one arc. The

air outlet area changes with the size of the opening, as shown in

Figure 3. The air outlet area is calculated with Formula (1).

SOUT = 2hl +
pdal
360

(1)

where SOUT is the air outlet area of the fan (cm2), l is the size of

the opening of the air outlet (cm), h is the height of the rectangular

area of the air outlet (cm, set to 23.5 cm), d is the diameter of the arc

area of the air outlet (cm, set to 90 cm), and a is the arc angle of the

arc area of the air outlet (in degrees, set to 200.52°).

The air outlet adjustment device is controlled by three linear

actuators, and the maximum moving speed is 80 mm/s. During the

adjustment process, if the moving distances of the linear actuators are

not synchronized, the air outlet will be inclined, which affects the

distributionof air speed and air volume at the air outlet. Additionally, a
FIGURE 1

Orchard air-assisted sprayer that supports the independent
adjustment of fan speed and air outlet area.
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large displacement deviation of the three linear actuators may cause

deformation of the fan air duct or damage to the linear actuators. To

reduce the synchronizationerror in the adjustmentprocess, differential

control is introduced to the control program, the displacements of the

linear actuators aremonitored in real time by the displacement sensor,

and the deviation is corrected. The flow chart of air outlet area

adjustment is shown in Figure 4. Due to the influence of the weight

of the fan, themiddlepositionof the fan is directed slightly downwards.

When adjusting the system, the moving speed of the middle linear

actuator is set tobe5mm/smore than thatof the linear actuators on the

left and right sides. Overall, the adjustment error of the air outlet

opening varies within the range of 5-8 mm.
2.3 Pneumatic conveying system
adjustment test

2.3.1 Measurement of air speed at the fan outlet
Because the nozzles at the fan outlet are positioned at equal

intervals, one air speed measurement point is set at each nozzle

position at the fan outlet, and the centre of the air velocity
Frontiers in Plant Science 04112
transducer probe is located at the outermost edge of the nozzle. A

soft blue ribbon of a certain length is used at each nozzle position to

determine the airflow direction at that position (Hoheisel et al.,

2021), and this information is used to measure the air speed at each

nozzle position with an air velocity transducer (8455-300, TSI,

USA), as shown in Figure 5. The air velocity transducer is

characterized by a speed measurement range of 0-50 m/s, an

airflow response time of 0.2 s, and a measurement error of ±2%.

2.3.2 Tests of the airflow variation characteristics
To obtain the airflow variation characteristics at the fan outlet

during the independent control offan speedandoutlet area, a test of the

airflow variation characteristics of the pneumatic conveying system

under independent adjustment was designed. In the test of the

independent adjustment of fan speed, the air outlet area was set to

2248.51 cm2, the converter output frequencyof the fandrivemotorwas

set in the range of 15-50Hz, and the fan speed was adjusted once every

5Hz. In the testof the independent adjustmentof the air outlet area, the

air speedwas set to 936 r/min, the linear actuatorwas set in the range of

5-11 cm, and the air outlet area was adjusted once every 1 cm. The air

speed measurement method shown in Figure 5 was used to measure

the air speeds at the 14 nozzle positions at the fan outlet. Each test was

repeated three times, and the test data were recorded.

2.3.3 Tests of the combined control of fan speed
and air outlet area

Toachieve changes in theoutlet air speed andair volumeunder the

combined control offan speed andoutlet area, decoupled air speed and

air volume adjustment models were established, and a test for the

combined control offan speed and air outlet areawas designed.During

the test, the fan speed and the outlet area were controlled with the

airflow adjustment sprayer, and variations within the ranges shown in

Table 1 were achieved. The air speed at the outlet was measured using

the air speed measurement method shown in Figure 5. Each

combination of parameters was tested three times, and a total of 49

tests were conducted to obtain 2058 air speed data points. The average

value of the three test results at each nozzle position was used as the

final air speed at thatposition.The averagevalueof the air speed at each

nozzle positionwasmultiplied by the air outlet area to obtain the outlet

air volume.
FIGURE 3

Schematic diagram of the air outlet area calculation.
FIGURE 2

Relationship between the converter output frequency and
fan speed.
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2.3.4 Verification tests of the decoupled air speed
and air volume adjustment models

For the established air volume adjustment model with constant

air speed and the air speed adjustment model with constant air

volume, model verification tests were designed, and the test
Frontiers in Plant Science 05113
parameters are shown in Table 2. In the verification test of the air

volume adjustment model with constant air speed, for each

constant air speed value, five groups of air volume values were

randomly selected within the allowable adjustment range of the air

volume, and the fan speed and the air outlet area were calculated.
TABLE 1 Combined adjusted test parameters for the fan speed and air outlet area.

Adjusted parameters Adjusted values

Fan speed
(r.min-1)

904 1195 1480 1775 2062 2348 2662

Air outlet area
(cm2)

1022.05 1226.46 1430.87 1635.28 1839.69 2044.10 2248.51
front
FIGURE 4

Flow chart of air outlet area adjustment.
BA

FIGURE 5

Air speed measurement for fan outlet (A) Measurement of air speed at the fan outlet (B) Nozzle number.
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The fan speed and the air outlet area were adjusted with the airflow

adjustment sprayer. The outlet air speed under each combination of

fan speed and air outlet area was measured and multiplied by the air

outlet area at the corresponding position to obtain the air volume.

The calculated air volume was compared with the actual measured

air volume to obtain the adjustment error of the model under

different combinations of parameter values. Using the same

method, a verification test for the air speed adjustment model

with a constant air volume was performed.
3 Results and analysis

3.1 The airflow variation characteristics of
the pneumatic conveying system

Based on the outlet air speed and air volume data obtained in

the test of the airflow variation characteristics of the pneumatic

conveying system under the independent adjustment of fan speed

and air outlet area, Origin software (OriginLab Corporation, USA)

was used to generate plots of the changes in the outlet air speed and

air volume during the independent adjustment of the fan speed and

air outlet area, as shown in Figure 6.

Figure 6 demonstrates that the maximum air speed and air

volume of the sprayer outlet are 45.98 m/s and 37239.94 m3/h,

respectively, and with increasing fan speed, the outlet air speed and

air volume increase continuously. As the air outlet area increases,

the outlet air speed continues to decrease, but the air volume

continues to increase. The results indicate that changing the fan

speed influences the outlet air speed and air volume in the same
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way, whereas changing the air outlet area effects the air speed and

air volume in opposing ways. The decoupled method with constant

air speed and variable air volume and the decoupled method with

constant air volume and variable air speed can be achieved through

the combined control of the fan speed and air outlet area to meet the

air speed and air volume requirements for canopies of different fruit

tree species in different growth periods.
3.2 Decoupled air speed and air volume
adjustment model

3.2.1 The air volume adjustment model with
constant air speed

Through an analysis of the test data for the combined control of

fan speed and outlet area, the data for the sprayer outlet air speed

under different combinations of fan speed and air outlet area were

obtained, as shown in Table 3.

Origin software was used to process and analyse the obtained

outlet air speed data and to fit the two-dimensional relationships

between the outlet air speed and the fan speed and air outlet area, as

shown in Figure 7.

Figure 7 indicates that under combined fan speed and air outlet

area control, the changes in the outlet air speed correspond to

constant air speeds, as indicated by the contours. For each contour

line, the relationship between the fan speed and the air outlet area is

approximately linear. As the air outlet area increases, the fan speed

increases such that the two are directly proportional, and the slope

of the contour line changes in different sections. A change in the air

outlet area causes a change in the outlet air volume, thereby
TABLE 2 Parameters of the validation test for the decoupled air speed and air volume adjusment models.

Adjustment model
Constant values of the air

speed (m.s-1)
Values of the air volume (m3.h-1)

Variable air volume with
constant air speed

15.66 8200.00 9800.00 11000.00 12000.00 12500.00

19.53 9000.00 10000.00 12000.00 14000.00 15000.00

23.39 10000.00 13000.00 14000.00 16000.00 18000.00

27.25 11000.00 13000.00 14000.00 16000.00 19000.00

31.11 12000.00 13000.00 14000.00 16000.00 19000.00

34.98 15000.00 18000.00 20000.00 24000.00 26000.00

38.84 16000.00 19000.00 22000.00 24000.00 26000.00

Adjustment
model

Constant values of the air
volume (m3.h-1)

Values of the air speed (m.s-1)

Variable air speed with
constant air volume

8012.50 13.00 14.00 16.00 18.00 21.00

11325.00 16.00 17.00 19.00 21.00 23.00

14637.50 20.00 22.00 25.00 30.00 35.00

17950.00 24.00 26.00 30.00 34.00 40.00

21262.50 27.00 29.00 31.00 33.00 35.00

24575.00 31.00 33.00 35.00 37.00 39.00

27887.50 35.00 36.00 37.00 38.00 39.00
fron
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realizing the control of the air volume at a constant air speed. The

fan speed and outlet area data for the contour lines were extracted to

obtain the mathematical relationships between the fan speed and

the outlet area under different constant values of air speed. Based on

these relationships, the mathematical equations for the fan speed

and air outlet area in terms of air speed and air volume were

obtained, as shown in Equation (2). The equation coefficients and

R2 values corresponding to different constant values of air speed are

shown in Table 4.

SOUT = 2:778 AirVolumeBellow
AirSpeedBellow

SpeedFan = a1
AirVolumeBellow
AirSpeedBellow

+ a2

8<
: (2)

In the equations above, AirVolumeBellow is the outlet air volume

of the bellows (m3/h), AirSpeedBellow is the outlet air speed of the

bellows (m/s), SOUT is the air outlet area (cm2), SpeedFan is the fan

speed (r/min), and a1 and a2 are the coefficients of the fan speed and

outlet air volume equations, respectively.

3.2.2 The air speed adjustment model with
constant air volume

Based on the approach in subsection 3.2.1, the outlet air speed

obtained for different combinations of fan speed and outlet area

adjustment was multiplied by the air outlet area at the
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corresponding position to obtain the outlet air volume, as shown

in Table 5.

The same data processing method as in Section 3.2.1 was used.

Origin software was used to analyse the outlet air volume data and

to fit the two-dimensional relationships between the outlet air

volume and the fan speed and air outlet area, as shown in Figure 8.

Figure 8 demonstrates that under the combined fan speed and

air outlet area control, increases in the fan speed and air outlet area

lead to an increase in the outlet air volume, and contour lines

corresponding to constant air volumes can be observed. For each

contour line, as the air outlet area increases, the fan speed decreases,

and the two are inversely proportional; along the same contour line,

a higher fan speed and a smaller air outlet area produce a more

gradual contour change. The data processing method in Section

3.2.1 was used to establish the equations for fan speed and air outlet

area based on the air speed and air volume, as shown in Equation 3.

The coefficients and R2 values of the equations for different constant

values of the air volume are shown in Table 6.

SOUT = 2:778 AirVolumeBellow
AirSpeedBellow

SpeedFan = c1
AirVolumeBellow
AirSpeedBellow

+ c2

8<
: (3)

where AirVolumeBellow is the outlet air volume at the bellows

(m3/h), AirSpeedBellow is the outlet air speed at the bellows (m/s),
BA

FIGURE 6

Air speed and air volume changes during the independent adjustment of the fan speed and air outlet area (A) Fan speed (B) Air outlet area.
TABLE 3 Air speed change at the sprayer outlet achieved by adjusting the fan speed and air outlet area.

Fan speed (r.min-1)

Air speed at fan outlet (m.s-1)

Air outlet area (cm2)

1022.05 1226.46 1430.87 1635.28 1839.69 2044.10 2248.51

904 13.02 12.91 12.89 12.65 12.36 12.03 11.89

1195 18.21 17.88 17.06 17.00 16.75 16.60 16.27

1480 23.35 23.01 22.34 21.97 21.26 20.94 20.68

1775 28.31 27.79 27.20 26.66 26.08 26.01 25.70

2062 34.53 33.37 31.90 31.72 30.70 30.65 30.64

2348 38.05 37.98 36.62 36.26 36.20 35.71 35.31

2662 42.62 42.02 40.92 40.31 40.18 39.52 38.51
fr
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SOUT is the air outlet area (cm2), SpeedFan is the fan speed (r/min),

and c1 and c2 are the coefficients of the fan speed and outlet air speed

equations, respectively.

3.3 Verification of the control accuracy of
the models

By analysing the verification test data for the decoupled air

speed and air volume adjustment models, the control errors of the
Frontiers in Plant Science 08116
models under different combinations of fan speed and air outlet area

were obtained, the average measurement error for each

combination was determined, and the average measurement

errors of all combinations were averaged to obtain the control

error of each model, as shown in Table 7.

The air volume adjustment model with constant air speed

displayed a maximum average error of 1.13% under different

constant values of air speed. The air speed adjustment model with

constant air volume control exhibited a maximum average error of

1.67% under different constant values of air volume. For the two

control modes, the model control error was in the range of 0-2%.

Therefore, the models were highly accurate.
4 Discussions

Most existing airflow adjustment sprayers only have a single

adjustment mode, but due to the coupled relationship between the

adjustments to air speed and air volume, these sprayers fail to

achieve independent adjustment of air speed and air volume. The

sprayer designed in this paper supports two control modes, fan

speed and outlet area, which makes it possible to realize the

decoupled control of air speed and air volume at the sprayer

outlet. Based on the designed airflow adjustment sprayer, airflow

adjustment experiments based on the independent adjustment of

the fan speed and outlet area were carried out. The results showed

that variable fan speed and variable outlet area had different control

effects on the air speed and air volume at the sprayer outlet, and the
TABLE 5 Air volume change at the fan outlet achieved by adjusting the fan speed and air outlet area.

Fan speed (r.min-1)

Air volume at the fan outlet (m3.h-1)

Air outlet area (cm2)

1022.05 1226.46 1430.87 1635.28 1839.69 2044.10 2248.51

904 4790.82 5698.20 6642.02 7444.54 8187.30 8851.01 9623.37

1195 6700.15 7893.53 8787.10 10007.91 11090.97 12217.64 13171.13

1480 8592.93 10157.30 11509.10 12935.44 14083.09 15409.24 16737.39

1775 10416.06 12270.63 14009.98 15693.50 17272.48 19140.13 20800.90

2062 12703.06 14733.71 16434.32 18674.01 20331.78 22554.07 24798.50

2348 13999.78 16767.25 18865.65 21345.45 23975.31 26274.45 28578.11

2662 15682.31 18554.80 21075.86 23731.37 26609.80 29083.92 31170.13
fr
TABLE 4 Coefficients of the fan speed and air volume at the fan outlet and the corresponding R2 values.

Parameters
Air speed of fan outlet (m.s-1)

15.66 19.53 23.39 27.25 31.11 34.98 38.84

a1 0.229 0.318 0.377 0.362 0.463 0.518 0.605

a2 969.7 1153.3 1345.4 1587.8 1748.7 1930.2 2174.2

R2 0.9825 0.9843 0.9798 0.9602 0.9244 0.9479 0.9573
ont
FIGURE 7

Air speed changes resulting from fan speed and air outlet
area adjustments.
iersin.org
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decoupled control of the air speed and air volume was achieved

through the combined control of the fan speed and outlet area; this

approach provides a new research idea for the decoupled control of

the air speed and air volume in orchard air-assisted spraying.

Through the combined control experiments, decoupled control

models of air speed and air volume with constant air speed and

variable air volume and with constant air volume and variable air

speed were established. The control error of the two decoupled

models was in the range of 0-2%, and the models displayed high

control accuracy. However, due to the limitation of orchard

spraying scenario for two decoupled models, the verification tests

of the models were only carried out in the laboratory. The

decoupled control models were for the subsequent research and

development of the airflow online on-demand adjustment system

based on orchard tree target characteristics (canopy volume, leaf

area, etc.). The adjustment values of air speed and air volume are

calculated according to the orchard tree target characteristics, and

they are the values of air speed and air volume from generation to

propagation to canopy position. However, the response delay of the

airflow adjustment device itself, the propagation time of airflow

from fan outlet to fruit tree canopy and the influence of natural

wind on airflow propagation trajectory will have an impact on the

control accuracy of airflow online on-demand adjustment system.

In the future, orchard verification tests design for the decoupled

control models, the above factors should be considered, and the

decoupled control model of air speed and air volume proposed in
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this paper should be evaluated more reasonably combined with

practical orchard spraying scenario.

The two decoupled models can meet the different requirements

for air speed and air volume of the differentiated canopies. When

the density of the fruit tree canopy does not change significantly but

the canopy volume does change significantly, it is necessary to

adjust the air volume at a constant air speed to achieve the best

pesticide application. For example, during the period from

germination to the first leaf stage for grapevines and standardized

densely planted dwarf apple trees, the density of canopy branches

and leaves does not change significantly, but the canopy volume

changes considerably. However, when the volume of the fruit tree

canopy does not change significantly but the density of the fruit tree

canopy does change significantly, orchard air-assisted spraying

requires a constant outlet air volume and a variable air speed. For

example, the canopy contours of apple trees and peach trees are

formed during the period from the complete growth of new leaves

to the fruiting period; during the leaf growth period of apple trees

and peach trees, the canopy volume changes little, but the canopy

leaf area changes substantially. The decoupled control model

provides a mathematical support for overcoming the key

bottleneck of on-demand airflow control during air-assisted

spraying and promoting the application of precision spraying

technology for orchards. The research team has broken through

the online detection models of tree canopy volume and leaf area (Gu

et al., 2022; Wang et al., 2023), and the airflow online on-demand

adjustment system based on orchard tree target characteristics will

be developed in the future.
5 Conclusions

In this study, an innovative airflow adjustment sprayer that

supports the independent adjustment of fan speed (0-2940 r/min)

and air outlet area (1022.05-2248.51 cm2) is developed, and the

control ranges of the maximum air speed and air volume at the air

outlet of the sprayer are 45.98 m/s and 37239.94 m3/h, respectively.

Based on the sprayer, independent control tests of fan speed and air

outlet area were carried out. The results showed that changes in the

fan speed and air outlet area have opposing effects on the air speed

and air volume, and the decoupled control of the air speed and air

volume can be achieved through the combined control of the fan

speed and air outlet area, thus providing a new research concept for

the decoupled control of the air speed and air volume at the

sprayer outlet.
TABLE 6 Coefficients of the fan speed and air speed at the fan outlet and the corresponding R2 values.

Parameters
Air volume at the fan outlet (m3.h-1)

8012.5 11325.0 14637.5 17950.0 21262.5 24575.0 27887.5

c1 -1.724 -1.892 -2.499 -2.809 -2.835 -2.899 -3.398

c2 1991.2 2494.2 3217.0 3733.9 4047.9 4370.9 5034.7

R2 0.9820 0.9614 0.9440 0.9589 0.9679 0.9709 0.9960
fr
FIGURE 8

Air volume change resulting from fan speed and air outlet
area adjustment.
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Decoupled airflow control tests were carried out by adjusting

the fan speed and outlet area to control the air speed and air volume

at the sprayer outlet in different ranges of combinations. Two

decoupled air speed and air volume adjustment models (one with

constant air speed and variable air volume and the other with

constant air volume and variable air speed) were established by the

contour line fitting of the outlet air speed and air volume data

obtained for different combinations of fan speed and air outlet area.

The model validation test results show that the air volume

adjustment model with constant air speed had a maximum mean

error of 1.13% and that the air speed adjustment model with

constant air volume had a maximum mean error of 1.67%. The

model with constant air speed and variable air volume is suitable for

spraying scenarios in which the density of the fruit tree canopy does

not change significantly but the canopy volume does change

significantly, and the model with constant air volume and

variable air speed is suitable for spraying scenarios in which the

canopy volume does not change significantly but the density of the

fruit tree canopy does change significantly. The results of this study

provide theoretical and methodological support for research on and

the development of airflow adjustment systems and sprayers for

orchard air-assisted spraying.
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TABLE 7 Model validation error in air volume adjustment for a constant air speed.

Variable air volume with constant air speed Variable air speed with constant air volume

Constant air speed (m.s-1) Average error (%) Constant air volume (m3.h-1) Average error (%)

15.66 1.13 8012.50 1.34

19.53 0.64 11325.00 1.02

23.39 0.57 14637.50 1.12

27.25 0.48 17950.00 1.22

31.11 0.33 21262.50 1.67

34.98 1.00 24575.00 0.50

38.84 0.38 27887.50 0.41
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Yang Liu1,2, Guangyu Wang1, Yuanyuan Li3, Zhenhua Zhang1,2*,
Sen Pang1, Xiongkui He1,2 and Jianli Song1,2*

1College of Science, China Agricultural University, Beijing, China, 2College of Agricultural Unmanned
Systems, China Agricultural University, Beijing, China, 3College of Plant Protection, China Agricultural
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Introduction: While the integrated rice-crayfish (Procambarus clarkii) farming

system (IRCFS) is widely developing in China, the widespread use of Unmanned

Aerial Spraying Systems (UASS) to protect rice from pests has led to potential

pesticide risk for the crayfish in IRCFS. Therefore, it is crucial to examine UASS’s

spray deposition and drift in IRCFS.

Method: In this study, we used the oligonucleotide sequence-tracking / dot-

blotting (OSTDB) method to trace pesticide spraying. We collected detailed data

not only on spray loss in the paddy fields, but also on spray drift in the breeding

ditches caused by upwind and downwind spray areas. Additionally, pesticide

residues in the breeding ditches were measured using LC-MS/MS by collecting

water samples after pesticide application.

Results: The data analysis indicated that the spray loss in the paddy field was

significantly greater than that in the breeding ditches. The spray drift in the

breeding ditches, caused by the upwind spray area, was seven times higher than

that originating from the downwind spray area. Furthermore, the results also

revealed that the bulk flow between the paddy fields and the breeding ditches

contributed a substantial amount of pesticide residue to the water body in the

breeding ditches. In addition, we investigated the acute toxicities of common

insecticides using in paddy fields, including thiamethoxam (THI),

chlorantraniliprole (CHI), THI·CHI-Mix and THI·CHI-WG.
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Discussion: The results demonstrated that the spray losses and spray drift from

UASS spray applications of these pesticides in IRCFS would not cause acute

toxicity or death in crayfish. These findings provide important materials for

establishing pesticide application standards and guiding the field testing of

droplet deposition and drift in IRCFS.
KEYWORDS

integrated rice-crayfish farming system, unmanned aerial spraying systems, pesticide
losses, spray drift, Procambarus clarkii, acute toxic effect
1 Introduction

Integrated rice–crayfish farming system (IRCFS), which refers to

the simultaneous cultivation of rice and crayfish (Procambarus

clarkii), has been intensively developed in China due to its extensive

benefits (He et al., 2021; Mo et al., 2022; Wu et al., 2022; Yuan et al.,

2022; Zhou et al., 2023; Yu et al., 2018a; Yu et al., 2018b). During the

rice growing phase, crayfish live harmoniously in the paddy fields that

are connected to breeding ditches and migrate back to these ditches

during the field drying and rice harvesting periods (Yuan et al., 2021;

Chen et al., 2022; Liu et al., 2022). This unique system not only

improves the efficiency of water and soil resource utilization (Liu et al.,

2022; Zhou et al., 2023; Hou et al., 2021a) but also significantly boosts

the economic viability of rice cultivation (Gao et al., 2022; Wu et al.,

2022; Xu et al., 2022; Zhang et al., 2022; Hou et al., 2021b).

While IRCFS can mitigate pests and disease (Li et al., 2022; Yu

et al., 2022), chemical control remains crucial to prevent losses in

rice yield. As wind and drift often carry the droplets to non-target

areas (Hu et al., 2022), pesticide application raises environmental

concerns since it would pose a potential risk to both the

environment and crayfish. The advent of unmanned aerial

spraying systems (UASS) has further increased this risk (Wang

et al., 2018; Wang et al., 2022). Studies on its impact on IRCFS

remain scarce. In IRCFS, breeding ditches hold a higher production

value compared to paddy fields. Therefore, it is vital to examine the

effects of pesticide spray conditions on IRCFS, such as pesticide

residue and its origin in the breeding ditches. This is particularly

important in light of the concurrent advancements in new spraying

technologies and farming patterns. Compared to traditional water-

sensitive paper, which is challenging to use in wet paddy field

environments, and dye tracer methods that can easily lead to water

field contamination, the new oligonucleotide sequence tracking/dot

blotting (OSTDB) technology provides a straightforward way to

accurately detect pesticide spray droplets on the surfaces of both

targets and non-targets (Song et al., 2021; Zhang et al., 2021). This

method will provide detailed information on the deposition

distribution and drift of UASS in IRCFS.

With the development of IRCFS, there has been an increasing

focus on studies about the acute toxicities of insecticides to non-

target crayfish (Biever et al., 2003; Barbee and Stout, 2009; Mamun

et al., 2009; Barbee et al., 2010; Yu et al., 2017; Zhu et al., 2022; Liao

et al., 2023; Uçkun et al., 2021; Huang et al., 2022; Sun et al., 2022).

Thiamethoxam (THI) and chlorantraniliprole (CHI) are two
02121
common insecticides that are used in paddy fields and have been

widely registered as single-agent products (Mason et al., 2000;

Hilton et al., 2016; Wei et al., 2019; Uçkun et al., 2021). In recent

years, the blends of THI and CHI have become popular in IRCFS.

Therefore, in reference to pesticide residue and its origin in the

breeding ditches, it is urgent to evaluate the acute toxicity of mixing

THI and CHI to crayfish in IRCFS.

In this study, we developed a risk assessment system to evaluate

the impact of pesticide spray droplets on crayfish aquaculture within

IRCFS. By employing the dual OSTDB strategy, we traced the origin

of losses attributed to pesticide spray drift in both upwind and

downwind areas. The pesticide residues of CHI and THI in

breeding ditches were also examined. Furthermore, the acute

toxicity of mixed THI and CHI to non-target crayfish was

evaluated. These results provide crucial data for the safe application

of pesticide in IRCFS and to pave the way for its further improvement.

2 Materials and methods

2.1 Experimental plots

The experiment was conducted in July 2019 in Qianjiang City,

Hubei Province, China (112°44′ E, 30°17′N). The test site employed

a standard integrated rice–crayfish farming system (Figure 1D). A

crayfish breeding ditch measuring 4 m in width and 1.5 m in depth

was constructed around the paddy field. The marker labels the

outlet of the paddy field, which is connected to the breeding ditch.

The rice variety used in the experiment was Nanjing 5055, and the

species of crayfish was Procambarus clarkii. The experiment began 7

days before rice heading. The predominant wind direction at the

test site was northeast. In the experiment, a solution of 150 mL/ha

of 40% chlorothalonil–thiamethoxam (Virtako, Syngenta,

Switzerland) was selected. The solutions were also formulated

with 0.1 mmol/L OST-probe-A and OST-probe-B, respectively.
2.2 Plant protection unmanned
aerial vehicle

A four-rotor electric UASS with a spray tank volume of 10 L (P-20,

Guangzhou XAG Technology Co., Ltd.) was used in the experiment

for the spray applications in rice–crayfish fields Figure 1C.

The performance indicators of the UASS are shown in Table 1. The
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P-20was equipped with high-speed centrifugal atomization nozzles

and could implement the spray operation according to an

automatically planned route. The spray parameters were set as

follows: the flight height was set at 1.7 m above the ground, the

spray width was set at 3.0 m, and the spray volume was set at 12 L/ha.

2.3 Dual-OST tracer strategy for
spray drift assessment

An OSTDB-based tracing technology was used for pesticide

mapping of spray droplet and drift. The oligonucleotide sequence

tracking probes (OST probe) can achieve specific recognition

through complementary base pairing. By mixing the OST probe

into the spray tank with pesticides, the droplets containing the

OST probe would be collected by nylon membrane collectors

(NMCs) modified with complementary probe sequences. Those

droplets would then be displayed on the NMCs through a post-

processing procedure.

In this experiment, two spraying areas, spray area I (SA-I) and

spray area-II (SA-II) were set up, which corresponded to the spray

application with liquid containing OST probe-A and OST probe-B,

respectively. Nylon membrane collector A (NMC-A) and nylon
Frontiers in Plant Science 03122
membrane collector B (NMC-B) were used as the droplet-collecting

substrates to detect the spray drift from the two spraying areas on

the same position.
2.4 Experimental design

The spray-treated area was divided into two parts, SA-I and SA-

II, due to the northeast wind direction at the experimental site

(Figure 1B). SA-I was 100 m × 160 m, while SA-II consisted of two

paddy fields with spray areas of 90 m × 30 m and 40 m × 60 m,

respectively (Figure 1A). A pesticide solution containing OST

probe-A was sprayed in SA-I, while a pesticide solution

containing OST probe-B was sprayed in SA-II.

Sampling position 1 (SP-1) was situated at the corner between

SA-I and SA-II in order to investigate the spray drift caused by both

SA-I and SA-II on the breeding ditches. Sampling position 2 (SP-2),

located within a 20 m × 30 m area inside SA-I, aimed to detect the

distribution of spray losses on the water surface of paddy fields

within SA-I. Sampling position 3 (SP-3) was located in the breeding

ditches in the downwind direction from SA-I, with the purpose of

investigating the spray drift caused by SA-I on the breeding ditch.
TABLE 1 Main performance indicators of P-20.

Model
Maximum

load
(L)

Unfold fuselage
size

(mm × mm × mm)

Operating
speed
(m/s)

Flight
height
(m)

Effective spray
width
(m)

Spray droplet
size
(mm)

P-20 10 1,852 × 1,828 × 403 2–12 1–30 2–5 90–300
B C

D

E F
G

A

FIGURE 1

The paddy fields and breeding ditches of integrated rice-crayfish farming system and schematic diagram of the spray areas and the sampling positions.
(A) Schematic diagram of the division of the spray areas and the sampling positions (SP); (B) Distribution of the spray areas and SP; (C) The P-20
conducted pesticide application in the experimental field; (D) Distribution of paddy fields and breeding ditches; (E) Sampling position 3 (SP-3) and on-
site diagram of the droplet collectors; (F) Sampling position 2 (SP-2) and on-site diagram of the droplet collectors; (G) Sampling position 1 (SP-1) and
on-site diagram of the droplet collector-NMCs.
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2.4.1 Spray drift of the breeding ditch in the
upwind of SA-I

In the breeding ditch of SP-1, sampling points were set at

intervals of 2 m, with nine sampling points totally in the ditch

(Figure 1G). At each sampling point, sampling devices fixed on

floating boards on the water surface were used to set up three pieces

each of NMCs-A and NMCs-B. These were used to trace the spray

droplet drift from SA-I and SA-II in the upwind, respectively.

2.4.2 Spray losses in SA-I paddy field
SP-2 was located in the interior region of SA-I paddy field, with

10 sampling points evenly distributed along the diagonal line, each

approximately 4 m apart. At each sampling point, sampling devices,

which were fixed on floating boards on the water surface, were used

to set up three pieces of NMCs-A. These were used to detect the

distribution of spray losses on the water surface of SA-I paddy

field (Figure 1F).

2.4.3 Spray drift of the breeding ditch in the
downwind of SA-I

The distribution of sampling points in SP-3 was the same as that

in SP-1. As shown in Figure 1E, SP-3 was subdivided into 18

locations across six parts. The droplet collection devices were

positioned at distances of 0.5, 2.0, and 3.5 m from the boundary

of SA-I from SP3-1D to SP3-12D. In addition, six other collection

devices were evenly distributed in the east–west ditch. At each

sampling point, sampling devices fixed on floating boards on the

water surface were used to position three pieces of NMCs-A. These

were used to trace the spray droplet drift from SA-I in

the downwind.

2.4.4 Water sample collection
Before the pesticide application, blank water samples were

collected from the paddy field, with 12 random sampling points

selected within the area.

Water samples were also collected from each point in SP-1, SP-

2, and SP-3, following the blank water sample collecting procedure,

at 1 h after the pesticide application.

At 1, 3, 4, 5, 7,10, 14, and 21 days after the pesticide application,

subsequent collections of water samples were made in breeding

ditches upwind of the paddy fields (WR-1), in breeding ditches

downwind of the paddy fields (WR-2 and WR-3), and in the

breeding ditch near the outlet (WR-O). For each water sample,

approximately 400 mL was collected and stored at -20°C

for analysis.

2.4.5 Measurement of meteorological conditions
A portable weather station “YG-BX” (Chenyun Technology

Co., Ltd., China) was employed to monitor the relevant

environmental conditions (wind speed, wind direction,

temperature, and relative humidity) at a height of 1.0 m over the

full duration of the trials. The weather station was positioned 10 m

away from the UAV flight path in an open area without

any vegetation.
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2.5 Sample processing for NMCs

The NMC samples were treated using Song’s method (Song

et al., 2021). Then, the colored NMCs were scanned at a resolution

of 600 dpi, and the grayscale values were measured by using ImageJ.

The standard curve representing the relationship between grayscale

value and droplet volume was established using droplets formed

from the mother liquid of both OST probe-A and OST probe-B.

The equation was as follows:

GL = k0 �  Vm

where k0 is the coefficient relating the droplet volume to

grayscale value and  Vm is the volume of the OST-probe (mL).
Based on the grayscale values obtained from the samples, the

spray drift or droplet loss per unit area was calculated as follows:

bi = GLsmpl=(k0 � Acol)

where bi is the spray drift per unit area (mL/cm2), GLsmpl is the

grayscale value of the sample, and Acol is the collector area (cm
2).
2.6 Sample processing for water samples

In collecting water samples, two separate portions of 15.0 mL

were transferred into individual centrifuge tubes. To each tube,

9.0 g of sodium chloride and 15.0 mL of acetonitrile were added.

The mixture was then vortexed for 5 min and centrifuged at a

speed of 2,800 rpm for another 5 min. From each centrifuge tube,

10 mL of the supernatant was extracted, resulting in a total of 20

mL, which was then transferred into a 50-mL vial. The vial was

positioned on a rotary evaporator and evaporated until it reached

dryness. Then, 1 mL of acetonitrile was added to the vial to

thoroughly rinse the residue from the vial walls. The rinsed

solution was filtered through a cellulose acetate filter with a pore

size of 0.22 mm and then transferred to a sample vial for the

following analysis.
2.7 LC–MS/MS analysis

The detection of CHI and THI was referred to the method

(Rahul et al., 2020) and analyzed by LC-MS/MS. The test conditions

of THI and CHI are shown in Supplementary Table S1. The

parameters of mass spectrum for THI and CHI are shown in

Supplementary Table S2.
2.8 Determination of LC50 values
and application

Dose ranges of 3.0–14.0 mg/L of THI and 50.0–120.0 mg/L of

CHI as well as 4.0–20.0 mg/L 40% CHI·THI (WG) and 8.0–40.0

mg/L CHI and THI (1:1) mixed dosages were used to determine the

96-h LC50 value.
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The crayfish were sourced from Longwan Town, Qianjiang

City, Hubei Province, China. For this study, glass aquariums with a

capacity of 30 L with tubular shelters were used. The studies were

conducted at room temperature (23°C ± 1°C) under natural

daylight conditions (12-h dark/12-h light). Before applying the

pesticide, the crayfish were acclimatized to the laboratory

environment for a period of 7 days. Juvenile crayfish were used

without regard to their gender. For standardization, crayfish

weighing around 5.0 ± 1.0 g and with length of around 5.0 ±

1.0 cm were preferred. Test waters were maintained in the

containers with static renewal every 24 h. Six groups were

established for each treatment, five of which were exposed to

pesticides, while one served as the non-pesticide-applied group

(control). Each aquarium housed 10 crayfishes, and the study was

replicated three times. Among the live subjects, those who became

immobilized over time and exhibited signs of mortality were

classified as dead. The count of deceased subjects was recorded at

24-, 48-, 72-, and 96-h intervals. The 96-h LC50 was determined

using SPSS 24 probit analysis.
3 Results and discussion

3.1 Meteorological conditions

Table 2 shows the meteorological conditions for each spray. The

meteorological parameters were in accordance with ISO24253-2

(2015) for field spray droplet deposition test requirements (wind

speed, 0–3 m/s; temperature, 10°C–35°C).
3.2 Pesticide spray drift in breeding ditches
upwind of paddy fields

The SP-1 was the breeding ditch located upwind of the SA-I

paddy fields, as the wind direction was northeast at the time the

pesticide application was conducted. Data on spray drift and pesticide

residue in water samples were collected from nine locations (SP-1 to

SP1-9). The spray drift ratio of droplets from SA-I and SA-II,

obtained by UASS application using the dual-OST-probe tracer

method (Figure 2), and the total spray drift were analyzed. The

results indicated that the main source of spray drift in the breeding

ditches upwind of the paddy fields originated from SA-I, which was

closer to the ditch.

The average spray drift caused by SA-I was 0.0048 mL/cm2,

accounting for 4.0% of the theoretical droplet deposition volume

(TDDV); the average spray drift caused by SA-II was 0.0007 mL/cm2,

accounting for 0.6% of TDDV. The total spray drift in the breeding
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ditches upwind of the paddy fields was 0.0055 mL/cm2, accounting for

4.6% of TDDV. The coefficient of variation (CV) of the total spray

drift in the breeding ditches upwind of the paddy fields was 0.46,

indicating that the distribution of spray drift varies greatly at different

locations within the ditch upwind of the paddy fields. This variation

may be caused by real-time changes in wind speed during the

application process, which alter the distribution of the droplets, or

the flight parameters of the UASS may need optimization.

The average pesticide residue concentrations of THI and CHI

on the water surface of the breeding ditch upwind of the paddy

fields, caused by UASS spray application after 1 h, were 0.11 and

0.10 mg/L, respectively. The theoretical concentration of the

pesticides was calculated based on the spray drift volume,

assuming a diffusion rate of 50 cm/h in the water. As shown in

Figure 3, this was compared with the pesticide residues detected on

the water surface. The pesticide residues measured from the nine

locations followed the same trend as the theoretical concentration,

but all the data were lower than the theoretical value. The water flow

causes the pesticides to move downstream to other areas within the

ditch, and the rate of pesticide diffusion in the ditch exceeding

the assumed 0.5 m/h may result in a lower proportion of pesticide in

the water samples.
3.3 Pesticide spray drift in breeding ditches
downwind of paddy fields

SP-3 was the breeding ditch located downwind of the SA-I paddy

fields. Spray droplet drift volume and pesticide residues in water

samples were collected from 18 locations in six areas. In this area, the

influence of the distance between the breeding ditch and the SA-I on

the spray drift in breeding ditches downwind of paddy fields was

studied using the OSTDB tracing method. Droplet collection devices

were placed at distances of 0.5, 2.0, and 3.5 m from the boundary of

SA-I at SP3-1D to SP3-12D. The average spray drift at a distance of

0.5 m from the boundary of SA-I was 0.018 mL/cm2, accounting for

14.8% of TDDV with a CV of 0.93. The average spray drift at a

distance of 2.0 m from the boundary of SA-I was 0.009 mL/cm2,

accounting for 7.3% of TDDV with a CV of 0.63. The average spray

drift at a distance of 3.5 m from the boundary of SA-I was 0.008 mL/
cm2, accounting for 6.4% of TDDV with a CV of 0.75 (Figure 4).

Significant differences were observed in the spray drift between

different positions of the breeding ditch and SA-I, which is similar

to the distribution pattern observed in the upwind area. The droplet

drift at SP3-1D to SP3-12D displayed a wave-like distribution

pattern, akin to the spraying swath of the UASS, which may be

related to the prolonged hovering time of the drone in the boundary

area during flight direction changes.
TABLE 2 Meteorological parameter records.

Treatment
UV intensity
(mW/cm2)

Temperature
(°C)

Humidity
(%)

Wind speed
(m/s)

Wind direction
(°)

SA-I 3,332.8 34.4 56 1.13 45

SA-II 3,426.5 33.8 57 1.05 38
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The sampling position was segmented into six water sample

collection areas, and the theoretical concentration of the pesticides

was calculated based on the spray drift within these areas. Figure 5

presents a comparison of the pesticide residues detected on the

water surface. Contrary to the results from the upwind area, the

pesticide concentration detected in the water was higher than

the theoretical concentration. The primary reason for this
Frontiers in Plant Science 06125
discrepancy is that SP3-3W acts as the outlet connecting the paddy

field to the breeding ditch, allowing pesticide losses from the paddy

field to flow into the breeding ditch. This flow results in increased

pesticide residue in the water. Moreover, the pesticide concentration

in the water gradually decreases from the outlet toward both sides.

The average concentrations of THI and CHI pesticide residues on the

water surface of the breeding ditch downwind of the paddy fields,
FIGURE 2

Spray drift distribution in the ditch upwind of the paddy field.
FIGURE 3

Pesticide residues in the ditch upwind of the paddy field.
FIGURE 4

Spray drift distribution in the ditch downwind of the paddy field.
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caused by UASS spray application after 1 h, were 3.05 and 1.88 mg/L,
respectively. The significant difference in the residues of THI and

CHI could be attributed to the varying solubility of the two pesticides

in water. Despite the fact that crayfish are reared in rice paddies

during the rice growing period, which could reduce the likelihood of

pesticide exposure, there remains a potential risk of contact due to the

circulation of water through the outlet.
3.4 Pesticide spray losses in paddy fields

In order to study the pesticide spray losses from UAS

applications in paddy fields, the OSTDB tracing method was

used. Data analysis from 16 sampling points revealed that the

distribution of spray droplet losses on the water surface within

the paddy field was not uniform. The average spray loss was 0.041

mL/cm2, accounting for 34.5% of TDDVwith a CV of 0.88 (Table 3).

The sampling points were located in the water at the bottom of the

rice canopy and were randomly distributed. Due to their location,

the samplers were covered by the rice canopy. The density of the

rice canopy affected the uniformity of spray droplet deposition,

leading to differences in the distribution of loss on the water surface.

Overall, the average pesticide spray losses were higher than those in
Frontiers in Plant Science 07126
breeding ditches. These dissolved pesticides in the water can enter

the environment with the water flow, posing potential risks

to crayfish.

The pesticide residues of THI and CHI on the water surface in

spraying areas near the upwind boundary (SP2-1W and SP2-2W)

and the spraying areas near the downwind boundary (SP2-3W and

SP2-4W) in SA-I paddy field were tested 1 h after the pesticide

application. As demonstrated in Table 4, the pesticide residues in

SP2-1W and SP2-2W were higher than those in SP2-3W and SP2-

4W. Given that SP2-3W and SP2-4W were closer to the outlet, the

rapid flow at this point altered the distribution pattern of pesticide

loss in the paddy field. This resulted in discrepancies between the

pesticide residues in the water bodies and the theoretical

concentration of the pesticides as tested by the OSTDB method.
3.5 Pesticide residues in water bodies over
time of IRCFS

The experimental sites selected for sampling were located in

breeding ditches upwind of the paddy fields (WR-1) and in

breeding ditches downwind of the paddy fields (WR-2 and WR-

3) as well as on the breeding ditch near the outlet (WR-O). Pesticide
FIGURE 5

Spray drift distribution in the ditch downwind of the paddy field.
TABLE 3 Pesticide losses on the water surface of the paddy fields.

Sampling
position

Spray losses volume
(mL/cm2)

Spray losses ratio
(%)

Sampling
position

Spray losses volume
(mL/cm2)

Spray losses ratio
(%)

2D-11 0.033 ± 0.002 27.2 ± 1.7 2D-21 0.028 ± 0.002 23.1 ± 1.8

2D-12 0.013 ± 0.003 11.1 ± 2.2 2D-22 0.134 ± 0.015 111.4 ± 12.3

2D-13 0.022 ± 0.002 18.3 ± 2.0 2D-23 0.020 ± 0.002 16.4 ± 1.7

2D-14 0.072 ± 0.002 59.7 ± 2.1 2D-24 0.013 ± 0.003 11.1 ± 2.4

2D-15 0.035 ± 0.003 29.4 ± 2.6 2D-25 0.109 ± 0.006 90.6 ± 5.1

2D-16 0.075 ± 0.004 62.8 ± 3.1 2D-26 0.042 ± 0.002 35.3 ± 1.7

2D-17 0.044 ± 0.002 36.7 ± 1.8 2D-27 0.011 ± 0.002 9.4 ± 1.6

2D-18 0.010 ± 0.005 8.0 ± 4.0 2D-28 0.001 ± 0.000 0.6 ± 0.0
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residues were detected 1, 3, 4, 5, 7, 10, 14, and 21 days after the

pesticide application. As shown in Figures 6, 7, the pesticide residue

at WR-O, as well as at sampling points WR-2 and WR-3 near the

outlet, showed no significant differences. However, the pesticide

residue at WR-1 was consistently lower than those in other areas.

This can be attributed to the poor mobility of the water body, given

that WR-1 is far away from the outlet.
Frontiers in Plant Science 08127
The residues of THI and CHI in the water peaked on the 3rd

day, after which they began to gradually decrease. After 21 days of

pesticide application, the CHI residues remained detectable at 0.2

mg/L at sampling points located near the outlet. Among the four

sampling points, WR-1 exhibited the lowest level of pesticide

residue. This is presumably due to its distance from the outlet,

limited water mobility, and its upwind location relative to the

pesticide application, which aligns with the minimal drift loss

observed in the outlet area during the course of the experiment.
3.6 Acute toxicity of THI and CHI
to crayfish

In order to evaluate the toxic effects of UASS spray application on

IRCFS, we further studied the acute toxicity of both THI and CHI as

single components and in combination. We conducted a 96-h semi-

static acute toxicity test on P. clarkii and calculated the lethal
TABLE 4 Pesticide residues on the water surface of the paddy fields.

Sampling
position

Concentration of
THI

(mg/L)

Concentration of
CHI
(mg/L)

SP2-1W 2.77 ± 0.12 3.26 ± 0.20

SP2-2W 2.30 ± 003 3.14 ± 0.20

SP2-3W 0.05 ± 0.01 0.81 ± 0.06

SP2-4W 0.18 ± 0.02 0.69 ± 0.07
FIGURE 6

Pesticide residue distribution of THI in the paddy field within 21 days.
FIGURE 7

Pesticide residue distribution of CHI in the paddy field within 21 days.
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concentration that causes 50% mortality (LC50). Table 5 shows the

acute toxicity of THI and CHI as single components, with THI

demonstrating higher toxicity to juvenile crayfish than CHI.

According to the toxicity evaluation criteria of the national

standard GB/T 31270.21, the 96-h LC50 of THI and CHI on

crayfish juveniles was 9.4 and 84.4 mg/L, respectively. This

classifies THI as moderately toxic and CHI as less toxic. The

relationship between exposure time and toxicity indicated that both

THI and CHI exhibited time-dependent effects on the acute lethality

of crayfish juveniles, suggesting that the acute toxicity of both

insecticides to crayfish juveniles increased with prolonged

exposure time.

The acute toxicity of THI and CHI as a 1:1 mixture (THI·CHI-

Mix) and 40% THI·CHI water-dispersible granules (THI·CHI-WG)

on crayfish is presented in Table 5. The toxicity of the THI·CHI-Mix

was found to be lower than that of the THI·CHI-WG, with a 96-h
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LC50 of 14.6 mg/L, classifying it as less toxic. Conversely, the 96-h

LC50 of THI·CHI-WG was 8.8 mg/L, marking it as moderately toxic.

The combined toxicity effects were computed using the additivity

index method, and the results are presented in Table 6. When CHI

and THI were mixed in a 1:1 ratio, irrespective of whether it was a

mixture of technical materials or a formulated mixture, the

combined toxicity effects showed a synergistic action.

The highest concentrations of THI and CHI, detected in the

paddy field and the breeding ditches following the UASS spray

application, were 9.34 and 5.29 mg/L, respectively. Both of these

concentrations were detected at the outlet sampling point.

Fortunately, these concentrations were lower than the LC10 and

LC50 values of THI·CHI-WG. Therefore, it is unlikely that the spray

losses and spray drift from UASS spray application with these

pesticides in IRCFS will cause acute toxicity and death in crayfish

(P. clarkii).
TABLE 5 Acute toxicity and acute combined toxicity of THI and CHI to P. clarkii.

Pesticides
Exposure time

(h)
LC10

(mg/L)
95% CI
(mg/L)

LC50

(mg/L)
95% CI
(mg/L)

Regression equation R2

THI

24 - - - - - -

48 5.0 1.1–7.1 25.7 15.2–399.9 y = 3.1x - 4.3 0.963

72 2.2 0.2–3.9 16.3 10.9–78.8 y = 2.5x - 3.0 0.952

96 1.5 0.2–2.9 9.4 7.1–15.7 y = 2.8x - 2.7 0.992

CHI

24 - - - - - -

48 72.1 14.2–93.1 226.5 141.3–130,122.1 y = 4.4x - 10.4 0.878

72 35.8 0.77–54.9 161.4 113.2–3,276.7 y = 3.4x - 7.4 0.906

96 32.9 14.3–44.9 84.4 72.3–101.8 y = 5.4x - 10.3 0.971

CHI·THI·WG

24 - - - - - -

48 4.0 1.4–6.0 15.9 12.7–23.3 y = 3.6x - 4.4 0.947

72 2.8 0.9–4.5 11.8 9.2–15.4 y = 3.5x - 3.8 0.99

96 2.5 1.0–3.9 8.8 6.8–10.9 y = 4.1x - 3.8 0.946

THI·CHI·Mix

24 10.7 4.7–14.3 38.0 13.9–47.7 y = 4.0x - 6.3 0.917

48 9.2 5.7–11.7 23.2 19.7–29.5 y = 5.5x - 7.5 0.933

72 7.6 4.7–9.8 18.7 16.0–22.4 y = 5.6x - 7.2 0.954

96 5.8 3.2–7.7 14.6 12.3–17.1 y = 5.5x - 6.4 0.994
frontier
-, the number of deaths was low and did not correlate with concentration to calculate confidence intervals and regression equations.
TABLE 6 Acute combined effect of THI and CHI to P. clarkii.

Pesticides
Exposure time

(h)
LC10

(mg/L)
S AI Joint toxicity evaluation

CHI·THI·WG

48 15.9 0.345 1.902 Synergy

72 11.8 0.398 1.512 Synergy

96 8.8 0.522 0.916 Synergy

THI·CHI·Mix

48 23.2 0.502 0.993 Synergy

72 18.7 0.631 0.584 Synergy

96 14.6 0.860 0.163 Synergy
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4 Conclusion

In this study, a dual OSTDB method was employed to trace

pesticide spray losses in IRCFS. Detailed information regarding the

deposition distribution and spray drift of UASS was gathered. The

average spray loss in the paddy field accounted for 34.5% of TDDV.

The average spray drift in the breeding ditches, caused by upwind

SA-I, was 4.0% of the TDDV, while that caused by downwind SA-II

was 0.6%. The pesticide residues, measured by LC–MS/MS through

the collection of water sample at the same location after pesticide

application, displayed the same trend. The data analysis indicated

that the spray loss in the paddy field was significantly greater than

that in the breeding ditches. The spray drift in the breeding ditches,

caused by the upwind spray area, was seven times higher than that

originating from the downwind spray area. Furthermore, the results

also revealed that the bulk flow between the paddy fields and the

breeding ditches contributed a substantial amount of pesticide

residue to the water body in the breeding ditches, even more so

than the spray drift. A further study about the acute toxicity of THI

and CHI to crayfish showed that the 96-h LC50 of THI, CHI,

THI·CHI-Mix, and THI·CHI-WG on crayfish juveniles was 9.4,

84.4, 14.6, and 8.8 mg/L respectively. The highest concentrations of

THI and CHI that were detected in the paddy field and the breeding

ditches were lower than that of either THI·CHI-Mix or THI·CHI-

WG. These results demonstrated that the spray losses and spray

drift from the UASS spray application of these pesticides in IRCFS

would not cause acute toxicity or death in crayfish. This

interdisciplinary study on both pesticide losses and the acute

toxicity of popular THI·CHI blend insecticide in IRCFS provided

important materials for the establishment of pesticide application

standards and guiding the field testing of droplet deposition and

drift in IRCFS.
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Efficient and accurate detection and providing early warning for citrus psyllids is

crucial as they are the primary vector of citrus huanglongbing. In this study, we

created a dataset comprising images of citrus psyllids in natural environments

and proposed a lightweight detection model based on the spatial channel

interaction. First, the YOLO-SCL model was based on the YOLOv5s

architecture, which uses an efficient channel attention module to perform

local channel attention on the inputs in the recursive gated convolutional

modules to achieve a combination of global spatial and local channel

interactions, improving the model’s ability to express the features of the critical

regions of small targets. Second, the lightweight design of the 21st layer C3

module in the neck network of the YOLO-SCLmodel and the small target feature

information were retained to the maximum extent by deleting the two

convolutional layers, whereas the number of parameters was reduced to

improve the detection accuracy of the model. Third, with the detection

accuracy of the YOLO-SCL model as the objective function, the black widow

optimization algorithm was used to optimize the hyperparameters of the YOLO-

SCL model, and the iterative mechanism of swarm intelligence was used to

further improve the model performance. The experimental results showed that

the YOLO-SCL model achieved a mAP@0.5 of 97.07% for citrus psyllids, which

was 1.18% higher than that achieved using conventional YOLOv5s model.

Meanwhile, the number of parameters and computation amount of the YOLO-

SCL model are 6.92 M and 15.5 GFlops, respectively, which are 14.25% and 2.52%

lower than those of the conventional YOLOv5s model. In addition, after using the

black widow optimization algorithm to optimize the hyperparameters, the

mAP@0.5 of the YOLO-SCL model for citrus psyllid improved to 97.18%,

making it more suitable for the natural environments in which citrus psyllids

are to be detected. The experimental results showed that the YOLO-SCL model

has good detection accuracy for citrus psyllids, and the model was ported to the

Jetson AGX Xavier edge computing platform, with an average processing time of

38.8 ms for a single-frame image and a power consumption of 16.85 W. This

study provides a new technological solution for the safety of citrus production.

KEYWORDS

citrus psyllids, small target detection, YOLO, recursive gated convolution, lightweight,
hyperparameter optimization
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1 Introduction

Citrus is one of the most popular fruits in the world with

numerous economic benefits (Liu et al., 2019). However, citrus

huanglongbing (HLB) is a highly transmissible citrus disease that is

difficult to prevent and control. HLB often leads to orchard yield

reduction or even extinction, thereby affecting the safe citrus

production. HLB is caused by the bast parasitic gram-negative

bacterium Candidatus Liberibacter asiaticus (CLas) (Ma et al.,

2022). HLB has a latent period, and its early yellowing symptoms

are similar to fruit tree deficiencies (Jiao, 2016), making it difficult to

diagnose accurately by hand. Currently, HLB is primarily diagnosed

using polymerase chain reaction (PCR) detection technology (Bao

et al., 2020; Wang et al., 2022b), but the low content and

nonuniform distribution of CLas in plants lead to false-negative

results of conventional PCR detection (Liang et al., 2018). Some

studies have used near-infrared spectroscopy (Liu et al., 2016),

hyperspectral remote sensing (Lan et al., 2019; Yang et al., 2021),

and laser-induced breakdown spectroscopy (Yang et al., 2022) to

diagnose HLB by analyzing the phenotype of the diseased plants

and the degree of elemental uptake by the plants. However, these

methods are complex, time-consuming, and difficult to meet large-

scale management needs of orchards. Unlike the above studies,

which are essentially based on HLB detection, this study explores

the use of machine vision technology for detecting the primary

vector of HLB, i.e., citrus psyllid, from the perspective of pest

detection, which can provide early warning for orchard prevention

and control.

In recent years, researchers have used machine vision technology

to conduct a series of studies in the field of orchard pest detection.

Wang et al. (Wang et al., 2021c) implemented the classification and

localization of candidate bounding boxes in a real-time citrus-pest

detection system, which can quickly detect red spiders and aphids with

a detection accuracy of 91.0% and 89.0%, respectively, and an average

processing speed as low as 286 ms for single-frame images. Shi et al.

(Shi et al., 2023) proposed an adaptive spatial feature fusion-based

lightweight detection model for citrus pests in the Papilionidae family.

They integrated multiple optimization methods such as an adaptive

spatial feature fusion module and an efficient channel attention

mechanism into the YOLOX model, and achieved a higher than

95.76% mAP0.5 and an improvement in inference speed of 29 FPS

over YOLOv7-x. Khanramaki et al. (Khanramaki et al., 2021)

proposed a deep learning–based integrated classifier for detecting

three citrus pests and achieved a 99.04% classification accuracy by

developing an integrated classifier to detect citrus leafminer, sooty

mold, and pulvinaria by considering the diversity of classification

network level, feature level, and data level. Peng et al. (Peng et al.,

2022) proposed a lychee pest detection model based on a lightweight

convolutional neural network ShuffleNetV2 model, using the SimAM

attention mechanism, Hardswish activation function, and migration

learning method; the model detected 13 lychee pests, including

Tessaratoma papillosa, with an accuracy of 84.9%. Ye et al. (Ye

et al., 2021) proposed a multifeature fusion-based method for litchi

pest detection, using the median filtering method for feature
Frontiers in Plant Science 02132
extraction of pests. The detection of three problems, namely,

Tessaratoma papillosa, leaf rollers, and Pyrops candelaria, was

achieved with a 95.35% accuracy by training the backpropagation

network. Pang et al. (Pang et al., 2022) proposed an improved

YOLOv4 target detection model that detected seven orchard insect

pests, including Gryllotalpidae, with an average accuracy of 92.86%

and a detection time of 12.22 ms for a single-frame image by

optimizing the Nelder–Mead simplex algorithm and training

method, as well as augmenting the training data. Li et al. (Li et al.,

2023) proposed a pest detection model for passion fruit orchards

based on the YOLOv5 model, employing the convolutional block

attention module and mix-up data enhancement algorithm to detect

12 insect pests, including Bactrocera dorsalis Hendel, with an average

accuracy of 96.51% and detection time of 7.7 ms. Zhang et al. (Zhang

et al., 2022) proposed an orchard pest detection model that combines

the YOLOv5 model and GhostNet and can detect seven orchard pests,

such as chrysomelids, with a 1.5% increase in mAP0.5compared

to YOLOv5.

In summary, machine vision technology has good feasibility in

detecting orchard pests. However, the existing technology only

excels in pest classification, and the presence of missed detections

and false positives in the detection of pests, particularly for citrus

psyllids, which have tiny bodies at the millimeter level and pose

challenges to the effectiveness of target detection algorithms. To

address this issue, this study developed a dataset of citrus psyllids in

a natural environments and proposed a lightweight detection model

based on spatial channel interaction(YOLO-SCL). The main

research work includes:
(1) In the recursive gated convolutions (ɡnConv), an efficient

channel attention module is used for the feature maps

after channel mixing to enhance the interactions between

the local channels, achieve the interplay between global

spatial interactions and local channel interactions,

improve the feature representation of the model for

critical regions, and enhance the contextual semantic

information.

(2) The C3 module in the neck network is operated by

deleting the convolutional layers to maximally retain the

detailed feature information of the small targets and

effectively improve the model detection performance.

(3) The black widow optimization algorithm (BWOA) is used

to optimize hyperparameters of the YOLO-SCL model,

making the optimized hyperparameters more suitable for

the citrus psyllids detection task, as the optimal settings of

the model hyperparameters are not always the same in

different studies.
This study is outlined as follows: Section 2 presents the dataset

construction; Section 3 introduces the design associated with the

YOLO-SCL model; Section 4 outlines the BWOA algorithm utilized

for optimizing hyperparameters of the YOLO-SCL model; Section 5

provides a detailed analysis of experimental results; and finally, in

Section 6, we discuss and conclude our study.
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2 Dataset description

2.1 Background

The experimental data for this study were mainly collected from

the experimental base of the citrus orchard of South China

Agricultural University (Guangzhou, Guangdong, China), and the

collection period was from June to December 2022. Considering

that the phototropic behavior of adult psyllids is remarkably

affected by light intensity (Yuan et al., 2020), the collection

periods were primarily selected from 10:00 to 11:30 and 14:30 to

16:00 under natural light environment on sunny days, and the

shooting tools included a mirrorless interchangeable-lens camera

(SONY Alpha 6400 APS-C) and a hand-held camera (Xiaomi Mi 9,

Honor 30), and the shooting distance was 50–100 cm. The image

resolutions were 900 × 900 pixels (Figure 1).
2.2 Citrus psyllid dataset construction

The adult citrus psyllids was approximately 3 mm long, and the

resolution of the psyllids in the captured images was less than 32 ×

32 pixels, which was classified as a tiny target according to the target

definition of the MS COCO dataset (Gao et al., 2021). The

constructed citrus psyllid dataset has 2660 original images. The

annotated dataset was categorized into the training (2,128 images)

and validation sets (532 images) at a ratio of 8:2. The dataset was

expanded to 7,980 images by adding salt-pepper noise, adjusting

brightness, photoflipping, and other data enhancement methods.

The dataset was annotated using the Labelimg tool, with 11,043

adult psyllid targets.
3 Lightweight YOLO-SCL detection
model design

Figure 2 shows the overall flow of the proposed lightweight

YOLO-SCL detection model for citrus psyllids, using YOLOv5 as

the baseline model. First, an improved (ɡnConv) (19th layers) was

added to the neck network to achieve long-distance modeling

between features, improve feature representation in critical

regions, and help the model resist complex background

information. Second, the C3 module in the neck network was

lightened to avoid too much loss of small target detail

information while reducing the number of model parameters.

Table 1 shows the specific parameters of the YOLO-SCL model.
3.1 Improved recursive gated convolutions
based on spatial channel interactions

Transformer architecture was initially designed for natural

language processing tasks (Vaswani et al., 2017). The vision

transformer model (Dosovitskiy et al., 2020) was proposed to

show that a vision model constructed only from transformer
Frontiers in Plant Science 03133
blocks and patch embedding layers can achieve performance

comparable to those of convolutional neural networks. Unlike the

convolutional kernel aggregation of the neighboring features

approach, the visual transformer blends spatial elements using a

multihead attention mechanism to achieve suitable modeling of

spatial interactions in visual data. However, the quadratic

complexity of the multihead self-attention mechanism remarkably

limits its application, particularly in downstream tasks with high-

resolution feature maps. The ɡnConv (Rao et al., 2022) implements
B

A

FIGURE 1

Example of citrus psyllid dataset. (A) Mirrorless interchangeable-lens
camera. (B) hand-held camera.
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spatial interactions using simple operations such as convolution

and fully connected. Unlike the second-order interactions of the

multiple attention mechanism, the ɡnConv module implements

spatial interactions in an arbitrary order (Figure 3). The ɡnConv
module enables the global spatial interaction through dot product

operations, effectively overcoming the effect of complex

backgrounds on target detection in citrus psyllids detection tasks.

Therefore, in this study, we used the ɡnConv module and modified

it for long-range feature modeling and feature representation in

critical regions.

The ɡnConv module implements global spatial interaction of

features to establish long-range dependencies, but only performs

simple channel blending of the input feature maps, ignoring

interchannel interaction. While the channel attention mechanism

can effectively improve the performance and screening features of

deep learning networks, this study uses the channel attention

module to enhance the ɡnConv module. Among the channel

attention modules, the squeeze-and-excitation (SE) module (Hu

et al., 2018) alters the feature dimensions, affecting the SE module’s

performance. In contrast, the efficient channel attention (ECA)

module (Wang et al., 2020) is a highly efficient and lightweight local

channel interaction strategy that is improved on the SE module. The

ECA module avoids feature dimensionality reduction and uses

some parameters to achieve a significant performance

improvement. In this study, the ECA module was added to the

ɡnConv module (ɡnConv ECA module) (Figure 4). Using the ECA

module to perform local channel interaction on feature maps after

channel blending in the ɡnConv module improves the

representation of the critical feature areas in the ɡnConv module.
Frontiers in Plant Science 04134
The improved recursive gated convolution (ɡnConv ECA)

module combines the global spatial and local channel

interactions. The ɡnConv ECA module inputs feature maps in the

following steps:

(1) First, a set of features M0 and Ni are obtained by channel

blending through a linear projection layer.

MHW�C0
0 ,NHW�C0

0 ,…,NHW�Cn−1
n−1

h i
= ym(x) (1)

(2) This set of features is then passed through the ECA module

to obtain a new set of features M+
0 and N+

i.

M+HW�C0
0 ,N+HW�C0

0 ,…,N+HW�Cn−1
n−1

h i

= ECA MHW�C0
0 ,NHW�C0

0 ,…,NHW�Cn−1
n−1

h i� �
(2)

(3) Gated convolution is performed recursively using the

following equation,

Mi+1 = DConvi(Ni)⊙Gi(Mi)=S   (3)

Gi =
Identity, i = 0

Linear(Ci−1,Ci), 1 ≤ i ≤ n − 1

(
(4)

where DConvi is a set of deep convolutional layers, Gi is the way

of matching dimensions between different orders, and S is the

scaling value to adjust the training stability. The formula for the

ECA module in Eq. (2) is shown in Eq. (5).

y∼ = s (j(y))⊗ y (5)
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FIGURE 2

Schematic of citrus psyllid lightweight YOLO-SCL detection model.
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where s is the Sigmoid activation function, f is a 1 × k one-

dimensional convolution, and y is the input feature map.
3.2 C3 module lightweight design

The main role of the convolutional layer is to extract image

features. An appropriate increase in the number of convolution

operations for images containing large targets can obtain richer

semantic information, whereas in images containing small targets,

successive convolution operations may cause too much loss of detail

information of some of the small targets, leading to unsatisfactory

results of the task, whereas in images containing small targets,

successive convolution operations may cause too much loss of detail

information of some of the small targets, leading to unsatisfactory

results of the task.

In images with small targets, successive convolution operations

may cause too much loss of detailed information on some of the
Frontiers in Plant Science 05135
small targets, leading to unsatisfactory task results. The citrus

psyllids accounts for a tiny proportion of the image pixels,

resulting in the loss of some of its detailed feature information as

the number of network layers increases. In the neck network of the

YOLO-SCL model, the 17th, 21st, and 24th layer C3 modules detect

small, medium, and large targets, respectively. Based on the

deepening of layers, their degree of retaining the detailed feature

information of small targets decreases sequentially. Therefore, to

retain more feature information of small targets, this study

improved the 21st layer C3 module in the neck network of the

YOLO-SCL model by deleting convolutional layers. Figure 5

illustrates the C3 module before and after the improvement.
4 Hyperparameter optimization of the
YOLO-SCL detection model

Considering the impact of hyperparameter settings on the

performance of the detection model (Akay et al., 2022), this study

adopts BWOA (F.Pena et al . , 2020) to optimize the

hyperparameters of the YOLO-SCL detection model. By

leveraging the optimization iteration mechanism based on swarm

intelligence, this study rapidly converged and obtained optimal
TABLE 1 YOLO-SCL model specific parameters table.

From Params Module Arguments

-1 3520 Conv [3, 32, 6, 2, 2]

-1 18560 Conv [32, 64, 3, 2]

-1 18816 C3 [64, 64, 1]

-1 73984 Conv [64, 128, 3, 2]

-1 115712 C3 [128, 128, 2]

-1 295424 Conv [128, 256, 3, 2]

-1 625152 C3 [256, 256, 3]

-1 1180672 Conv [256, 512, 3, 2]

-1 1182720 C3 [512, 512, 1]

-1 656896 SPPF [512, 512, 5]

-1 131584 Conv [512, 256, 1, 1]

-1 0 Upsample –

[-1, 6] 0 Concat [1]

-1 361984 C3 [512, 256, 1, False]

-1 33024 Conv [256, 128, 1, 1]

-1 0 Upsample –

[-1, 4] 0 Concat [1]

-1 90880 C3 [256, 128, 1, False]

-1 147712 Conv [128, 128, 3, 2]

-1 73059 ɡnConv ECA [128]

[-1, 14] 0 Concat [1]

-1 132096 Light C3 [256, 256, False]

-1 590336 Conv [256, 256, 3, 2]

[-1, 10] 0 Concat [1]

-1 1182720 C3 [512, 512, 1, False]
FIGURE 3

Recursive Gated Convolutions.
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hyperparameter combinations, thereby improving the performance

of the model. This approach also addresses the issue of overreliance

on experience in manual parameterization.

BWOA is inspired by the behavior of black widow spiders, and

the algorithmic model mainly consists of in-web movement and

pheromone control strategies for black widow spider groups.

Figure 6 illustrates the movement strategy within the spider web,

including both linear and spiral movement modes, which can be

characterized by the formula shown in Eq. (6).

xi(t + 1) =
xgbest(t) −mxr1 (t), if   rand ≤ 0:3

xgbest(t) − cos  (2pb)xi(t) in     other     case

(
(6)

where t is the current iteration number of the algorithm, xi(t) is

the ith spider individual, xgbest(t) denotes the optimal spider

individual of the current population, and xr1(t) denotes a randomly

selected spider individual in the current population, rl ≠ i. The control

parameter m for the linear movement mode is a random floating-
Frontiers in Plant Science 06136
point number in an interval of [0.4,0.9], and the control parameter b
for the spiral movement mode is a random floating-point number in

an interval of [−1,1].

Second, the pheromone plays a crucial role in determining the

state of individual spiders. During the mating process of male and

female spiders, the spider that receives more nutrients exhibits

better fecundity, resulting in a higher pheromone value that

represents higher fecundity, which means higher fertility. The

pheromone value for the ith spider individual in BWOA is

calculated as shown in Eq. (7).

phermonei =
fitnessmax − fitnessi
fitnessmax − fitnessmin

(7)

where fitnessi denotes the adaptation value of the ith spider

individual, and fitnessmax and fitnessmin represent the worst and

optimal adaptation values of the current population, respectively.

Therefore, the range of pheromone values for spider individuals is
FIGURE 4

Improved Recursive Gated Convolutions based on spatial channel interaction.
FIGURE 5

C3 module before and after improvement in the neck network.
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[0,1]. In addition, if the pheromone value of spider individual i is not

greater than 0.3, the position will be updated, as shown in Eq. (8).

xi(t) = xgbest(t) +
1
2
½xr1 − ( − 1)s � xr2 (t)� (8)

where xr1(t), xr2(t) denote randomly selected spider individuals

in the current population, r1≠ r2≠ i; s takes values in the set {0,1}.
Frontiers in Plant Science 07137
Figure 7 shows the flowchart of hyperparameter optimization of

the detection model based on BWOA, and the computational

steps include:
1) Data division: the dataset is collected and divided into

training and validation sets.

2) Initialization of parameters and population: the parameters

related to the algorithm are set, including the number of

populations N, maximum number of iterations T, upper

and lower bounds (ub and lb) of the hyperparameters, and

the position of the population is initialized. Each individual

represents a set of hyperparameters.

3) Calculation of fitness: after checking whether the position of

an individual is out of bounds, each individual in the

population is brought into the trained model to calculate

the fitness value and each pheromone. The historical

optimal individual xgbest is updated.

4) Hyperparameter optimization: each searching individual in

the population updates the positional information

according to the pheromone size using Eqs. (6) and (8),

respectively, and updates the number of iterations (t = t + 1)

and individual pheromones.

5) Algorithm termination: the algorithm terminates when the

termination conditions are met, and the optimized

hyperparameters xgbest are used to train the model and

obtain the final model.
FIGURE 6

Black widow spider movement strategy.
FIGURE 7

Flowchart of hyperparameter optimization of detection model based on BWOA algorithm.
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5 Experimental results and analysis

5.1 Experimental environment and model
evaluation metrics

The YOLO-SCL model was created based on the deep learning

framework pytoch1.12.0, and all model training was performed in

Windows 10 with an Intel(R) Core(TM) i7-8700 CPU @ 3.20 GHz

3.19 GHz and a GPU of NVIDIA GeForce RTX 2080 Ti.

During training, each model uses stochastic gradient descent

and cosine annealing to reduce the learning rate. To save

computational resources, the epoch and batch sizes were set to

300 and 16, respectively, and an early stopping strategy was set to

stop the training early if the model performance did not improve

after 100 iterations.

In this study, typical evaluation metrics such as size, giga

floating-point operations per second (GFlops), precision (P),

recall (R), average precision (AP), and the mean average precision

(mAP) were used to verify the performance of the target detection

model. The calculation formulas are as follows.

P =
TP

TP + FP
(9)

R =
TP

TP + FN
(10)

AP =
Z 1

0
P(R)dR (11)

mAP =
1
n on

i=1APi
� �

(12)

where true positives(TP) are the number of correctly detected

targets, false positives (FP) are the number of samples in which

annotation boxes were generated but in the wrong position or

incorrectly labeled in the category, false negatives are the number of

samples in which no annotation boxes were generated in the target.

AP is equal to the area under the accuracy-recall curve, and mAP is

the average of the AP in different categories. In this study, citrus

psyllid is category 1, and the value of n is 1.
5.2 Benchmark model performance
analysis

To achieve efficient and accurate detection of citrus psyllids

small targets in complex environments, this study evaluated the

performance of different YOLOv5 detection models based on the

constructed citrus psyllid dataset. The experimental results are

shown in Table 2. Among the different models tested, YOLOv5n

had the lowest number of parameters and computations. However,

its mAP@0.5 is lower than those of the YOLOv5s, YOLOv5m,

YOLOv5l, and YOLOv5x models by 0.73%, 0.72%, 0.94%, and

1.16%, respectively. The mAP@0.5 of the YOLOv5m model is

slightly lower than that of the YOLOv5s model, but the number

of parameters and computations are approximately 2.97 and 3.03
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times that of the YOLOv5s model. The mAP@0.5 of the YOLOv5l

and YOLOv5x models are 0.21% and 0.43% higher than that of the

YOLOv5s model, respectively. However, the number of parameters

and computations amount of the YOLOv5l model is approximately

6.57 and 6.81 times that of the YOLOv5s model, and the number of

parameters and computations amount of the YOLOv5x model is

approximately 12.28 and 12.83 times more than the YOLOv5s

model, respectively. Considering the number of parameters and

computations, and mAP@0.5, YOLOv5s was chosen as the baseline

model for the citrus psyllid detection task in this study.
5.3 Analysis of the results of the
ablation experiment

To achieve efficient and accurate detection of citrus psyllids

small targets, ablation experiments were conducted on the

constructed citrus psyllid dataset to analyze the importance of

each module. The ɡnConv, ɡnConv ECA, and lightweight C3

(Light C3) modules were added to the model step-by-step to form

several improved models, using the YOLOv5s model as the baseline

model. The results of the experiments are shown in Table 3.

Table 3 shows that the model detection accuracy is improved by

adding ɡnConv, ɡnConv ECA, and Light C3 modules. This is because

the ɡnConv module implements global spatial interactions,

constructing long-distance dependencies that better represent

critical regions’ features. The ɡnConv ECA module combines

global spatial interactions with local channel interactions to further

improve the model’s ability to extract critical regions for accurate

detection. The Light C3 module improves the C3 module by

lightweight it, which retains the details of the small targets to a

certain extent and achieves the purpose of reducing the number of

model parameters, which helps to improve the model’s performance

and reduce the amount of computation.

The mAP@0.5 and mAP@0.5:.95 of Model 1 (YOLOv5s+

ɡnConv model) and Model 2 (YOLOv5s+ ɡnConv ECA model)

are improved by 0.69%, 0.90% and 1.69%, 2.88%, respectively,

compared with the baseline model, which indicates that the global

spatial interaction mechanism effectively improves the model’s

detection of the target and that the ɡnConv ECA module

incorporates the local channel interaction, which makes the target

detection accuracy further enhanced. Model 3 (YOLOv5s+Light C3

model) not only has 1.70M fewer parameters than the baseline

model but also has mAP@0.5 and mAP@0.5:.95 is 0.69% and 1.53%
TABLE 2 Detection results of different variants of the YOLOv5 model on
the citrus psyllid dataset.

Model Size (M) GFlops mAP@0.5 (%)

YOLOv5n 1.9 4.2 95.16

YOLOv5s 7.02 15.9 95.89

YOLOv5m 20.87 48.2 95.88

YOLOv5l 46.1 108.2 96.10

YOLOv5x 86.22 204.6 96.32
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higher than the baseline model, indicating that the lightweight C3

module can effectively reduce the loss of the target feature

information and ensure the improved detection accuracy while

reducing the number of model parameters. Finally, the mAP@0.5 of

model 4 (YOLOv5s+Light C3+ ɡnConv ECA model) reaches

97.07%, which is 1.18% higher than the baseline model, and both

are higher than the other improved models.
5.4 Comparative analysis with other
detection models

In this section, the proposed YOLO-SCL model is compared with

mainstream single-stage target detection models, including the

YOLOv4-CSP (Wang et al., 2021a), YOLOX (Ge et al., 2021),

YOLOR-p6 (Wang et al., 2021b), YOLOv7 (Wang et al., 2022a),

YOLOv8 (Reis et al., 2023) models, and transformer-based end-to-

end detection model DETR (Carion et al., 2020). Table 4 shows the

test results, highlighting the advantage of YOLO-SCL model in terms

of the number of parameters, computational load, and mAP

compared to other control detection models. The improved

architecture combining the ɡnConv and lightweight C3 modules

effectively improves the feature representation of the model for target

regions. This addresses the problem of the model losing semantic

information for small targets as the layers deepen. The DETR model

benefits from the transformer’s self-attention mechanism, and its

mAP@0.5 is higher than that of the YOLOX and YOLOR-p6 models

by 0.01% and 0.29%, respectively. However, compared with the

YOLO-SCL model, the mAP@0.5 and mAP@0.5:.95 of the DETR

model is lower than that of the YOLO model by 3.64% and 4.01%.

The parameters and computations are 5.31 and 6.54 times higher

than those of the YOLO-SCL model. The YOLOv4-CSP model,
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which is an improved model based on YOLOv4, obtained 94.56%

mAP@0.5 and 50.41% mAP@0.5:.95 on the citrus psyllid detection

task but was still 2.51% and 3.02% lower than the YOLO-SCL model.

The YOLOv7model mAP@0.5 is higher than other detectionmodels.

However, it is 1.23% lower than that of the YOLO-SCL model mAP@

0.5 and 3.35% lower than that of the YOLO-SCL model mAP@

0.5:.95, and the number of parameters and the amount of

computation of the YOLOv7 model is much larger than that of the

YOLO-SCL model. The YOLOv8 model mAP@0.5 is 1.86% lower

than that of the YOLO-SCL model. However, it is 0.53% higher than

the YOLO-SCL model mAP@0.5:.95. In summary, the proposed

YOLO-SCL model has a parameter count of 6.92 M, which is easy to

deploy on a mobile platform, and the model has the highest mAP@

0.5, making it more suitable for the task of citrus psyllids detection in

natural environments.

Figure 8 shows the iterative curves of mAP@0.5 and mAP@

0.5:.95 during the training process of the YOLO series of detection

models. The mAP@0.5 and mAP@0.5:.95 curves of the YOLOv5s,

YOLOX, and proposed YOLO-SCL models almost intersect at the

50th epoch. The detection accuracy of the YOLOv5s and YOLOX

models rapidly improves at the early stage. In contrast, the YOLO-

SCL model steadily improves at the later stage and achieves results

superior to those of the YOLOv5s, YOLOX and YOLOv8 models.

The mAP@0.5 and mAP@0.5:.95 curves of the YOLOv7, YOLOv4-

CSP, and YOLOR-p6 models are considerably inferior to that of the

proposed YOLO-SCL model. For these three models, the curves

fluctuate more with poor robustness than that of the

proposed model.

Figure 9 shows the results of the YOLO series of detection

models. The proposed YOLO-SCL model demonstrated effective

detection of a higher number of citrus psyllids in complex

backgrounds than that of other models, thereby improving
TABLE 3 Results of ablation experiments on the citrus psyllid dataset.

Methods Baseline gnConv gnConv ECA Light C3 Size (M) GFlops mAP @0.5 (%) mAP@0.5:.95 (%)

YOLOv5s
Model 1
Model 2
Model 3
Model 4

√

√

√

√

√

√

√

√

√

√

7.02
7.09
7.10
6.85
6.92

15.9
16.0
16.2
15.2
15.5

95.89
96.58
96.79
96.57
97.07

50.78
52.47
53.66
52.31
53.43
“√” that the component is selected for use into model YOLOv5.
TABLE 4 Comparison of the performance of the latest models on the citrus psyllid dataset.

Methods Size (M) GFlops mAP@0.5 (%) mAP@0.5:.95 `(%)

YOLOv4-CSP 52.50 119.7 94.56 50.41

YOLOX 8.94 26.76 93.42 48.67

YOLOR-p6 36.8 80.6 93.14 49.46

YOLOv7 37.2 105.1 95.84 50.08

YOLOv8 11.2 28.6 95.21 53.96

DETR 36.74 101.4 93.43 49.42

YOLO-SCL 6.92 15.5 97.07 53.43
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detection accuracy. Under the conditions of low light and blurred

individual psyllid due to filming problems, the improved model

exhibited accurate identification with a low leakage rate, indicating

that the ɡnConv ECA module enhances the model’s ability to

express features in critical areas, making it highly efficient in

extracting target features in complex backgrounds. Meanwhile,

the lightweight C3 module retains the feature information of

small targets to a certain extent, contributing to better target

localization and identification of the model, thereby reducing the

number of missed and false citrus psyllids detections.
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5.5 Hyperparameter optimization of the
detection model based on BWOA

In this study, 25 hyperparameter combinations of the YOLO-

SCL model were used as the optimization objects. Based on the

optimization iterative mechanism of swarm intelligence, the

characteristics of BWOA, such as few control parameters and fast

optimization rate, were used to map the hyperparameters into

individual feasible solutions of BWOA and obtain the optimal

hyperparameter combinations that are suitable for citrus psyllid
B

A

FIGURE 8

mAP@0.5 and mAP@0.5:.95 iteration curves of training results on different models. (A) mAP@0.5. (B) mAP@0.5:.95.
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detection tasks. The control parameters included 50 epochs, 100

iteration numbers, and 10 iteration numbers. The hyperparameter

optimization results are shown in Tables 5 and Table 6 compares

the detection results before and after optimization. Table 6 shows

that before and after the optimization of hyperparameters, the

precision, recall, mAP@0.5, and mAP@0.5:.95 were improved by

1.44%, 1.60%, 0.11%, and 0.75%, respectively, indicating that the

optimization of hyperparameters can effectively improve the

precision of the detection of citrus psyllids, and further improve

the performance of the model.

Figure 10 shows the iterative curves of mAP@0.5 and mAP@

0.5:.95 of the YOLO-SCL model training process before and after

optimization. The mAP@0.5 and mAP@0.5:.95 curves of the

optimized model in the first 10 epochs have large fluctuations,

indicating that the optimization of the hyperparameter

combination affects the stability of the detection model. However,

the iterative curve gradually stabilized as the epoch increased, and

better detection accuracy was obtained.
5.6 Lightweight C3 module
grad-cam analysis

In this study, lightweight experiments are performed on the C3

modules in layers 17, 20, and 23 of the YOLOv5s model neck

network, and the results are shown in Table 7. The YOLOv5s model

lightened for the 17th layer C3 module has 0.48% lower mAP@0.5
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and 0.50% lower mAP@0.5:.95 than the baseline model YOLOv5s,

and this lightning operation affects the performance of the baseline

model. The mAP@0.5 of the YOLOv5s model lightened for the 20th

and 23rd C3 modules are 0.68% and 0.82% higher than that of the

YOLOv5s model, respectively, while the mAP@0.5:.95 of the 20th

lightened YOLOv5s model are 1.63% higher than that of the 23rd

lightened YOLOv5s model. Therefore, in this study, we chose to

improve the 21st layer C3 module of the YOLO-SCL model.

To further verify that the lightweight C3 module can reduce the

loss of detailed feature information of small targets by deleting the

convolutional layers, this study uses the Grad-CAM method to

analyze the attention focused on the target with different

improvements in the 20th layer of the C3 module. Figure 11 shows

the Grad-CAM thermograms of the several YOLOv5s+Light C3

models trained on the citrus psyllid dataset and the 20th layer of

the YOLOv5s model. Figs. b(left), c(left) and d(left) show that the

YOLOv5s and YOLOv5s+Light C3(-1×CBS) models lose the feature

information of the target to a certain extent, which affects the model’s

performance of detecting the target, whereas the YOLOv5s+Light

C3(-2×CBS) model not only retains the feature information of the

target but also improves the attention to the target. Figs. b(right), c

(right), and d(right) show that the YOLOv5s and YOLOv5s+Light

C3(-1×CBS) models exhibit a more diffuse attention area and

are more affected by the complex environment, whereas the

YOLOv5s+Light C3(-2×CBS) model focuses more on the target.

The comprehensive experimental results show that by lightening

the C3 module and deleting the convolutional layer, the feature
B

C

D

E

F

G

A

FIGURE 9

Test results of different models on the test images. The test results from top to bottom are YOLOv4-CSP, YOLOR-p6, YOLOv7, YOLOX, YOLOv8,
YOLOv5s, and YOLO-SCL. Red boxes indicate missed detections, and blue boxes indicate false detections. (A) YOLOv4-CSP. (B) YOLOR-p6.
(C) YOLOv7. (D) YOLOX. (E) YOLOv8. (F) YOLOv5s. (G) YOLO-SCL.
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information of the tiny target is retained to the maximum extent, and

the attention is more focused on the target, improving the detection

accuracy of the target.
5.7 Detection model porting deployment
based on NVIDIA JETSON AGX XAVIER
embedded platform

In this study, the YOLO-SCL model porting deployment was

performed using NVIDIA Jetson AGX Xavier edge computing
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platform based on the ARM architecture. The Jetson AGX Xavier

edge computing platform is 100 × 87 mm in size, has a GPU of 512

cores, a CPU of 8 cores, and 32 GB of storage. The system of this

platform is Ubuntu 18.04.

To facilitate the porting of the YOLO-SCL model, a runtime

environment was configured on a Jetson AGX Xavier to debug the

hardware performance of the platform, specifically the deep

learning gas pedal engine. The model porting and deployment

results are shown in Figure 12, demonstrating that the average

processing time of a single-frame image is 38.8 ms, and the power

consumption is 16.85 W.
TABLE 5 Results before and after hyperparameter optimization.

Hyperparameter Before Optimization After Optimization (lb, ub)

Lr0 0.001 0.04185 (0.00005, 0.1)

Lrf 0.01 0.14641 (0.01, 1.0)

Momentum 0.937 0.70022 (0.6,0. 98)

Weight decay 0.0005 0.00014 (0.0, 0.001)

Warmup epochs 3.0 1.16490 (0.0, 5.0)

Warmup momentum 0.8 0.07027 (0.0, 0.95)

Warmup bias lr 0.1 0.01957 (0.0, 0.2)

Box 0.05 0.02334 (0.02, 0.2)

Cls 0.5 0.63575 (0.2, 4.0)

Cls pw 1.0 0.58352 (0.5, 2.0)

Obj 1.0 1.59100 (0.2, 4.0)

Obj pw 1.0 0.58352 (0.5, 2.0)

Anchor t 4.0 3.64620 (2.0, 8.0)

Hsv h 0.015 0.02919 (0.0, 0.1)

Hsv s 0.7 0.03530 (0.0, 0.9)

Hsv v 0.4 0.01103 (0.0, 0.9)

Degrees 0.0 0.05874 (0.0, 45.0)

Translate 0.1 0.29687 (0.0, 0.9)

Scale 0.5 0.01554 (0.0, 0.9)

Shear 0.0 3.26980 (0.0, 10.0)

Flipud 0.0 0.13026 (0.0, 1.0)

Mosaic 1.0 0.02767 (0.0, 1.0)

Mixup 0.0 0.09442 (0.0, 1.0)

Copy pasts 0.0 0.21605 (0.0, 1.0)

anchors – 2.40950 (2.0, 10.0)
TABLE 6 Comparison of detection results before and after hyperparameter optimization.

P(%) R(%) mAP@0.5(%) mAP@0.5:.95(%)

Before Optimization 93.73 92.35 97.07 53.43

After Optimization 95.17 93.95 97.18 54.18
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6 Conclusions and analyses

6.1 Discussion

The mAP@0.5 results of the YOLO-SCL model on the citrus

psyllids detection task were better than those of the other six target

detection models, from the prediction result graphs, the YOLO-SCL

model effectively solved the missed and false problems that

occurred in the other six models. The above results show that the
B

A

FIGURE 10

The mAP@0.5 and mAP@0.5.95 curves of the YOLO-SCL model training process before and after hyperparameter optimization. (A) mAP@0.5.
(B) mAP@0.5:.95.
TABLE 7 Experimental results of lightweight C3 modules at layers 17,
20, and 23 in the neck network of the YOLOv5s model.

Methods mAP@0.5 (%) mAP@0.5:.95 (%)

YOLOv5s+Light C3(17) 95.41 50.28

YOLOv5s+Light C3(20) 96.57 52.31

YOLOv5s+Light C3(23) 96.71 50.68
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improved architecture combining the ɡnConv and lightweight C3

modules effectively improves the feature representation of the

model for target regions. In the follow-up work, attempts will be

made to apply the improved approach to different target detection

models for citrus psyllid detection tasks as well as to apply the

YOLO-SCL model to more tasks in other fields.
6.2 Conclusions

In this study, a YOLO-SCL model for detecting citrus psyllids in

natural environments was proposed to improve the detection

accuracy of citrus psyllids in response to problems such as the

difficulty of accurately detecting small targets and complex

background interference. First, the ɡnConv module based on

spatial channel interaction was proposed to improve the model’s

detection accuracy for small targets; the module is realized through
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the combination of global spatial and local channel interactions.

Second, to maximize the retention of small target feature

information, the 21st layer of the C3 module in the YOLO-SCL

model was lightened and improved, making the model more target-

aware. In addition, optimization of the hyperparameters in the

YOLO-SCL model using BWOA. The main conclusions are

as follows:
i. The YOLO-SCL model achieved 97.07% mAP@0.5 and

53.43% mAP@0.5:.95 with a model parameter count and

computation of 6.92 M and 15.5 GFlops, respectively. The

model considerably improved the detection of citrus

psyllids and was ported and deployed on the edge

computing platform with an average processing time of

38.8 ms and power consumption of 16.85 W for a single-

frame image. In addition, optimization of the

hyperparameters in the YOLO-SCL model using BWOA
B
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FIGURE 11

Grad-CAM thermograms of the YOLOv5s+Light C3 model trained on the citrus psyllid dataset and YOLOv5s model layer 20. (A) Original Picture.
(B) YOLOv5s. (C) YOLOv5s+Light C3(-1×CBS). (D) YOLOv5s+Light C3(-2×CBS).
FIGURE 12

Jetson AGX Xavier edge computing platform model porting deployment detection results.
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Fron
resulted in higher mAP@0.5 and mAP@0.5:.95 of 97.18%

and 54.18%, respectively.

ii. Compared with the other six detection models, the YOLO-

SCL model achieved the highest mAP@0.5. The YOLO-

SCL model is 6.92 M and 15.5 GFlops, which are 14.25%

and 2.52% lower than those of the conventional YOLOv5s

model, respectively. The above data show that the

improved model has achieved better performance in

recognition accuracy and efficiency.

iii. This study discusses citrus psyllids detection in natural

environments; the above results show that the YOLO-SCL

model performs well on the citrus psyllid detection task

and provides some values for studying different small

target detection tasks.
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Tao Guo1,2, Changbin Pu1,2, Zongnan Li1,2, Yongling Liu1,
Jin Chen3 and Si Wang1,2*
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Agricultural Sciences, Chengdu, China, 3State Key Laboratory of Remote Sensing Science, Institute of
Remote Sensing Science and Engineering, Faculty of Geographical Science, Beijing Normal University,
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Diseases pose a significant threat to the citrus industry, and the accurate

detection of these diseases represent key factors for their early diagnosis and

precise control. Existing diagnostic methods primarily rely on image models

trained on vast datasets and limited their applicability due to singular

backgrounds. To devise a more accurate, robust, and versatile model for citrus

disease classification, this study focused on data diversity, knowledge assistance,

and modal fusion. Leaves from healthy plants and plants infected with 10

prevalent diseases (citrus greening, citrus canker, anthracnose, scab, greasy

spot, melanose, sooty mold, nitrogen deficiency, magnesium deficiency, and

iron deficiency) were used as materials. Initially, three datasets with white,

natural, and mixed backgrounds were constructed to analyze their effects on

the training accuracy, test generalization ability, and classification balance. This

diversification of data significantly improved the model’s adaptability to natural

settings. Subsequently, by leveraging agricultural domain knowledge, a

structured citrus disease features glossary was developed to enhance the

efficiency of data preparation and the credibility of identification results. To

address the underutilization of multimodal data in existing models, this study

explored semantic embedding methods for disease images and structured

descriptive texts. Convolutional networks with different depths (VGG16,

ResNet50, MobileNetV2, and ShuffleNetV2) were used to extract the visual

features of leaves. Concurrently, TextCNN and fastText were used to extract

textual features and semantic relationships. By integrating the complementary

nature of the image and text information, a joint learning model for citrus disease

features was achieved. ShuffleNetV2 + TextCNN, the optimal multimodal model,

achieved a classification accuracy of 98.33% on the mixed dataset, which

represented improvements of 9.78% and 21.11% over the single-image and

single-text models, respectively. This model also exhibited faster convergence,

superior classification balance, and enhanced generalization capability,

compared with the other methods. The image-text multimodal feature fusion

network proposed in this study, which integrates text and image features with
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domain knowledge, can identify and classify citrus diseases in scenarios with

limited samples and multiple background noise. The proposed model provides a

more reliable decision-making basis for the precise application of biological and

chemical control strategies for citrus production.
KEYWORDS

citrus disease, deep learning, multimodal fusion, background diversity, knowledge assistance
1 Introduction

Citrus crops are among the most important fruit crops

worldwide, and they are widely cultivated in more than 140

countries and regions and have significant economic value (Rao

et al., 2021). However, citrus pests and diseases pose serious threats

to orchard production in terms of quality and yield (Sun et al., 2019)

and represent major factors that hinder the sustainable

development of the citrus industry. Thus, the development of

efficient and applicable methods for detecting citrus pests and

diseases is crucial to ensuring the robust expansion of the citrus

industry. Previous studies typically identified citrus diseases

through field observations (Leong et al., 2022) or pathogen

identification (Patané et al., 2019). However, these methods are

influenced by subjective factors and require domain knowledge and

specialized equipment; further, they often present low accuracy and

efficiency. With the advancement of computer vision technology,

machine learning methods have gradually been applied to

identifying citrus diseases. Initially, researchers explored

traditional machine learning algorithms involving commonly

used support vector machine (SVM) and random forest (RF)

algorithms (Wang et al., 2021c; Dananjayan et al., 2022).

Classification and regression trees (CARTs) and multilayer

perceptrons (MLPs) have been used to identify storage diseases in

citrus (Gómez-Sanchis et al., 2012). However, these methods are not

appropriate for complex image features and multicategory

classifications; thus, their effectiveness in practical applications is

limited. In recent years, significant progress has been made in the

use of deep learning technology for citrus disease identification.

Convolutional neural networks (CNNs) are representative deep

learning methods that have achieved breakthrough results in

image classification tasks. Classic and lightweight networks, such

as visual geometry group (VGG) (Xing et al., 2019), residual

network (ResNet) (Luaibi et al., 2021), and efficient convolutional

neural networks for mobile vision (MobileNet) (Barman et al.,

2020), have been successively applied to image feature extraction

and classification to improve citrus disease classification accuracy

through higher-level feature mining. Despite these advances,

existing methods face challenges such as insufficient training

samples required for higher detection accuracy and poor

transferability to complex production environments and diverse

disease types. Therefore, improving detection accuracy based on

limited sample sizes has become increasingly important.
02148
Deep learning has emerged as a research focal point for the

accurate identification of plant diseases. It overcomes the

limitations of traditional machine learning, which relies on

manually generated features, by enabling the construction of an

end-to-end deep network structure. This facilitates an automated

process that is advantageous for extracting high-level features

(Goodfellow et al., 2016). Previous research on deep learning

based methods have achieved promising results in the early

detection of plant diseases (Upadhyay and Kumar, 2021), lesion

segmentation (Li et al., 2022), disease type classification (Xing et al.,

2019), and disease occurrence prediction (Delnevo et al., 2022).

Historically, citrus disease identification and classification methods

have primarily used single-source data based on image modalities,

including images (Barman et al., 2020; Luaibi et al., 2021; Syed-Ab-

Rahman et al., 2022), fluorescence spectra (Neves et al., 2023), and

Internet of Things (IoT) data (Delnevo et al., 2022). The

performance of such methods is highly dependent on large

datasets and manual annotation. Expanding datasets to improve

disease identification performance can be expensive. Ferentinos

(2018) used 87848 images covering 25 plants and 57 diseases and

compared the disease identification accuracy of five typical CNN

networks; the results showed that the VGG model achieved the

highest accuracy of 99.53%. In addition, Chellapandi et al. (2021)

and Saleem et al. (2020) used 54306 images of 14 diseases, Abbas

et al. (2021) used 16,012 tomato disease images, and Brahimi et al.

(2017) used 16012 tomato disease images for training and obtained

more than 99% accuracy on networks such as DenseNet, AlexNet,

and Xception. However, with smaller datasets, the training accuracy

rarely exceeded 95% (Ramcharan et al., 2017; Sibiya and

Sumbwanyambe, 2019). In addition, approximately 50% of the

data in current plant disease identification research are obtained

from public datasets (Ramanjot et al., 2023). Using PlantVillage as

an example, images are primarily acquired in laboratories or under

unique background conditions. The uniformity of sample

backgrounds hinders model feature learning, and uncertainties

caused by sample selection biases hinder the adaptation of

automated plant disease detection systems production scenarios

(Hernandez and Lopez, 2020). Although the aforementioned

studies have achieved satisfactory identification results using

specific datasets, challenges, there are challenges such as poor

model robustness, long model iteration cycles, and difficulty in

generating massive datasets. As a result, models cannot easily adapt

to complex environments and backgrounds in real-world scenarios.
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Given the development of deep learning technologies and

the rapid acquisition of multi-source data coupled with complex

and varied real-world scenarios involving multiple data types,

multimodal fusion technology has been introduced in the field of

plant pest and disease detection. The full exploitation of the

complementarity and correlations between modalities to achieve

multimodal data fusion has emerged as a promising new direction

in disease research (Yang et al., 2021). By integrating images with

environmental parameters (Zhang et al., 2022), hyperspectral

information (Yang et al., 2021), and text information (Wang

et al., 2021b), the close relationship between disease occurrence

and the environment can be fully exploited. Moreover, the

complementarity between modalities facilitates the identification

of highly similar symptoms and disease classifications under limited

sample conditions. Text data are relatively easy to obtain and can be

processed without sophisticated equipment and techniques; thus,

they can serve as an excellent source of auxiliary information.

Information obtained from text sources can complement that

from image sources, thereby alleviating the problem of

insufficient image training samples (Wang et al., 2022). In fine-

grained image recognition tasks, image and text information are

jointly trained through different training forms and feature

representations, which effectively addresses the problem wherein

the image modality is similarly represented but other modalities are

underutilized (Reed et al., 2016; He and Peng, 2020). However,

traditional textual information derived from natural language

descriptions of observers may be incomplete or erroneous because

of subjectivity and limitations in the knowledge background (Wang

et al., 2021a). Moreover, the preparation and preprocessing of

natural language methods are challenging and time consuming.
Frontiers in Plant Science 03149
Given the needs and weaknesses of existing methods, this study

aimed to develop a plant disease detection method based on a deep

learning feature fusion network based on a multimodal image-text

classification to improve the accuracy and efficiency of citrus disease

detection in complex backgrounds. By selecting excellent networks

of a single image and text modal information and constructing

fusion models, the cross-complementarity of information was fully

exploited, which enhanced the comprehensive use of features and

improved detection accuracy and robustness. Moreover, we propose

the use of agricultural domain knowledge to construct a structured

glossary for citrus disease characteristics. This glossary can assist in

the preparation of text modal information, increase the efficiency of

data production, and improve the credibility of identification

results. To evaluate the performance and strengths of the

proposed method, we used various sample settings and performed

dataset cross-validations.
2 Materials and methods

2.1 Image and text models used
in this article

Deep learning architectures are associated with advancements

in various domains, including plant disease identification. This

section provides a review of the structural features of the models

used in this study, as well as their applications and potential

advantages in plant disease identification. The basic frameworks

of the models are shown in Figure 1. VGG16 has 13 convolutional

layers and 3 fully connected layers, and it can use small filters and
B

C D

E F

A

FIGURE 1

Basic framework of the used image and text models. (A) VGG16, (B) ResNet50, (C) MobileNet V2, (D) ShuffleNet V2, (E) TextCNN, and (F) fastText.
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deeper layers to extract more complex features from disease images

(Simonyan and Zisserman, 2014). In the context of plant disease

identification, VGG16 has been used to extract complex patterns

and features from disease images of rice (Jiang et al., 2021), millet

(Coulibaly et al., 2019), canola (Abdalla et al., 2019), and tomato

(Rangarajan et al., 2018). ResNet50 introduced a residual network

structure that effectively avoids overfitting problems by increasing

the network depth (He et al., 2016); additionally, it has been shown

to provide superior performance in scenarios with complex

background noise and diverse disease manifestations (Picon et al.,

2019). MobileNet V2 and ShuffleNet V2 stand out as lightweight

models. MobileNet V2 uses inverted residuals and linear

bottlenecks to enhance efficiency (Sandler et al., 2018), while

ShuffleNet V2 employs group convolution and channel shuffling

(Ma et al., 2018). Thus, they are ideal choices for resource-

constrained environments. These lightweight networks with fewer

parameters are efficient and accurate in plant disease classification

and suitable for deployment on limited-resource devices (Barman

et al., 2020; Lu et al., 2023). In terms of the text modality, this study

compared the classification performance of TextCNN and fastText.

While TextCNN leverages convolutional layers over word

embeddings to discern local semantic features in text (Kim,

2014), fastText captures morphological nuances by representing

words through character n-grams (Joulin et al., 2016). Textual

descriptions accompanying plant images can provide crucial

contextual information. Combining visual and textual modalities

can enhance the overall accuracy of disease classification and assist

in fine-grained disease categorizations (Wang et al., 2021b). With

the advancement of technology, the amalgamation and refinement

of these models will further increase the precision and applicability

of plant disease identification.
2.2 Data preparation

Through field collection, laboratory photography, and web

crawling, a total of 2200 citrus image samples were gathered; they

comprise healthy leaves, 2 bacterial diseases (citrus greening and

citrus canker), 5 fungal diseases (anthracnose, scab, greasy spot,

melanose, and sooty mold), and 3 physiological disorders (nitrogen

deficiency, magnesium deficiency, iron deficiency). Each sample

category contains 100 images with white backgrounds and 100

images with natural backgrounds. Original sample images are

shown in Table 1.

In addition to the image data, we used expert knowledge to

create a structured citrus disease features glossary (Table S1). This

glossary covers 12 categories of citrus disease characteristics,

including leaf color, leaf morphology, affected areas, covering

features, chlorosis region, chlorosis features, lesion shape, lesion

count, lesion size, lesion distribution, lesion color, and lesion

features. Such data provide a more accurate and comprehensive

description of the original images. To ensure data accuracy, the

textual data were generated by three Ph.D. scientists specializing in

pomology and checked by a psychologist. Sample origin texts are

shown in Table 1.
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2.3 Data preprocessing

The original image was uniformly cropped and -adjusted to

224×224 pixels. The image was enhanced by rotation, scaling,

flipping, and brightening. Simultaneously, data enhancement

methods such as “origin,” “rotated,” “brighter,” “flipped,” and

“scaled,” were embedded in the text descriptions to ensure a one-

to-one correspondence between the image and text. Symbols from

the text were filtered and tokenized using Jieba, and the tokenized

results were then mapped to a word index list based on a

vocabulary. Words that were not present in the vocabulary were

replaced with “<UNK>“. The max_length of the numeric sequence

was set to 100, and placeholders were used to supplement any

shorter parts. Finally, PyTorch’s tensor conversion was used to

transform the numeric sequence into tensors for subsequent

calculations. The training, verification, and test sets were divided

at a ratio of 7:2:1 for the image–text pairs.
2.4 Single-modality
comparative experiments

To identify a network architecture that can effectively extract

features from citrus disease images, we compared the classification

performance of four deep learning networks: VGG16, ResNet50,

MobileNet V2, and ShuffleNet V2. These networks use

convolutional operations that target key features in images, such as

texture, color, and shape, to produce more abstract feature

representations. Throughout the training process, all networks used

the Adam optimizer and the learning rate was set to 0.001 to ensure

training stability and efficiency. This experiment was conducted to

comprehensively evaluate the performance of each network in the

citrus disease image classification task and provide a basis for

selecting image networks for subsequent multimodal construction.

To select a network structure that can effectively extract features

from citrus disease text information, we compared the classification

performances of two deep learning networks: TextCNN and

fastText. Structured text descriptions were converted into word

vectors, and text extraction networks were used to extract features

such as contextual relationships. The optimizer and learning rate

settings were consistent with the image networks described in

Section 4.3.1 to ensure training consistency and fairness for

comparison. To avoid overfitting, the dropout was set to 0.5 and

the length of the input text vector was set to 20. This experiment

was conducted to comprehensively assess the performance of

each network on the citrus disease text classification task and

provide a basis for selecting the text network in the subsequent

multimodal construction.
2.5 Different-dataset
comparative experiments

To increase the diversity and practical applications of the data,

this study created three types of datasets: white, natural, and mixed
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TABLE 1 Example of the image-text origin database.

Disease
category

Origin Image Origin Text

Healthy
leaves
(CK)

Deep green in color, normal in morphology, asymptomatic on the front side.

Citrus
greening
(CGR)

Light green in color, normal in morphology, chlorosis on the back side,
chlorosis region is veined and randomly dispersed.

.Citrus
canker
(CCA)

Deep green in color, normal in morphology, lesions on the front side, lesions
shape is subcircular, lesions count is 4–20, lesions size is 3–5 mm, lesions are
randomly dispersed, lesion color is brown at the center and yellow at the
edges, lesions show a volcano-like feature.

Citrus
anthracnose
(CAN)

Deep green in color, curled in morphology, lesions on the front side, lesions
shape is subcircular, lesions count is less than 3, lesions size is larger than 15
mm, lesions are randomly dispersed, lesions color is light brown, lesions show
a withered feature

Citrus scab
(CSC)

Light green in color, normal in morphology, lesions on the back side, lesions
shape is irregular, lesions count is 4-20, lesions size is 3–5 mm, lesions are
randomly dispersed, lesions color is gray-white, lesions show a corked feature.

Citrus
greasy spot
(CGS)

Light green in color, normal in morphology, lesions on the front side, lesions
shape is irregular, lesions count is 4–20, lesions size is 3–5 mm, lesions are
randomly dispersed, lesions color is yellow, lesions show a flat and greasy
feature.

Citrus
melanose
(CME)

Deep green in color, normal in morphology, lesions on the front side, lesions
shape is irregular, lesions count is more than 20, lesions size is 1–3 mm,
lesions are randomly dispersed, lesions color is dark, lesions show a convex
and greasy feature.

Citrus sooty
mold
(CSM)

Deep green in color, normal in morphology, black mold spots or layers
covering the front side.

Citrus
nitrogen
deficiency
(CND)

Yellow in color, normal in morphology, chlorosis on the front side, chlorosis
region is uniformly dispersed

Citrus
magnesium
deficiency
(CMD)

Light green in color, normal in morphology, chlorosis on the front side,
chlorosis region near the leaf margin, inverted V-shaped chlorosis

(Continued)
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backgrounds. Specifically, in the white background dataset, each

category contains 100 images of single leaves with a white

background and multiple leaves with a white background. In the

natural background dataset, each category contains 100 images of

single leaves with a natural background and multiple leaves with a

natural background. The original images in each of the two above

datasets were expanded to 5500 images through data augmentation

techniques, such as rotation and highlighting. Then 5500 images

from these two datasets were randomly obtained in equal

proportions to form the mixed background dataset. All three

datasets were trained using the selected MobleNet50 and

ShuffleNet V2 networks. Testing was always performed using the

natural background dataset. The training and testing processes are

shown in Figure 2.
2.6 Construction of the image-text
multimodal networks

The image-text feature fusion framework proposed in this study

consists of two network branches: MobileNet V2/ShuffleNet V2 and

TextCNN. The input data consist of a disease image and structured

text describing the disease features. These descriptions were

corrected by fruit tree experts to ensure the standardization of the

feature description. MobileNet V2 and ShuffleNet V2 extract the

image feature vectors from the image-text pairs, while TextCNN
Frontiers in Plant Science 06152
extracts the text feature vectors from the data pairs. The two types of

feature vectors are concatenated to obtain the feature vector for the

image-text pair. The model framework is shown in Figure 3.

2.6.1 Image branching in the
multimodal framework

The image branch selected two lightweight networks

(MobileNet V2 and ShuffleNet V2) that performed well in single-

image-modality comparative experiments. MobileNet V2

decomposes traditional convolution operations into depth-wise

and point-wise convolution steps, and it also adopts residual

connections and dilated convolutions to enhance the expressive

capability of models. When training the image modality with

MobileNet V2, the input image passes through 2 convolutional

layers and 17 bottlenecks to finally obtain the image feature vector.

MobileNet V2 introduces an inverted residual module that differs

from the traditional bottleneck. It first expands the feature vector

dimensionally through an expansion layer and then reduces

dimensionally through a pointwise convolution layer, with the

expansion factor set to six times. For instance, in the second

bottleneck with an input of 112×112×16, it first expands to

112×112×96, and after a depth-wise convolution layer, it

decreases to 56×56×96. After the second point-wise convolution

layer, it decreases to 56×56×24. As the feature vector passes through

the bottleneck, its dimensions increase from 16 to 96 and then

reduce to 24. This structure ensures that the depth-wise convolution
TABLE 1 Continued

Disease
category

Origin Image Origin Text

Citrus iron
deficiency
(CID)

Light green in color, normal in morphology, chlorosis on the front side,
interveinal netted chlorosis
FIGURE 2

Training and testing strategies for the different datasets; 10% of the natural background dataset was randomly extracted as the shared test set.
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within the bottleneck captures rich feature information while

effectively reducing the memory required for model training. To

address the feature loss issue when compressing high-dimensional

features to low-dimensional features, MobileNet V2 replaces the

ReLU6 non-linear activation function in the second pointwise

convolution layer with the linear operation Linear while keeping

ReLU6 unchanged in other positions, thus ensuring feature

information diversity.

Similar to MobileNet V2, ShuffleNet V2 adopts depth-wise

separable convolution but also adds channel shuffling and

grouped convolution operations. When training the image

modality with ShuffleNet V2, the input image first passes through

a convolutional layer, a max-pooling layer, three stage modules, and

then another convolutional layer to obtain the image feature vector.

In Stage 2, Stage 3, and Stage 4, a downsampling operation with

Stride = 2 is first performed, followed by different numbers of

depth-wise separable convolutions and grouped convolutions.

For training, the input vector is divided into two branches,

branch1 and branch2. The first inverted residual module

performs downsampling on both branches. In subsequent

inverted residual modules, only branch2 undergoes depth-wise

separable convolution operations. After completing the inverted

residual module, the vectors of the two branches are concatenated

and channel shuffling is performed to ensure the mutual interaction

of information between the two branches.

2.6.2 Text branching in the
multimodal framework

The text branch selected TextCNN, which performed well in the

single-text modality comparative experiments. It is a convolutional

neural network designed for text classification, and its structure is

depicted in Figure 1E. The text modality data are derived from the

structured citrus disease features glossary, and data enhancement
Frontiers in Plant Science 07153
methods are embedded into the textual descriptions at the time of

image enhancement to ensure correspondence of the image-text

pairs. When training the text with TextCNN, word indices of the

input text sequence are first mapped to fixed-dimensional word

vectors through an embedding layer. Then, the word vectors pass

through a convolutional layer. The width of the convolutional

kernel is the same as the dimension of the word vector, and its

height corresponds to each value in kernel_sizes. This convolution

operation can capture local word sequence features. Then, the ReLU

activation function is applied to enhance the network’s non-linear

capability. Next, a max-pooling operation is applied to each

convolution output, and the maximum value from each feature

map is selected as the output. This process retains the most

significant features extracted by each convolution kernel. Finally,

the features extracted by each convolution kernel are concatenated

to obtain the text feature vector.

2.6.3 Feature fusion
The features extracted from the different modalities are fused at

the feature layer. For the ith object, the features extracted from the

image and text are denoted as fimg(x
i
img) and ftext(x

i
text), respectively.

The fused feature is represented by f∅(x
i
fusion). First, the image and

text features were projected into low-dimensional space using a

projection matrix. The two projected vectors were then

concatenated and passed through a convolutional layer for feature

learning to obtain the fused feature output. C represents the feature

vector learned through the convolutional layer. The convolution

uses a 1×1 kernel with a stride of 1. The 1×1 convolution itself does

not change the size of the feature map but can reduce the dimension

of the vector. During the dimension reduction process, interaction

information can be learned between multiple channels. The feature

mapping function M is represented in equation (1), and the fused

feature is represented in equation (2).
FIGURE 3

Image-text multimodal network framework.
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M(x) = Wx · x (1)

f∅(x
i
fusion) = C

�
F
�
M
�
fimg

�
xiimg

��
,M
�
 ftext

�
xitext

����
(2)

where Fdenotes the feature vector concatenation function and

Crepresents the feature vector after convolutional layer processing.

Wx ∈ fN � Dxg  is the projection matrix for the features,

Dxindicates the dimension of the input feature x, and N signifies

the dimension after projection.

The loss function employs the Cross-entropy loss function. In

this context, x2 is the predicted result and represented as a vector

x = ½x1, x2,…, xn�. The number of elements in this vector is

equivalent to the number of categories. The variable “class”

indicates the true label of the sample. For instance, if the sample

belongs to the second category, then class = 2. Consequently, x½class�
refers to x2. This implies that the second element was extracted from

the predicted result vector, which corresponds to the predicted

value of the true category, as depicted in equation (3).

loss(x, class) = −log
ex½class�

oje
xj

 !
= −x½class� + log o

j
exj

 !
(3)
2.7 Experiment environments

The research and control experiments were conducted in an

Ubuntu 20.04 environment (processor: Intel core i9 9820X; RAM:

64G; graphics card: NVIDIA RTX A4000 16G DDR6). The deep

learning framework Pytorch was used along with Cuda10.1 for

training. In the experimental design and comparison processes, the

batch size for the training and validation sets was set to 32. Based on

the characteristics and convergence of the modalities data, the

number of iterations for the single image modality was set to 200

while the preset number of iterations for the single text modality

was set to 50. The multimodal model converged rapidly, and early

stopping was applied to prevent overfitting.
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2.8 Evaluation indices

This research compared the models from four perspectives:

accuracy, precision, recall, and F1. The specific calculation methods

are presented in equations (4–7).

Accuracy =
TP + TN

TP + TN + FP + FN
(4)

Precision =
TP

TP + FP
(5)

Recall =
TP

TP + FN
(6)

F1 =
TP

TP + FN
(7)

where TP is the number of true positive samples, FP is the number

of false positive samples, and FN is the number of false

negative samples.
3 Results

3.1 Comparison of image modality models

A comparison of the performance of the deep and lightweight

networks in the single-image modality classification tasks showed

that the lightweight neural networks exhibited better feature

extraction and classification performance on small-sample natural

background image datasets (Figure 4). Although deep neural

networks such as VGG16 and ResNet50 converged quickly during

training, they only achieved classification accuracies of 54.33% and

60.39%, respectively. In contrast, MobileNet V2 and ShuffleNet V2,

the two lightweight networks, achieved high classification

accuracies of 90.19% and 91.63% respectively, despite converging

at a slower rate. This might be because VGG16 and ResNet50 have
BA

FIGURE 4

Accuracy and loss variations among the image models. (A) Accuracy and (B) loss.
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complex structures that allow them to rapidly capture features in

the data. However, this depth might also render them more

susceptible to limitations imposed by data volume, impacting

accuracy. The results suggest that lightweight networks are more

suitable for small sample data. Their simplified structures and

various strategies, such as depth-wise separable convolutions and

channel shuffling, enhance their adaptability to complex

background data.

Additionally, we observed noticeable fluctuations in ShuffleNet

V2 during training. A local minimum or plateau area was

encountered around the 80th epoch, and it was subsequently

adjusted using the algorithm to escape this state and achieve

better convergence. Although ShuffleNet V2 exhibited fluctuations

around the 80th epoch, it could converge normally and reach a high

accuracy afterward. This demonstrated the robustness and self-

recovery capabilities of the proposed model.

We further analyzed the ability to recognize different disease

categories based on a single-image modality at a finer granularity.

The average precision, recall, and F1 values for all image networks

presented ranges of 58.12–84.89%, 57.21–85.72%, and 56.82–

85.62%, respectively (Table 2). The lightweight network

ShuffleNet V2, which boasts high generalization capability and

computational efficiency, performed the best, and its confusion

matrix of validation and training results is presented in Figure 4. An

analysis of the convolutional neural network feature extraction and

classification results for the 11 citrus leaf sample images revealed

significant differences between different category samples. The four

models perform well in extracting features for citrus scab (CSC),

citrus greening (CGR), citrus canker (CCA), healthy leaves (CK),

and citrus sooty mold (CSM). However, their classification results

for citrus greasy spot (CGS), citrus magnesium deficiency (CMD),

and citrus anthracnose (CAN) were less satisfactory, with F1

average values of <70%. Further examination of the image dataset
Frontiers in Plant Science 09155
revealed that several disease categories with higher error rates

contained background noise, including non-disease features, such

as fingers and fruits, which may confuse the model’s classification of

these samples. Additionally, the disease categories CGS and CAN

included some early stage symptoms, which increased the difficulty

of distinguishing between the more challenging diseases and

subsequently affected the classification performance.
3.2 Comparison of the text
modality models

The accuracy and loss curves during the training of the text

branch training set are shown in Figure 5. An analysis of the

performance of the different text models in the citrus disease

classification task showed that the two models in the text branch

displayed approximately the same performance (Figure 5) and

converged quickly around the 10th epoch. The final training

accuracies of TextCNN and fastText were 77.22% and 74.42%

respectively, with both showing reduced loss values of

approximately 0.6. A comparison with the image modality model

showed that the text modality model converged faster, with its

accuracy lying between that of the lightweight and deep

convolutional image networks. This might be attributed to the

fact that text data are more structured than are image data; thus,

the features can be more quickly learned by the model. However,

the relatively lower accuracy might indicate that the information

contained in the text data is not as rich as that in the image data for

the task of citrus disease classification.

The precision, recall, and F1 values of the two text networks were

between 78.36% and 82.83% (Table 3). TextCNN, which benefits

from the features of both convolutional and recurrent neural

networks, exhibited superior performance relative to fastText.
TABLE 2 Eleven classification results of the image modal networks.

Disease
category

VGG16 ResNet50 MobileNet V2 ShuffleNet V2

Precision
(%)

Recall
(%)

F1
(%)

Precision
(%)

Recall
(%)

F1
(%)

Precision
(%)

Recall
(%)

F1
(%)

Precision
(%)

Recall
(%)

F1
(%)

CK 72.55 67.27 69.81 57.89 60.00 58.93 92.00 83.64 87.62 88.68 85.45 87.04

CGR 59.26 65.31 62.14 68.18 61.22 64.52 90.20 93.88 92.00 97.87 93.88 95.83

CCA 56.94 73.21 64.06 73.91 60.71 66.67 92.00 82.14 86.79 85.96 87.50 86.73

CAN 60.78 56.36 58.49 57.89 40.00 47.31 74.24 89.09 80.99 79.41 98.18 87.80

CSC 77.78 77.78 77.78 75.00 73.33 74.16 87.80 80.00 83.72 97.56 88.89 93.02

CGS 40.63 26.00 31.71 46.15 36.00 40.45 75.47 80.00 77.67 96.55 56.00 70.89

CME 60.53 80.70 69.17 43.88 75.44 55.48 75.41 80.70 77.97 84.75 87.72 86.21

CSM 68.42 56.52 61.90 60.00 65.22 62.50 81.48 95.65 88.00 82.69 93.48 87.76

CND 57.58 76.00 65.52 51.72 60.00 55.56 97.67 84.00 90.32 80.00 80.00 80.00

CMD 58.70 45.76 51.43 48.78 33.90 40.00 82.35 71.19 76.36 83.58 94.92 88.89

CID 72.09 59.62 65.26 55.93 63.46 59.46 85.19 88.46 86.79 78.43 76.92 77.67

Avg. 62.30 62.23 61.57 58.12 57.21 56.82 84.89 84.43 84.39 86.86 85.72 85.62
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When extracting text features and classifying the 11 categories of

citrus leaf samples, the performance between the different sample

categories varied significantly. Specifically, for categories such as CK,

CSM, CMD, and Citrus iron deficiency (CID), the text models

effectively extracted features with F1 scores >95%. However, for the

CGS and CCA categories, the classification results of the text models

were suboptimal, with F1 scores<50%. The analysis of the disease text

dataset showed that certain descriptors of disease spots, such as

“yellow,” “smooth,” and “randomly distributed,” frequently occurred

in the descriptions of several disease categories. Conversely, highly

distinctive descriptive phrases such as “asymptomatic” for healthy

leaves and “volcano-like spots” for ulcers were missing from these

two disease categories. Such descriptors have a stronger

discriminatory power for text classification. In summary, although

text modality performs relatively well in classifying citrus diseases, it

faces challenges such as variations in sample categories and

disparities in descriptive phrases.
Frontiers in Plant Science 10156
A confusion matrix is a tool for visualizing and quantifying the

relationship between predicted results and actual labels. The

confusion matrices of the best models for the image and text

modalities are shown in Figure 6. In the confusion matrix for

MobileNet V2, misclassifications were scattered in almost every

category, suggesting that the image model has greater complexity

and learning capacity and may have more flexibility when

processing samples compared with the other models, thus

enabling it to learn features more evenly across different

categories. Compared with the image modality, misclassifications

in the TextCNN confusion matrix were relatively concentrated but

showed a higher error rate for individual points. This may be related

to the limitations in text information when describing citrus leaf

diseases as well as the lack of semantic richness, which increases

the difficulty of accurately expressing and distinguishing all the

features of different diseases. Consequently, the ability of TextCNN

to extract features from certain citrus disease categories was
TABLE 3 Eleven classification results of the text modal networks.

Disease category
FastText TextCNN

Precision (%) Recall (%) F1 (%) Precision (%) Recall (%) F1 (%)

CK 100.00 100.00 100.00 100.00 100.00 100.00

CGR 78.79 98.11 87.39 78.79 98.11 87.39

CCA 43.14 44.90 44.00 43.14 44.90 44.00

CAN 84.78 88.64 86.67 84.44 86.36 85.39

CSC 70.69 78.85 74.55 70.69 78.85 74.55

CGS 61.11 18.97 28.95 57.89 18.97 28.57

CME 48.65 81.82 61.02 48.65 81.82 61.02

CSM 100.00 100.00 100.00 100.00 100.00 100.00

CND 96.97 71.11 82.05 96.97 71.11 82.05

CMD 100.00 98.08 99.03 100.00 98.08 99.03

CID 100.00 100.00 100.00 100.00 100.00 100.00

Avg. 80.38 80.04 78.51 80.05 79.84 78.36
BA

FIGURE 5

Accuracy and loss variations among the text models. (A) Accuracy and (B) loss.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1280365
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Qiu et al. 10.3389/fpls.2023.1280365
comparatively weaker than that of MobileNet V2. In summary, the

image and text modalities exhibited different strengths and

limitations in classifying citrus leaves. A comparative analysis of

single-modality models provided crucial insights and directions for

subsequent modal fusion.
3.3 Effect of different datasets on
classification performance

The accuracy and loss curves for model training using different

datasets are shown in Figure 7. An analysis of the performance of

different datasets in the citrus disease classification task revealed

that the citrus disease samples from the white background dataset

achieved the highest classification accuracy of 89.61% and 94.76%,

respectively, with the loss function stabilizing at<0.5. As the
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complexity of the sample background increased, the classification

accuracy showed a decreasing trend, with the accuracy for the

natural and mixed background data falling between 83.45% and

91.63%. This suggests that a simplified background can assist the

model in more easily identifying the target, thereby improving

accuracy. However, in natural and mixed-background datasets, a

complex background might introduce considerable irrelevant

information and noise, such as shadows and light variations.

These factors could interfere with the model’s ability to extract

key features. Nevertheless, the model still demonstrated a relatively

high accuracy under these complex backgrounds, indicating that the

selected models are robust and adaptable.

In the unified natural background test set, the models trained on

different datasets showed significant differences (Table 4). The test

accuracy of the model trained on the white background dataset

was<21%, which is significantly lower than its training accuracy.
B C

D E F

A

FIGURE 7

Accuracy and loss variations among the different datasets. (A, D) Accuracy and loss in the white background dataset; (B, E) accuracy and loss in the
natural background dataset; and (C, F) accuracy and loss in the mixed background dataset.
BA

FIGURE 6

Confusion matrix of the image and text modality optimal models. (A) MobileNet V2 confusion matrix and (B) TextCNN confusion matrix.
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This indicates that the model overfilled on a simplified and non-

disturbed background and failed to fully learn the clutter features,

resulting in a poor generalization ability. Conversely, the models

trained on the natural and mixed-background datasets presented

similar accuracy as their training accuracy. The test accuracy of

ShuffleNet V2 reached 92.31%, surpassing its performance in the

training and validation sets. This suggests that sample diversity

helps the model learn to distinguish target objects from key features

during training and resist background interference, thereby

significantly improving the robustness and generalization of

the model.

The ability of the models to recognize different disease categories

under different training datasets was analyzed at a finer granularity.

Box plots for the precision, recall, and F1 values of each disease

category showed that the models exhibited greater balance when

trained with mixed background datasets (Figure 8). Although the test

accuracy of the mixed dataset was slightly lower than that of the

complex background, its performance in recognizing different disease

categories was more balanced, with no particular category showing

significantly lower recall or F1 values. This finding may be related to
Frontiers in Plant Science 12158
the ability of the mixed dataset to promote learning of target features

related only to the disease and the capture of auxiliary information

highly correlated with the background. Although a slight decrease in

accuracy may have occurred, the adaptability to complex

backgrounds and disturbances was stronger.

In conclusion, different dataset backgrounds, model structures,

and training strategies can influence the model’s classification

performance in real-world applications. The single-image modality

analysis showed that the use of a mixed dataset combined with a

lightweight neural network can yield a superior classification

accuracy, generalization capability, and category balance.
3.4 Comparison of the multimodal models

To further explore the complementarity between the image and

text modalities, we investigated the potential of feature fusion

strategies to address the classification problem of citrus diseases

with complex backgrounds. The accuracy and loss curves of the

fusion model during the training process for the training set are
B CA

FIGURE 8

Classification performance of the image modality models for 11 categories. The data in the figure represent the precision, recall, and F1 of the 11
citrus samples classified using MobileNet V2 and ShuffleNet V2 models. (A) Precision, recall, and F1 in the white background dataset; (B) precision,
recall, and F1 in the natural background dataset; and (C) precision, recall, and F1 in the mixed background dataset. ns, no significance.
TABLE 4 Test set results in the image modal networks.

Dataset
class

MobileNet V2 ShuffleNet V2

Precision (%) Recall (%) F1 (%) Precision (%) Recall (%) F1 (%)

White 21.00 17.17 17.36 19.20 15.12 16.03

Natural 84.89 84.43 84.39 86.86 85.72 85.62

Mixed 85.11 84.18 84.37 92.31 91.72 91.81
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shown in Figure 9. Compared with the previous unimodal results,

the results of the multimodal network exhibited significant

improvements. The fused networks MobileNet50 + TextCNN and

ShuffleNet V2 + TextCNN both achieved training accuracies of over

95% on the two datasets and reduced the loss to below 0.2. Among

them, ShuffleNet V2 + TextCNN yielded the best training results on

the mixed-background dataset, with an accuracy of 98.34%.

Moreover, the multimodal network converged within 10 epochs.

To prevent overfitting, we applied early stopping. The results show

that all models stopped within 22 epochs, indicating marked

acceleration in training. No further fluctuations were observed,

indicating that the multimodal network fully uses the

complementarity between the image and text modalities. The

cross-transfer of information and comprehensive use of features

enhanced the network’s ability to extract and recognize different

characteristics of citrus diseases.

The precision, recall, and F1 of the two fusion networks ranged

from 97% to 99%, thus showing excellent performance (Table 5).

Notably, the multimodal model achieved satisfactory results in

classifying each type of citrus sample. In the two datasets, the F1

score for each sample type exceeded 90%. This performance

enhancement may be attributable to the fact that after fusing

unimodal information, the model can fully use the complementarity

between this information and the cross-validation effect, helping the
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model to capture each category’s features more accurately and

reducing the likelihood of misclassification.

The confusion matrix of the optimal multimodal model–

ShuffleNet V2 + TextCNN–further confirms the superiority of the

multimodal strategy (Figure 10). Compared with the unimodal

model, this model reduced the number of misclassifications

and avoided the concentration of misclassifications in specific

categories, demonstrating better balance and generalization. Only

a few groups had errors, which did not exceed 2. Overall, when

handling the citrus disease classification task in complex

backgrounds, the multimodal strategy displayed higher robustness

and stability than the unimodal strategy.
4 Discussion

Multimodal feature fusion has become a popular research

direction in the field of plant disease classification. From the

perspective of information complementarity, a single modality,

such as image or text, has inherent limitations. While the image

modality can capture rich visual features, it may be affected by factors

such as lighting, shadows, and background noise (Huang et al., 2022).

Moreover, although the text modality can provide semantic and

contextual information about the disease (He and Peng, 2020), it
B

C D

A

FIGURE 9

Accuracy and loss variations among the multimodal models. (A) Accuracy in the natural background dataset, (B) loss in the natural background
dataset, (C) accuracy in the mixed background dataset, and (D) loss in the mixed background dataset.
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might lack sufficient details to describe certain subtle visual features.

These limitations can lead to classification inaccuracies. Combining

multi-source data, such as image and text (Feng et al., 2022), image

and hyperspectral data (Yang et al., 2021), or image and sensor

information (Zhao et al., 2020), leverages the strengths of each

modality and is beneficial in improving classification accuracy and

model robustness. In our experiments, we observed a clear advantage

of multimodal joint analysis. The accuracy of ShuffleNet V2
Frontiers in Plant Science 14160
+TextCNN using the mixed dataset reached 98.33%, representing

an improvement of 9.78% and 21.11%, compared with those of single

image and single text modalities, respectively. This is consistent with

previous results showing that the complementary information from

multimodal data could enhance object detection capabilities, thus

demonstrating the significant advantage of multimodal strategies in

handling complex backgrounds and noisy data (Liu et al., 2020).

Second, from the perspective of data fusion, feature fusion helps to
FIGURE 10

Confusion matrix of the multimodal optimal model. The data used in the matrix are the test results of ShuffleNet V2 on natural background images
after training on the mixed dataset.
TABLE 5 Eleven classification results of Multimodal networks.

Disease
category

Natural Background Dataset Mixed Background Dataset

MobileNet V2+TextCNN ShuffleNet V2+TextCNN MobileNet V2+TextCNN ShuffleNet V2+TextCNN

Precision
(%)

Recall
(%)

F1
(%)

Precision
(%)

Recall
(%)

F1
(%)

Precision
(%)

Recall
(%)

F1
(%)

Precision
(%)

Recall
(%)

F1
(%)

CK 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

CGR 0.96 0.96 0.96 1.00 0.96 0.98 0.98 0.92 0.95 1.00 0.96 0.98

CCA 1.00 1.00 1.00 0.98 0.96 0.97 0.90 0.92 0.91 0.94 0.96 0.95

CAN 0.98 0.98 0.98 1.00 1.00 1.00 0.98 0.85 0.91 0.98 0.94 0.96

CSC 1.00 0.96 0.98 1.00 1.00 1.00 1.00 0.98 0.99 0.98 0.98 0.98

CGS 0.94 0.98 0.96 0.96 0.98 0.97 0.85 0.96 0.90 0.88 0.96 0.92

CME 0.96 0.96 0.96 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.94 0.97

CSM 1.00 1.00 1.00 1.00 0.98 0.99 1.00 1.00 1.00 1.00 1.00 1.00

CND 1.00 0.94 0.97 0.96 1.00 0.98 0.93 0.98 0.95 0.96 1.00 0.98

CMD 0.94 1.00 0.97 0.98 1.00 0.99 1.00 1.00 1.00 1.00 1.00 1.00

CID 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Avg. 0.98 0.98 0.98 0.99 0.99 0.99 0.97 0.96 0.96 0.98 0.98 0.98
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enhance multimodal interaction and generalization performance,

compared with decision fusion. Combining multi-source data at an

early stage allows the model to better understand and distinguish

complex backgrounds and noise, thereby improving classification

accuracy (Yang et al., 2021). In contrast, decision fusion is typically

performed at the later stages of the model and might not fully capture

the fine-grained feature interactions between modalities. Moreover,

classifying diseases using decision fusion might require a high

classification confidence level from one modality (Wang et al.,

2021a). Therefore, multimodal feature fusion has a more

pronounced advantage in tasks with complex and varied

backgrounds, especially in scenarios requiring cross-modal

collaboration, and showed promising results in our experiments.

Sample diversity has always been regarded as a key factor in the

field of deep learning. However, due to the challenges of dataset

preparation, its importance is often underestimated. Previous

studies on citrus disease identification and classification preferred

to use datasets with a single background (Barman et al., 2020; Yang

et al., 2021; Dananjayan et al., 2022), with few utilizing natural

background datasets (Xing et al., 2019). In addition, the disease

categories and scenarios were relatively limited. The text involves 4

scenarios and 11 types of samples, rendering this citrus disease

classification task with small samples, multiple scenarios, and

multiple categories a higher challenge for model recognition

performance. To address this, we designed a dataset with diverse

backgrounds, including white, natural, and mixed backgrounds.

This design has shown significant advantages in enhancing the

model’s generalization capabilities and preventing data leakage

issues. A diversified training set provides the model with a

broader data distribution, enabling it to better handle unknown

data. Studies have shown that training with diverse data helps the

model to capture the underlying structures and patterns of the data,

resulting in better performance in real-world applications

(Hernandez and Lopez, 2020). In this study, training with natural

and mixed backgrounds significantly improved the model’s test

accuracy and led to better classification balance, thereby

demonstrating the importance of sample diversity in enhancing

the model’s generalization capabilities in real complex backgrounds.

Moreover, data in the same dataset often come from the same

location, the same environment, or even the same plant. This sample

autocorrelation might pose a risk of data leakage (Stock et al., 2023).

In this study, cross-validation of the dataset effectively reduced the

potential for data leakage and overfitting, ensuring the fairness and

authenticity of model evaluation and effectively ensuring the

model’s generalization capabilities on natural background data.

The effective application of knowledge has demonstrated

undeniable value in enhancing model accuracy and credibility. To

improve the comprehensiveness, objectivity, and efficiency of text

description, expert knowledge was fully utilized and a glossary of

citrus disease characteristics was innovatively constructed to

provide a new approach to text description. The construction of

the feature word list allows describers to choose from 12 categories

of feature words, comprehensively covering information such as leaf

color, leaf morphology, affected parts, covering features, yellowing

characteristics, and lesion features, effectively avoiding omissions or
Frontiers in Plant Science 15161
errors. Notably, in subsequent practical applications, users without

a professional knowledge background can easily select highly

specialized and specific phrases such as “netted chlorosis,” “leaf

vein corking,” and “volcano-like lesions,” further enhancing the

professionalism and reliability of the text modality. Zhou’s research

also indicates that the application of domain knowledge is beneficial

for improving classification accuracy and the interpretability of the

model’s inference process (Zhou et al., 2021).

This study achieved satisfactory results in the citrus disease

classification task with complex backgrounds by leveraging the

complementary information of image-text multimodal and the

advantages of sample diversity. However, there are still some

shortcomings. First, although this experiment explored the feature

fusion of image-text multimodal, the fusion strategy is relatively

simple and may not fully mine the potential association information

between image and text modalities. Further research on more

advanced fusion strategies, such as attention mechanisms and

multi-task learning, can better utilize the complementary

information between images and text. Second, the interpretability

and explainability of the model in this experiment require

improvement. To enhance the credibility and application value of

the model, further research on model interpretability methods is

needed. This will help researchers and agricultural practitioners to

better understand how the model works, which is of great

significance for improving productivity and reducing economic

losses in the citrus industry.
5 Conclusion

The image-text multimodal deep learning method proposed in

this study combined text and image features with domain

knowledge to fully characterize the features of various diseases

and accurately identify and infer the main types of citrus diseases.

Even when dealing with small-sample and multi-background noise

datasets, this method achieved a high classification accuracy and

generalization performance. Moreover, by constructing a structured

feature word table as prior knowledge for text information

preparation, this study significantly reduced the volume and

preprocessing difficulty of the text modality. The inclusion of

domain knowledge also provided prediction results with higher

credibility. Taken together, the multimodal deep learning method

proposed in this study can effectively extract and integrate features

from multiple data sources and domain knowledge, thereby

achieving precise identification of citrus diseases in complex

backgrounds. This provides a more reliable basis for making

decisions regarding the precise application of biological and

biochemical control strategies in production.
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Patané, J. S. L., Martins, J.Jr., Rangel, L. T., Belasque, J., Digiampietri, L. A., Facincani,
A. P., et al. (2019). Origin and diversification of Xanthomonas citri subsp. citri
pathotypes revealed by inclusive phylogenomic, dating, and biogeographic analyses.
BMC Genomics 20, 700. doi: 10.1186/s12864-019-6007-4

Picon, A., Alvarez-Gila, A., Seitz, M., Ortiz-Barredo, A., Echazarra, J., and Johannes,
A. (2019). Deep convolutional neural networks for mobile capture device-based crop
disease classification in the wild. Comput. Electron. Agric. 161, 280–290. doi: 10.1016/
j.compag.2018.04.002

Ramanjot, M. U., Wadhawan, A., Singla, J., Jhanjhi, N. Z., Ghoniem, R. M., Ray, S. K.,
et al. (2023). Plant disease detection and classification: A systematic literature review.
Sensors. (Basel). 23, 4769. doi: 10.3390/s23104769

Ramcharan, A., Baranowski, K., Mccloskey, P., Ahmed, B., Legg, J., and Hughes, D. P.
(2017). Deep learning for image-based cassava disease detection. Front. Plant Sci. 8.
doi: 10.3389/fpls.2017.01852

Rangarajan, A. K., Purushothaman, R., and Ramesh, A. (2018). Tomato crop disease
classification using pre-trained deep learning algorithm. Proc. Comput. Sci. 133, 1040–
1047. doi: 10.1016/j.procs.2018.07.070

Rao, M., Zuo, H., and Xu, Q. (2021). Genomic insights into citrus domestication
and its important agronomic traits. Plant Commun. 2, 100138. doi: 10.1016/
j.xplc.2020.100138

Reed, S., Akata, Z., Lee, H., Schiele, B.Ieee (2016). 2016 IEEE conference on Computer
Vision and Pattern Recognition (CVPR) (Seattle, WA), 49–58. doi: 10.1109/
cvpr.2016.13

Saleem, M., Potgieter, J., and Arif, K. (2020). Plant disease classification: a
comparative evaluation of convolutional neural networks and deep learning
optimizers. Plants 9, 1319. doi: 10.3390/plants9101319

Sandler, M., Howard, A., Zhu, M., Zhmoginov, A., and Chen, L.-C. (2018). 2018
IEEE/CVF Conference on Computer Vision and Pattern Recognition (Salt Lake City, UT,
USA), 4510–4520. doi: 10.1109/CVPR.2018.00474
Frontiers in Plant Science 17163
Sibiya, M., and Sumbwanyambe, M. (2019). A computational procedure for
the recognition and classification of maize leaf diseases out of healthy leaves
using convolutional neural networks. AgriEngineering 1, 119–131. doi: 10.3390/
agriengineering1010009

Simonyan, K., and Zisserman, A. (2014). Very deep convolutional networks
for large-scale image recognition. arXiv. preprint.: 1409.1556. doi: 10.48550/
arXiv.1409.1556

Stock, A., Gregr, E. J., and Chan, K. M. A. (2023). Data leakage jeopardizes ecological
applications of machine learning. Nat. Ecol. Evol. 8, 1743–1745.. doi: 10.1038/s41559-
023-02162-1

Sun, L., Ke, F., Nie, Z., Wang, P., and Xu, J. (2019). Citrus genetic engineering for
disease resistance: past, present and future. Int. J. Mol. Sci. 20, 5256. doi: 10.3390/
ijms20215256

Syed-Ab-Rahman, S. F., Hesamian, M. H., and Prasad, M. (2022). Citrus disease
detection and classification using end-to-end anchor-based deep learning model. Appl.
Intell. 52, 927–938. doi: 10.1007/s10489-021-02452-w

Upadhyay, S. K., and Kumar, A. (2021). Early-stage brown spot disease recognition
in paddy using image processing and deep learning techniques. Trait. Signal 38, 1755–
1766. doi: 10.18280/ts.380619

Wang, C., Zhao, C., Wu, H., Li, J., and Zhu, H. (2021a). Recognizing crop diseases
using bimodal joint representation learning. Trans. Chin. Soc. Agric. Eng. 37, 180–188.
doi: 10.11975/j.issn.1002-6819.2021.11.020

Wang, C. S., Zhou, J., Zhang, Y., Wu, H. R., Zhao, C. J., Teng, G. F., et al. (2022). A
plant disease recognition method based on fusion of images and graph structure text.
Front. Plant Sci. 12. doi: 10.3389/fpls.2021.731688

Wang, C., Zhou, J., Zhao, C., Li, J., Teng, G., and Wu, H. (2021b). Few-shot vegetable
disease recognition model based on image text collaborative representation learning.
Comput. Electron. Agric. 184, 106098. doi: 10.1016/j.compag.2021.106098

Wang, Y., Zhou, M., Zou, Q., and Xu, L. (2021c). Machine learning for
phytopathology: from the molecular scale towards the network scale. Briefings Bioinf.
22, bbab037. doi: 10.1093/bib/bbab037

Xing, S., Lee, M., and Lee, K. K. (2019). Citrus pests and diseases recognition model
using weakly dense connected convolution network. Sensors. (Basel). 19, 3195.
doi: 10.3390/s19143195

Yang, D., Wang, F., Hu, Y., Lan, Y., and Deng, X. (2021). √Citrus huanglongbing
detection based on multi-modal feature fusion learning. Front. Plant Sci. 12.
doi: 10.3389/fpls.2021.809506

Zhang, N., Wu, H., Zhu, H., Deng, Y., and Han, X. (2022). Tomato disease
classification and identification method based on multimodal fusion deep learning.
Agriculture 12, 1–13. doi: 10.3390/agriculture12122014

Zhao, Y., Liu, L., Xie, C., Wang, R., Wang, F., Bu, Y., et al. (2020). An effective
automatic system deployed in agricultural Internet of Things using Multi-Context
Fusion Network towards crop disease recognition in the wild. Appl. Soft. Computing.
89, 106128. doi: 10.1016/j.asoc.2020.106128

Zhou, J., Li, J., Wang, C., Wu, H., Zhao, C., and Teng, G. (2021). Crop disease
identification and interpretation method based on multimodal deep learning. Comput.
Electron. Agric. 189, 106408. doi: 10.1016/j.compag.2021.106408
frontiersin.org

https://doi.org/10.3389/fpls.2022.899754
https://doi.org/10.3389/fpls.2022.899754
https://doi.org/10.1117/1.oe.59.5.053103
https://doi.org/10.1117/1.oe.59.5.053103
https://doi.org/10.32604/iasc.2023.038287
https://doi.org/10.11591/ijece.v11i2.pp1719-1727
https://doi.org/10.1007/978-3-030-01264-9_8
https://doi.org/10.1007/978-3-030-01264-9_8
https://doi.org/10.1088/1555-6611/acc6bd
https://doi.org/10.1088/1555-6611/acc6bd
https://doi.org/10.1186/s12864-019-6007-4
https://doi.org/10.1016/j.compag.2018.04.002
https://doi.org/10.1016/j.compag.2018.04.002
https://doi.org/10.3390/s23104769
https://doi.org/10.3389/fpls.2017.01852
https://doi.org/10.1016/j.procs.2018.07.070
https://doi.org/10.1016/j.xplc.2020.100138
https://doi.org/10.1016/j.xplc.2020.100138
https://doi.org/10.1109/cvpr.2016.13
https://doi.org/10.1109/cvpr.2016.13
https://doi.org/10.3390/plants9101319
https://doi.org/10.1109/CVPR.2018.00474
https://doi.org/10.3390/agriengineering1010009
https://doi.org/10.3390/agriengineering1010009
https://doi.org/10.48550/arXiv.1409.1556
https://doi.org/10.48550/arXiv.1409.1556
https://doi.org/10.1038/s41559-023-02162-1
https://doi.org/10.1038/s41559-023-02162-1
https://doi.org/10.3390/ijms20215256
https://doi.org/10.3390/ijms20215256
https://doi.org/10.1007/s10489-021-02452-w
https://doi.org/10.18280/ts.380619
https://doi.org/10.11975/j.issn.1002-6819.2021.11.020
https://doi.org/10.3389/fpls.2021.731688
https://doi.org/10.1016/j.compag.2021.106098
https://doi.org/10.1093/bib/bbab037
https://doi.org/10.3390/s19143195
https://doi.org/10.3389/fpls.2021.809506
https://doi.org/10.3390/agriculture12122014
https://doi.org/10.1016/j.asoc.2020.106128
https://doi.org/10.1016/j.compag.2021.106408
https://doi.org/10.3389/fpls.2023.1280365
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Xiaolan Lv,
Jiangsu Academy of Agricultural Sciences
(JAAS), China

REVIEWED BY

Shilin Wang,
Jiangsu Academy of Agricultural Sciences
(JAAS), China
Qin Weicai,
Suzhou Polytechnic Institute of Agriculture,
China

*CORRESPONDENCE

Cancan Song

songcc@sdut.edu.cn

Yubin Lan

ylan@sdut.edu.cn

RECEIVED 28 September 2023
ACCEPTED 13 November 2023

PUBLISHED 29 November 2023

CITATION

Yan Y, Lan Y, Wang G, Hussain M, Wang H,
Yu X, Shan C, Wang B and Song C (2023)
Evaluation of the deposition and
distribution of spray droplets in citrus
orchards by plant protection drones.
Front. Plant Sci. 14:1303669.
doi: 10.3389/fpls.2023.1303669

COPYRIGHT

© 2023 Yan, Lan, Wang, Hussain, Wang, Yu,
Shan, Wang and Song. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Original Research

PUBLISHED 29 November 2023

DOI 10.3389/fpls.2023.1303669
Evaluation of the deposition and
distribution of spray droplets in
citrus orchards by plant
protection drones

Yu Yan1,2, Yubin Lan1,2*, Guobin Wang1,2, Mujahid Hussain1,2,
Huizheng Wang1,2, Xiaoqing Yu3, Changfeng Shan1,2,
Baoju Wang1,2 and Cancan Song1,2*

1College of Agricultural Engineering and Food Science, Shandong University of Technology,
Zibo, China, 2Shandong University of Technology Sub-center, National Center for International
Collaboration Research on Precision Agricultural Aviation, Zibo, China, 3Plant Protection Station of
Shandong Province, Jinan, China
Plant protection drone spraying technology is widely used to prevent and control

crop diseases and pests due to its advantages of being unaffected by crop growth

patterns and terrain restrictions, high operational efficiency, and low labor

requirements. The operational parameters of plant protection drones

significantly impact the distribution of spray droplets, thereby affecting

pesticide utilization. In this study, a field experiment was conducted to

determine the working modes of two representative plant protection drones

and an electric backpack sprayer as a control to explore the characteristics of

droplet deposition with different spray volumes in the citrus canopy. The results

showed that the spraying volume significantly affected the number of droplets

and the spray coverage. The number of droplets and the spray coverage area on

the leaf surface were significantly increased by increasing the spray volume from

60 L/ha to 120 L/ha in plant protection drones. Particularly for the DJI T30, the

mid-lower canopy showed a spray coverage increase of 52.5%. The droplet

density demonstrated the most significant variations in the lower inner canopy,

ranging from 18.7 droplets/cm2 to 41.7 droplets/cm2 by XAG V40. From the

deposition distribution on fruit trees, the plant protection drones exhibit good

penetration ability, as the droplets can achieve a relatively even distribution in

different canopy layers of citrus trees. The droplet distribution uniformity inside

the canopy is similar for XAG V40 and DJI T30, with a variation coefficient of

approximately 50%-100%. Compared to the plant protection drones, the

knapsack electric sprayer is suitable for pest and disease control in the mid-

lower canopy, but they face challenges of insufficient deposition capability in the

upper canopy and overall poor spray uniformity. The distribution of deposition

determined in this study provides data support for the selection of spraying

agents for fruit trees by plant protection drones and for the control of different

pests and diseases.

KEYWORDS

plant protection drones, citrus, application volume, number of droplets, spray coverage
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1 Introduction

Citrus is one of the top fruit tree species in the world, is

incredibly vitamin-rich, has significant economic and therapeutic

significance, and has overtaken apples as the most popular fruit in

China. Citrus plants in China accounted for about a fifth of all

garden fruit plantings in 2022, according to the list of China’s

beneficial agricultural products (Kui and Qi, 2022). In the

production activities of citrus cultivation, the reduction of citrus

yield caused by infection with citrus pests and diseases is the main

factor limiting the safe production of citrus (Glienke et al., 2011;

Brentu et al., 2012; Sun, 2022). Regular pest and disease control is

required to ensure crop yield and quality. As citrus planting areas

are mostly on mountainous slopes with complicated road

conditions, it is not convenient for ground mechanical spraying,

which leads to a knapsack electric sprayer, which is still the main

way of pesticide spraying. However, this spraying method not only

requires a lot of human and material resources but also has a low

efficiency, which causes an increase in planting costs and is not

conducive to the development of the citrus industry. Therefore,

growers need to use modern and efficient plant protection

machinery to replace traditional spraying equipment (Yamane

and Miyazaki, 2017).

In recent years, the rapid development of aerial spraying by

plant protection drones has attracted attention and has been widely

promoted and applied (Lan et al., 2017; Yang et al., 2018; Wang

et al., 2019). Plant protection drones get rid of the ground operation

mode, break through the restrictions of crop types (low and high

crops, etc.), and have the advantages of high operational efficiency,

low cost, good application effect, and strong ability to deal with

sudden disasters (Xue et al., 2014). With the development and

application of plant protection drones, plant protection drone flight

operations have begun to extend from field crops to fruit trees, and

relevant researchers are exploring the effects of different operating

parameters of plant protection drones on the distribution of the

number of droplets. Citrus canopy is relatively simple and mostly

planted in patches and scales, which is more suitable for plant

protection drones to operate. In 2016, Zhang et al. (2016) explored

the spraying effect of a small electric quadrotor plant protection

drones on the canopy of citrus trees at different flight heights and

found that the plant protection drones deposited best when working

on open-centered shaped plants at 1.0 m for height. Tang et al.

(2018) studied the effects of operating height and tree shape on sap

droplet deposition in citrus trees using plant protection drones.

When the operation height was 1.2 m and the flight speed was

3.5 m/s, the number of droplets and the spray coverage in the

canopy reached the maximum. Guo et al. (2022) evaluated four

types of nozzles (SX110015, XR80015, IDK90015, and TR80015)

based on a point spray pattern in a southern pear orchard

experiment and showed that the IDK90015 nozzle showed

significantly higher deposition and penetration. Several studies on

fruit trees have compared plant protection drone applications with

conventional application equipment. Martinez-Guanter et al.

(2020) found that conventional shower applications cause

excessive waste and that treatments using plant protection drones

are more uniform while significantly reducing drift. There are still
Frontiers in Plant Science 02165
many barriers to using plant protection drones in citrus orchards,

and in terms of plant protection drone technology, a combination of

electrostatic nozzles and spray aids can improve droplet deposition.

In addition, field testing requires attention to suitable weather

conditions, especially wind speed. Zhang et al (Pan et al., 2017).

2017 verified that plant protection drones are twice as efficient as

manual applications using field trials. Junior et al. (2016) studied

water use and application rates for the control of citrus black spot

and found that a change in spray volume from 125 mL/m3 to 75

mL/m3 resulted in a 40% reduction in CBS spray cost and water use

and an increase in profit of up to 35%. Li et al. (2021) used an

electric hexacopter plant protection drone to compare the overall

residue levels of chlorothalonil insecticide at application rates of

46.8 L/ha and 93.5 L/ha in an almond crop protection

application study.

In recent years, there has been rapid development of plant

protection drones in China. Research related to plant protection

drones in field crops has become relatively developed, while their

application in fruit trees is still in its early stages. For example,

research on parameters such as optimal operating height, optimal

flight speed, and optimal spraying flow rate has been carried out on

crops with small canopies, such as wheat, rice, and corn (Zheng

et al., 2017; Kharim et al., 2019; Chen et al., 2020). In contrast, less

research has been conducted on crops with large canopies such as

fruit trees. Regarding whether the spray droplets from plant

protection drones can penetrate the canopy of fruit trees? How

can the optimal spraying volume be set to ensure better droplet

deposition and suitable operational efficiency? What is the

difference between plant protection drone spraying and backpack

spraying deposition? These are the questions that bother everyone.

Therefore, we conducted this study to address these questions. The

flight control technology in orchard environments is challenging,

and there is a high demand for it. In response to complex terrains

such as hilly areas and basins, several drone companies in China

have developed various product categories to ensure more uniform

pesticide application using plant protection drones (Lan et al.,

2022).To make plant protection drones meet the requirements of

precision application operations, further research is needed on the

effects of the number of droplets, spray coverage, and spray

uniformity of representative plant protection drones. On the

other hand, the Application Volume is an essential parameter for

evaluating the effectiveness of plant protection drones. Due to the

limited tank capacity and flight speed of plant protection drone

sprayers, plant protection drones only use low-volume spraying

during spraying (Lan and Chen, 2018). It is crucial to investigate

whether plant protection drones’ low-volume spraying can achieve

good droplet deposition and determine the optimal spray volume

for plant protection drones’ spraying. Therefore, this paper

conducted field experiments on mist droplet deposition

distribution in citrus canopies at two spray volumes (60 L/ha and

120 L/ha) using two representative plant protection drones, XAG

V40 and DJI T30, compared the results to mist droplet deposition

with a knapsack electric sprayer (Knapsack Electric Sprayer, KES) at

a spray volume of 2400 L/ha to investigate the spraying effect of

plant protection drones in citrus orchards. The goal was to provide

theoretical guidance and data support for the optimization of
frontiersin.org
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application parameters of plant protection drone orchard operation

and pesticide application reduction and efficiency increase.
2 Materials and methods

2.1 Field plots

The experiments were conducted in experimental fields located at

the Tong Gong Township, Zhejiang Province (118°45’68″E, 28°58’52″
N), China, in June 2021. The experiment material was citrus in the

fruit-expanding stage. (2.6 ± 0.3) m high with a canopy diameter of

(2.9 ± 0.3) m, planted at a density of 1523 trees/ha with a between-row

spacing of (3.5 ± 0.5) m and a between-tree spacing of (2 ± 0.5) m

(Figure 1). During the spray operation, the temperature was between

30.7°C and 32.6°C, relative humidity between 56.4% and 60.3%, and

wind speeds between 0.0 and 1.3m/s. All meteorological parameters

during the test period complied with the comparative measurement

conditions of the ISO 22522 standard (International Organization for

Standardization, 2007).
2.2 Plant protection drones and reference
equipment selection

The spraying equipment was XAG V40 (XAG Co., Ltd., China)

and DJI T30 (SZ DJI Technology Co., Ltd., China) (Figure 2). XAG

V40 adopts a tilting dual-rotor structure, with rotor rotors on top of

the two folding arms and a nozzle at the bottom, equipped with a 16

L tank, centrifugal nozzle, peristaltic pump, etc. It is equipped with a

standard front dynamic radar, upward-looking radar, and ground-

like radar, bringing a more comprehensive and delicate perception

and obstacle avoidance capability. DJI T30 spray system is equipped

with a horizontally opposed six-cylinder dual plunger pump design,

a dual-channel electromagnetic flow meter error of ±2%, eight

nozzles distributed downward on both sides of the fuselage,

equipped with a spherical radar system, omnidirectional

perception of the surrounding environment, to achieve intelligent
Frontiers in Plant Science 03166
around the obstacles and ground-like flight. The two representative

plant protection drones, the XAG V40 and DJI T30 are officially

given as having a maximum operating efficiency of up to 16 ha/h.

The battery capacity of DJI T30 is 30Ah, and the battery capacity of

XAG V40 is 20 Ah. One full charge allows for approximately 15

minutes of flight. The XAG V40 utilizes the XAG agricultural

services software to plan flights and automatically carry out

operations based on the preset routes. On the other hand, the DJI

T30 uses the DJI agricultural software to plan flights and also

performs operations automatically according to the preset routes.

The detailed parameters of the equipment are shown in Table 1.

Other test spraying equipment included a knapsack electric sprayer

(3WBD-20-1, Taizhou Luqiao Huyue Sprayer Factory, China). The

knapsack electric sprayer is equipped with an electric pump and

atomizing nozzle, with a maximum spray width of 9 m, and a spray

volume of 2400 L/ha was used for operation in this test. Other test

materials included a scanner, a meteorological instrument,

Kromekote cards, etc.
2.3 Experimental design

The pesticide used in this experiment was Mancozeb 430 g/L

SC. Before application, the Allura Red solution (80% purity,

purchased from Beijing Oriental Care Trading Ltd., China) at a

concentration of 5 g/L was added to the tank as a tracer. Before the

experiment, set the experimental parameters such as flight height,

flight speed, spraying width, droplet size, and application liquid

volume according to the orchard situation. The spraying system

automatically calculates the pump’s flow rate according to the

parameters of flight speed, spraying width, and application liquid

volume to ensure the accuracy of the application liquid volume.

Two representative plant protection drones (XAG V40 and DJI

T30) were tested for spray droplet deposition distribution in the

citrus canopy, with a knapsack electric sprayer as a control. The

application volume (APV) of the plant protection drones was set at

60 L/ha and 120 L/ha (Table 2). Other operating parameters of the

plant protection drone application were set at flight height: 3 m,
FIGURE 1

Experiment location.
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flight speed: 3 m/s, route spacing: 3.5 m, and Flow Rate:3.78L/min.

During the trial, the plant protection drones flew along the tree rows

and above the rows of citrus trees. The application volume of the

knapsack electric sprayer was set at 2400 L/ha based on pesticide to

water. The test personnel wear appropriate protective clothing,

gloves, masks, and other personal protective equipment to ensure

safety. Adjust the spray angle and pressure of the knapsack electric

sprayer before the test. Carry the knapsack electric sprayer on the

back to maintain the correct spraying distance and even moving

speed. Spray different parts of the fruit tree, including the crown,

branches, and leaves.

In the sampling survey, each treatment group was divided into 5

plots in equal amounts according to the length of the treatment

area, and 5 fruit trees of the same growth and shape were selected

for each treatment group as multiple replications of the same

treatment. For comparison with the reduced application by plant

protection drones, one conventional control treatment area with the

manual application by a knapsack electric sprayer was set up, and a

blank control treatment area without pesticide application was

designed. To avoid the effect of droplet drift between adjacent

treatment zones, each treatment zone was used as a buffer zone

within 10 m from the edge, and no droplet deposition data were

collected within the buffer zone. Twenty-five sampling points were

selected for each tree, and paper cards were fixed to the leaves with

paper clips at each sampling point. The canopy of each citrus tree

was divided into three layers, i.e., upper, middle, and lower, which

included the upper layer (5 points), middle layer (inner canopy: 5

points; outer canopy: 5 points) and lower layer (inner canopy: 5

points; outer canopy: 5 points), and the deposition of droplets in

different parts of the fruit tree canopy was collected (Figures 3, 4).
Frontiers in Plant Science 04167
During the experiment, the pesticide droplets were not completely

deposited in the canopy, and some droplets would pass through the

canopy and deposit on the ground, causing soil contamination;

therefore, 10 sampling points were arranged on the ground under

each target citrus tree to collect the pesticides lost on the ground.
2.4 Sample and data analyses

After 30 minutes of each spraying test, dried WSPs were

retrieved in sequence using disposable gloves. Put the WSPs into

sealed bags marked according to the different treatments and add

desiccant to prevent moisture from affecting the test results. Store

the bags in a cool place and bring them back to the laboratory for

analysis. All collected paper cards were scanned using a scanner,

and the results were analyzed using the image processing software

Deposit Scan (U.S. Department of Agriculture, Wooster, Ohio).

Experimental results were processed using Excel 2019, and

statistical analysis using SPSS 21.0. Duncan ’s multiple

comparisons test was used to analyze the significance of

differences among various treatments.

Spray uniformity refers to the uniformity of spray droplet

distribution on the target, and the uniformity of droplet

distribution in the field has an important impact on pest control.

To describe the uniformity of droplet distribution in the field, the

Coefficient of Variation (CV) of the number of droplets in each

sampling area was used to indicate the uniformity of droplet

distribution for a set of data. The smaller the coefficient of

variation, the smaller the variation in the data, i.e., the more

uniform the distribution of droplet deposition, and the coefficient

of variation was calculated as follows:

   CV =
S
�X
� 100%   (1)

S =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
 on

i=1(Xi − �X)  2 =(n − 1)  
q

(2)

where S is the standard deviation of samples from the same test

group; Xi is the number of droplets or spray coverage at each

sampling point; �X is the mean value of samples from the same test

group; and n is the number of sampling points in each test group.
TABLE 1 Technical parameters for the plant protection drone sprayer.

Classification XAG V40 DJI T30 KES

Dimensions/mm 2110mm×2127mm×555mm 2858mm×2685 mm×790mm 390mm×210mmx495mm

Rotor numbers 2 6 —

Nozzle number 2 16 1

Nozzle type Centrifugal nozzle Hydraulic nozzle Hydraulic nozzle

Droplet size 130mm(10000 rpm) 105 mm(0.3 MPa) 175 mm(0.3 MPa)

Tank capacity/L 16 L 30 L 20 L

Spraying width/m 4m 4m 3m
TABLE 2 Treatments designed for the field experiments.

Treatment Sprayer Application Volume(L/ha)

T1 XAG V40 60

T2 XAG V40 120

T3 DJI T30 60

T4 DJI T30 120

T5 KES 2400
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3 Results

3.1 Analysis of the number of droplets and
spray coverage

Figure 5 presents the test results of the XAG V40 fruit tree

application. From the perspective of the number of droplets, the

results show that the number of droplets within the canopy of XAG

V40 ranged from 18.7 droplets/cm2 to 35.5 droplets/cm2 at a spray

volume of 60 L/ha. At a spray volume of 120 L/ha, the droplet

density within the canopy ranged from 27.9 droplets/cm2 to 41.7

droplets/cm2. The percentage increase of the number of droplets in

different parts of the canopy was 12.4% to 123.2% with an average

increase of 34.5% compared to 60 L/ha. At a spray volume of 120 L/

ha, the spray coverage in the canopy of XAG V40 ranged from 6.6%

to 20.5%, while at 60 L/ha, it ranged from 3.2% to 11.0%. The

increase in spray coverage in different parts of the canopy at a spray

volume of 120 L/ha ranged from 65.7% to 127.6%, with an average

increase of 87.8% compared to 60 L/ha.

Significant differences existed in the number of droplets and

spray coverage of XAG V40 at different canopy sampling points of

citrus trees. The results of spray coverage showed significant

differences in spray coverage in the upper, middle, and lower

layers of citrus trees. At a spray volume of 60 L/ha, the spray
Frontiers in Plant Science 05168
coverage at different canopy locations was in the following order:

upper canopy > middle outer canopy > middle inner canopy >

lower outer canopy > lower inner canopy. When the spray volume

increased from 60 to 120 L/ha, the number of droplets showed the

most significant change in the lower inner canopy, from 18.7

droplets/cm2 to 41.7 droplets/cm2, an increase of 123.2%.

Additionally, the spray coverage in the lower canopy of the fruit

trees was higher than that in the middle.

Figure 6 shows the test results of the DJI T30 fruit tree

application. It can be seen from the perspective of the number of

droplets that at a spray volume of 60L/ha, the number of droplets

within the canopy was 151.7 droplets/cm2 - 194.2 droplets/cm2, and

at a spray volume of 120 L/ha, the number of droplets within the

canopy was 146.0 droplets/cm2 - 205.3 droplets/cm2. However,

there was no significant increase in the number of droplets at a

spray volume of 120 L/ha, and the percentage variation in different

parts of the canopy was -24.8% to 24.8%, with a spray coverage

variation of -2.3%. From the perspective of spray coverage, this

demonstrates that the DJI T30 had 8.6% - 24.2% spray coverage at a

spray volume of 60 L/ha and 12.1% - 22.0% spray coverage at a

spray volume of 120 L/ha. Compared with 60 L/ha, the spray

coverage increased at a spray volume of 120 L/ha, especially in

the lower and middle canopy, with a spray coverage increase

of 52.5%.
FIGURE 3

Sampler locations for assessing spray deposition in the target apple tree canopy and ground loss.
FIGURE 2

Spraying operations of the plant protection drones sprayer and KES in the citrus orchard: (A) XAG V40 two-rotor electric unmanned aerial vehicle.
(B) DJI T30 six-rotor electric unmanned aerial vehicle. (C) Knapsack Electric Sprayer.
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FIGURE 5

Different APV on the Number of droplets and spray coverage of XAG V40.
B

C D E

A

FIGURE 4

Materials of the field test. (A) Citrus canopy, (B) Arrange the sampling points manually, (C) Upper canopy sampling arrangement, (D) Internal
sampling arrangement of the canopy, (E) Arrangement of the lower canopy sampling layer canopy.
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In the DJI T30 fruit tree application test, there was no

significant increase in the number of droplets in different

canopies of citrus trees when the APV was increased from 60 to

120 L/ha. The change in spray coverage was more significant in the

middle canopy, with an increase of 48.5% from 14.3% to 21.2% in

the middle outer canopy and 60.1% from 10.5% to 16.8% in the

middle inner canopy. Significant differences in the number of

droplets were observed in different canopies of citrus trees. The

spray coverage at different canopy locations at spraying rates of 60

L/ha and 120 L/ha followed this order: upper canopy > middle outer

canopy > middle inner canopy > lower outer canopy > lower

inner canopy.

The results showed that the spray volume of the plant

protection drones affected the distribution of the number of

droplets during the spraying operation, and the number of

droplets and spray coverage varied at different spray volumes.

When the APV increased from 60 to 120 L/ha, the number of

droplets and spray coverage increased significantly, but this increase

was not linearly proportional to the increase in APV.

Figure 7 displays the experimental results of the knapsack

electric sprayer fruit tree application. From the perspective of

droplet deposition density, it can be seen that with a knapsack

electric sprayer in 2400 L/ha spray liquid volume, droplet density

within the canopy is 39.1 droplets/cm2-149.0 droplets/cm2;

coverage within the canopy is 40.3% - 42.4%. The coverage within

the canopy was 40.3% - 42.4%. The difference between the

maximum and minimum values of Figure 7 displays the

experimental results of the knapsack electric sprayer fruit tree
Frontiers in Plant Science 07170
application. fruit tree applied droplet density was 109.9 droplets/

cm2. The deposition in the lower canopy was much larger than in

the upper canopy. The knapsack electric sprayer at 2400 L/ha of

spray liquid volume had 48.3% higher upper canopy coverage than

the XAG V40 at 120 L/ha and 51.9% higher upper canopy coverage

than the DJI T30 at 120 L/ha. The knapsack electric sprayer had

lower droplet density in the upper canopy than the two typical plant

protection drones.
3.2 Analysis of droplet
distribution uniformity

Figure 8A shows the analysis results of the coefficient of

variation of the number of droplets and the coefficient of

variation of spray coverage for XAG V40. As can be seen from

the figure, the coefficient of variation of the number of droplets

decreased to 2.6% - 39.3% when the spray volume increased from 60

to 120 L/ha. The mean coefficient of variation of the number of

droplets within the canopy decreased by 22.0%. The mean

coefficient of variation of intra-canopy spray coverage decreased

by 14.9% when the spray volume was increased from 60 to 120 L/ha.

Figure 8B shows the results of the analysis of the coefficient of

variation of the number of droplets and the coefficient of variation

of spray coverage of DJI T30, and the results indicate that the

increase of spraying volume helps to improve the uniformity of the

number of droplets. When the spray volume increased to 120 L/ha,

the coefficient of variation of the number of droplets decreased in all
FIGURE 6

Different APV on the Number of droplets and spray coverage of DJI T30.
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canopies, the mean coefficient of variation of the number of

droplets decreased by 26.8% and the mean coefficient of variation

of spray coverage decreased by 11.5%. The results showed that the

uniformity of the number of droplets in the upper part of the

canopy was better than that in the middle and lower parts of

the canopy, whether it was 60 L/ha or increased to 120 L/ha.

The deposition of droplets in the upper canopy of fruit trees is better

than in the lower canopy, primarily because of the higher spraying

position and smaller droplets used by plant protection drones,

making it difficult for the droplets to penetrate the dense foliage.

Although increasing the downdraft can enhance the deposition of

droplets in some lower positions of the canopy, it can also cause the

canopy to collapse, resulting in poorer uniformity of droplet

distribution in the lower canopy. As shown in Figure 8, the

change in the middle and lower canopy is most noticeable after

increasing the application volume. This indicates that increasing the
Frontiers in Plant Science 08171
application volume enhances droplet deposition in different canopy

layers and improves penetration, thereby influencing the uniformity

of droplet deposition in the middle and lower layers. Suitable

working parameters can be selected for different spraying

requirements and machine types.

From the above analysis, it is clear that an increase in spray

volume also improves spray uniformity. Within the canopy, the

coefficient of variation of the number of droplets in the central

inner part showed the greatest variation, decreasing by 34.9%. This

indicates that increasing the spray volume increased droplet

penetration and made it easier to penetrate the canopy. The

humidity inside the crop canopy is generally higher, and some

diseases occur from inside the canopy. Therefore, less distribution

of droplets inside the canopy will reduce the spraying effect.

Therefore, the use of plant protection drones for the application of

chemicals, for the control of pests and diseases mainly in the inner
BA

FIGURE 8

(A) Deposition distribution uniformity of XAG V40 two-rotor electric unmanned aerial vehicle in blade surface under 60 L/ha and 120 L/ha
application volume. (B) Deposition distribution uniformity of DJI T30 six-rotor electric unmanned aerial vehicle in blade surface under 60L/ha and
120 L/ha application volume.
FIGURE 7

The Number of droplets and spray coverage of Knapsack Electric Sprayer.
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canopy of citrus, increasing the amount of spray liquid can improve

the coverage and deposition uniformity to achieve better prevention

effect, but the specific impact also needs to take into account the effect

of canopy size, resistance and wind and other factors. The effect of

other factors such as droplet size and leaf density on spraying

effectiveness should also be noted.
3.3 Comparative analysis of deposition on
the citrus

A visualization of the droplet deposition distribution for the

XAG V40, DJI T30, and knapsack electric sprayer segments

(Figure 9) shows that the droplet particle size of the plant

protection drones is on average smaller than that of the knapsack

electric sprayer and is better droplet uniformity. The knapsack

electric sprayer spray may have droplets that will converge into

larger droplets.

In the liquid spray volume application test between two plant

protection drones, XAG V40, and DJI T30, the DJI T30 had finer

droplet particle size, 4.9 - 8.1 times higher number of droplets, and

1.1-2.5 times higher coverage compared with XAG V40. It indicates

that under the wind field and operating parameters conditions of

this test plant protection drone, the fruit tree nozzle used by DJI T30

is beneficial to deliver the liquid to each canopy layer. The changes

in the number of droplets and coverage of XAG V40 were more

significant when the spray volume was increased from 60 L/ha to

120 L/ha, indicating that the spray volume could be increased to

increase the droplet deposition distribution as well as the

droplet penetration.
Frontiers in Plant Science 09172
The rotor wind field of plant protection drones facilitates the

penetration of droplets into the canopy, but it also tends to cause

uneven droplet distribution. As shown in the Table 3, the

uniformity of droplet distribution within the canopy is similar

between XAG V40 and DJI T30, and the coefficient of variation

of the number of droplets is between 50% and 100%. The increase in

APV from 60 to 120 L/ha and the increase in the coefficient of

variation of the number of droplets between XAG V40 and DJI T30

indicates that the increase in spray volume helps to improve the

uniformity of spraying. At the same time, the statistics show that

XAG V40 has relatively high uniformity despite its lower number of

droplets. This indicates that the wind field under the rotor of the

plant protection drones is the main factor affecting the distribution

pattern of droplet deposition (Figure 10). A weak or disturbed wind

field is very likely to make it unable to penetrate the crop canopy,

and the droplets cannot reach the lower and inner layers of the

canopy, resulting in uneven distribution among the canopies and

affecting the control effect. The wind field generated by different

types of plant protection drones differs due to different aerodynamic

principles and significant structural differences. The wind field

generated by multi-rotor plant protection drones during

operation is the result of the interaction of airflow generated by

multiple rotors (Chen et al., 2017), which differs greatly from the

wind field and downforce airflow generated by dual-rotor plant

protection drones, resulting in significant differences in the

deposition distribution of droplets in the crop canopy between

different types of plant protection drones.

Compared to the plant protection drones, the knapsack electric

sprayer applied 20 times more liquid. It increased the number of

droplets by 100.7% - 241.9% at different locations in the middle and
FIGURE 9

Visual diagram of the deposition of spray droplets in citrus orchards by different plant protection machinery.
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lower part of the crop canopy, with the highest growth rate of

241.9% in the lower outer layer (Figure 11). Due to the high spray

volume of the knapsack electric sprayer, the inner canopy leaf

droplet density was higher compared to the plant protection drones,

but the upper canopy was lower than the plant protection drones.

The deposition of the knapsack electric sprayer treatment group

was concentrated on the outer part of the middle and lower canopy,

indicating that under the present test conditions, the pesticide

droplets from the knapsack electric sprayer still cannot penetrate

the upper canopy, while the droplets produced by the plant

protection drones are conducive to deposition in the upper

canopy, which can improve the pest and disease control effect in

the upper canopy. The knapsack electric sprayer showed a

decreasing trend from bottom to top, while the plant protection

drones were relatively more uniform in the upper, middle, and

lower canopy layers of the fruit tree canopy. This is because the low-

volume spraying of plant protection drones can ensure the

maximum increase of droplet deposition distribution with small

droplet particle size, whereas the traditional manual spraying results

in larger droplet particle size and poor penetration. In addition, the

limitation of the number of droplets and the spray coverage in the
Frontiers in Plant Science 10173
citrus canopy and weed inter-distribution further affects the

spraying efficiency.
3.4 Analysis of loss in ground

In actual operation, due to the complex distribution of the

overall leaf inclination angle of citrus tree leaves, the large droplets

generated by plant protection equipment spraying are prone to run

off from the leaves and cause pesticide loss. The results of the

droplet deposition on the ground sampling area of XAG V40, DJI

T30, and the knapsack electric sprayer are shown in Figure 12.

In the XAG V40 application test, the number of droplets was

higher at locations where the ground was unobstructed by branches

and leaves. When the spray volume was increased, the droplet

density increased at all ground sampling points. When the APV

increased from 60 L/ha to 120 L/ha, there was a 58.6% increase in

droplet density at ground locations with branch and leaf shading.

The number of droplets increased by 44.3% at the ground level

without branch and leaf shading. In the DJI T30 application test, the

ground loss was insignificant when the spray volume was increased.

Increasing the APV from 60 L/ha to 120 L/ha reduced the number

of droplets by 2.7% at the ground level with branch and leaf shading

and increased it by 0.9% at the ground level without shading.

Compared to the plant protection drones, the number of droplets

from the knapsack electric sprayer on the ground in both shaded and

unshaded positions was higher than that of XAG V40 but lower than

that of DJI T30. The number of droplets in the unshaded position on

the ground of the knapsack electric sprayer was lower than that of the

shaded position on the ground. Even though the number of droplets

in the shaded position on the ground was higher than that inside the

lower canopy, the reason is that the knapsack electric sprayer nozzle

has a high flow rate, and the atomization effect is poor, causing

droplets to form large droplets or even spray directly to the ground,

resulting in poor spraying effectiveness. Moreover, due to the

presence of branches inside the canopy, the absorption of

the droplets is weaker than that of the leaves, and droplets fall to

the ground above the inter-plant gap area.
TABLE 3 Number of droplets coefficient variation and spray coverage
coefficient variation of XAG V40 and DJI T30.

The type of drone of
application volume

Coefficient of
variation of
number of
droplets (%)

Coefficient of
variation
of spray

coverage(%)

XAG V40
60L/ha 62.1 89.5

120L/ha 48.5 76.2

Ratio -22.0 -14.9

DJI T30
60L/ha 70.6 102.2

120L/ha 51.7 90.5

Ratio -26.8 -11.5
BA

FIGURE 10

(A) Number of droplets of XAG V40 and DJI T30 on blade surface. (B) Coverage rate of XAG V40 and DJI T30 in the blade surface.
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FIGURE 11

Number of droplets of XAG V40 and Knapsack Electric Sprayer. (a, b express that there are significant differences between different spray methods
and spray volume. P<0.05).
FIGURE 12

Ground loss for the five treatment groups.
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4 Discussion

Pesticide application technology plays a vital role in orchard

production and is essential for improving citrus quality. Plant

protection drones enable independent spraying operations without

being subject to crop growth patterns and terrain restrictions, which

significantly improves application efficiency and precision. However,

the main concern with using plant protection drones is whether low-

volume application leads to insufficient deposition and affects the

effectiveness of control. Furthermore, not all sprayed solute ions are

deposited on the target, and the off-target portion can be lost to the

environment, causing contamination. These benefits can only be

realized if a full assessment of spray droplet deposition effects is

conducted. This study examined two typical plant protection drones,

XAG V40, and DJI T30, for their reduced application in citrus

orchards. The results showed that the plant protection drones

deposited droplets with a density of approximately greater than 25

droplets/cm2 in each longitudinal and lateral layer of fruit trees,

meeting the plant protection requirements of orchards

(Administration of Quality Supervision, Inspection and Quarantine

of the People’s Republic of China, 2008). The use of different spray

volumes by plant protection drones significantly affected leaf

coverage, droplet density, and spray uniformity (Wandkar et al.,

2018; Gil et al., 2021). The DJI T30 achieves better deposition effects

compared to a manually operated knapsack electric sprayer with a

spray volume of 2400 L/ha by using a spray volume of 60 L/ha. Citrus

crops require a lower droplet density when lightly infected or when

applying systemic agents. This allows the use of plant protection

drones with a lower application volume, which can achieve a droplet

density of approximately 25 droplets/cm2, meeting the requirements

for pest control. This study found that increasing the spray volume of

the XAG V40 from 60 L/ha to 120 L/ha resulted in an average

increase of 34.5% in droplet density in different canopy parts.

Therefore, in the case of severe disease infection in citrus crops,

increasing the application volume can improve droplet deposition

effects and meet the requirements for pest control.

The use of different spray volumes by plant protection drones

has a significant impact on leaf coverage and droplet density.

Previous studies have shown that droplet density increases with

increasing spray volume, which is consistent with our findings that

both droplet density and coverage increased when the spray volume

of the plant protection drone was increased from 60 L/ha to 120 L/

ha in the trial. However, in a controlled trial with manual

application from a knapsack electric sprayer, it was found that the

knapsack electric sprayer using 20 times higher spray liquid volume

than that of the plant protection drone increased droplet density at

different locations in the lower and middle parts of the crop canopy

by only 100.7% - 241.9%. The upper spray liquid effect of the

knapsack electric sprayer was significantly lower than that of the

plant protection drone. This is due to the lack of droplet-assisted

diffusion device in the knapsack electric sprayer, and it takes some

time for the liquid to reach the surface of the crop leaves from the

nozzle, resulting in part of the liquid evaporating and drifting away,

and reducing the surface coverage of the leaves (Hussain et al.,
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2022a; Hussain et al., 2022b). At the same time, the spraying height

of the knapsack electric sprayer in the actual application process

depends on the operator, and the deposition effect is also closely

related to the operator’s spraying method.

Increasing the amount of liquid spray can improve the

uniformity and penetration of spray droplets applied by plant

protection drones. Theoretically, the number of droplets generated

by plant protection drone operations in the citrus canopy should

gradually decrease from the upper to the lower layers. However, the

results of this experiment did not show a gradual weakening trend

from top to bottom, and the number of droplets in the lower or

middle layer of the fruit tree canopy was slightly higher than that in

the upper layer. This may be mainly because, in practice, plant

protection drones can penetrate droplets better into the canopy. Guo

et al. (2020) verified through experiments that the downward spiral of

plant protection drones downwash airflow can blow open the fruit

tree canopy and improve the penetration of droplets. The downward

airflow generated by the rotor also helps increase the adhesion and

penetration of droplets on the crop, making the plant protection

drones relatively more uniform in the different canopy layers of fruit

trees at the top, middle, and bottom. The Miranda-Fuentes (Praat

et al., 2000) trial showed that an increase in application rate increased

average deposition and coverage but decreased application efficiency,

spray penetration, and deposition uniformity. However, in this trial,

comparing the deposition uniformity of the XAG V40 plant

protection drone and the DJI T30 plant protection drone, the

results showed that the uniformity of droplet distribution within

the canopy was essentially similar between the XAG V40 plant

protection drone and the DJI T30 plant protection drone, with

coefficients of variation for droplet deposition in the range of 50% -

100%. the APV increased from 60 L/ha to 120 L/ha, the coefficient of

variation of fog droplet density increased for the XAG V40 plant

protection drone and DJI T30 plant protection drone, suggesting that

the increase in spray volume also contributed to improved spray

uniformity. The uniformity of fog droplet deposition on each layer of

the fruit tree canopy was poor in this experiment. The reason for this

phenomenon may be that the wind field below the rotor of the plant

protection UAV is too strong, causing the upper branches of the fruit

tree plants to tilt in all directions. Most of the droplets reach the

middle and lower parts of the fruit tree plants with the wind field, and

fewer droplets are deposited around the upper layers of the canopy,

and the tilted branches affect the deposition of droplets on the leaves

of the fruit trees so that the amount of droplet deposition on the

leaves in the direction of the inverted direction is less.

Spray volume and sprayer type affect spray distribution and off-

target losses in the canopy. Both liquid spray volume and sprayer

type affect spray distribution and off-target losses in the canopy. The

results of this experiment showed that when the liquid spray volume

was increased from 60 L/ha to 120 L/ha, the droplet density at the

ground sampling point increased with the elevated liquid spray

volume. Compared with XAG V40 and DJI T30 plant protection

UAVs, the loss of knapsack electric sprayer on the ground was

higher than the XAG V40 plant protection UAV and lower than the

DJI T30 plant protection UAV. Wise et al (Zhang et al., 2016).
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sprayed with different liquid spray volumes, and the loss of liquid

solution was the most significant at the highest liquid spray volume.

However, the effect of this liquid loss also depended on the canopy

size, with a gradual decrease in fog droplet coverage from top to

bottom for the different canopies tested by plant protection drones,

which was mainly related to the structural state of the fruit tree form

(Ferguson et al., 2015). Zhang Pan et al (Miranda-Fuentes et al.,

2015). found that during production management, open citrus trees

were suitable for plant protection drone spraying, but fluctuations

and large dispersions showed poor uniformity, and these

consequences may be related to the pruning of the tree structure.

Maintaining a high standard and uniformity of the open canopy is

difficult, and this still needs improvement. Combined with the plant

protection UAV spraying test in this study, increasing the amount

of liquid spray has a significant effect on improving uniformity, and

how to obtain the optimal parameters for plant protection UAV

spraying and reducing the loss of liquid solution will be a key issue

that will continue to be of concern for the future application of plant

protection UAVs.

Many other factors affect the effect of fog droplet deposition by

plant protection drones, and more comprehensive field trial studies

are needed. Including nozzle type, nozzle installation position, and

angle, the interface of spray width between multiple nozzles, the use

of parameters (such as spray pressure, flight speed, etc.), and the

natural environmental conditions during spraying. In addition, the

rotor wind and side wind in aerial applications can also easily cause

uneven droplet distribution. Researchers have conducted

comprehensive indoor performance tests on nozzles. Ferguson

et al (Wise et al., 2010). compared the droplet size distribution of

21 spray drift reduction nozzles in a wind tunnel for three liquids

with different dynamic surface tensions. The nozzle types classified

as homogeneous in the study were XR, ABJ 11002, AITTJ60, and

AIXR 110015, among others. The average CV for each nozzle type

was equal to or less than 4%, and most of the tested nozzles were

homogeneous in the nozzle cell. However, the uniformity of droplet

distribution at different operating parameters needs to be analyzed

for specific aerial application equipment.

Improving deposition also requires the right amount of spray

liquid in conjunction with other operating parameters and

minimizing drift. Experts suggest that additives can improve

deposition. Gimenes et al. (2013)found that the use of spraying

aids has great potential to improve the uniformity of pesticide

spraying, increase spray coverage, and reduce the amount of

pesticide applied. Guo Shuang et al (Guo et al., 2022). found that

the use of additives significantly increased the particle size of

droplets and reduced the proportion of small droplets in the

experiment of evaluating additives in the South Fruit Pear

Garden, which can effectively reduce the risk of droplet drift and

help to improve the pesticide utilization rate. In addition, studies

have shown that flight mode, flight altitude, and side wind speed all

affect plant protection UAV spray droplets (Qin et al., 2016; Wang
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et al., 2016), because the downward rotating airflow wind field

affects the droplet motion during plant protection UAV operations,

and changes in altitude alter the uniformity of droplet distribution

(Wang et al., 2022). Therefore, it is necessary to fully study the

effects of the body structure and flight parameters of plant

protection UAVs on droplet deposition, explore reasonable use

techniques in the field, and provide data support for future use, to

minimize the adverse effects of plant protection UAV operations

and better utilize the advantages of plant protection UAVs in

orchard control.
5 Conclusion

Plant protection drones are a powerful tool for improving fruit

tree spraying operations and enhancing the quality of droplet

deposition. Due to factors such as the rotor wind field of the

plant protection drones, the unique tree structure of different fruit

trees, the terrain environment, and other influencing factors, it is

necessary to optimize the operating parameters of the plant

protection drones to ensure the effective distribution of droplets

during aerial spraying operations in the fruit tree canopy. In this

paper, the effects of XAG V40 and DJI T30 on droplet deposition

distribution on citrus trees at 60 L/ha and 120 L/ha spray volume

were compared experimentally, and the droplet deposition

distribution characteristics of the knapsack electric sprayer on

citrus trees were also analyzed, along with ground loss for each

experiment. Extensive field experimental results showed that the

pesticide droplets still cannot penetrate the upper canopy when

applied by a knapsack electric sprayer, while the droplets produced

by plant protection drones are conducive to deposition in the upper

part of the canopy. Increasing the amount of applied liquid is more

significant for the deposition of droplets in the upper part of the

citrus canopy, which helps the utilization of pesticides. Therefore,

using plant protection drones to control pests and diseases in the

middle and upper part of the citrus canopy and increasing the

amount of liquid applied will achieve better control effectiveness.

Further research should seek to assess the impact of additional

fungicides and insecticides to ascertain the relevance of the

conclusions since the data are only based on a small spectrum of

active ingredients. It is worth noting that the wind field under the

plant protection drone rotor can increase the penetration of

droplets among crop plants, and the strength of the rotor wind

field varies among different types of plant protection drones. Thus,

further research on the rotor wind field of plant protection drones is

needed to improve the spraying performance of plant protection

drones. Additionally, some pests and diseases attached to the

abaxial surface of leaves should be considered in future studies to

further investigate the deposition effect on the abaxial surface of

leaves to bet ter understand the performance of fog

droplet deposition.
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Target detection technology and variable-rate spraying technology are key

technologies for achieving precise and efficient pesticide application. To

address the issues of low efficiency and high working environment

requirements in detecting tree information during variable spraying in

orchards, this study has designed a variable spraying control system. The

system employed a Kinect sensor to real-time detect the canopy volume of

citrus trees and adjusted the duty cycle of solenoid valves by pulse width

modulation to control the pesticide application. A canopy volume calculation

method was proposed, and precision tests for volume detection were

conducted, with a maximum relative error of 10.54% compared to manual

measurements. A nozzle flow model was designed to determine the spray

decision coefficient. When the duty cycle ranged from 30% to 90%, the

correlation coefficient of the flow model exceeded 0.95, and the actual flow

rate of the system was similar to the theoretical flow rate. Field experiments

were conducted to evaluate the spraying effectiveness of the variable

spraying control system based on the Kinect sensor. The experimental

results indicated that the variable spraying control system demonstrated

good consistency between the theoretical spray volume and the actual spray

volume. In deposition tests, compared to constant-rate spraying, the

droplets under the variable-rate mode based on canopy volume exhibited

higher deposition density. Although the amount of droplet deposit and

coverage slightly decreased, they still met the requirements for spraying

operation quality. Additionally, the variable-rate spray mode achieved the

goal of reducing pesticide use, with a maximum pesticide saving rate of

57.14%. This study demonstrates the feasibility of the Kinect sensor in guiding

spraying operations and provides a reference for their application in plant

protection operations.
KEYWORDS

Kinect sensor, target detection, canopy volume, pulse width modulation,
variablerate spraying
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1 Introduction

Fruit trees are often attacked by pests and diseases during their

growth, which not only affects the yield and quality of fruits but also

threatens the production efficiency and economic benefits of fruit

farmers (Popusoi, 2018). Among many orchard management

operations, orchard pest control is the most time-consuming and

laborious operation. According to statistics, fruit trees need to be

sprayed at least 8 to 15 times per year during the growth period,

accounting for about 30% of the total orchard operations (Jiang

et al., 2016a). Chemical control is usually carried out through

spraying, where spray test is used to disperse the liquid into

droplets. These droplets are then applied to the fruit branches

and leaves, allowing for chemical control to be achieved (He, 2020).

Currently, pesticide application in citrus orchards in China mainly

relies on the use of small and medium-sized spray equipment or

manual spray poles and spray guns for continuous pesticide

application. During pesticide application, the goal is to achieve a

rinse-type application mode that thoroughly covers the fruit trees

and completely wets the leaves. During the pesticide spraying

process, although continuous spraying can achieve high coverage,

it overlooks the canopy characteristics of different fruit trees and the

variations among them, which often leads to over-spraying, under-

spraying and run-off of fruit trees under continuous spraying

conditions (Chen et al., 2019; He, 2020; Salcedo et al., 2020).

Variable-rate spraying technology is an intelligent operational

method that adjusts the amount of pesticide application based on

the characteristics of the target area. As an advanced and efficient

orchard pesticide application technology, it can reduce pesticide use

by more than 25% compared to continuous spraying (Kang et al.,

2011; Stajnko et al., 2012). Variable-rate spraying technology

primarily consists of two research directions: (1) Sensor-based

detection of fruit tree canopy information, utilizing sensors to

detect specific characteristic parameters, such as target fruit tree

presence, leaf wall area (LWA), canopy volume (CV), leaf area

density, and leaf area index as decision factors for variable-rate

spraying (Nørremark et al., 2008). (2) Variable-rate spraying

execution system based on different application rate models and

flow models, which calculates the amount of application for target

fruit trees based on different decision factors, then controls system

status including the rotation speed of pumps and the opening and

closing of solenoid valves to adjust parameters such as spray

pressure, number of nozzles, and liquid flow rate. It ultimately

achieves the purpose of on-demand pesticide application (Qiu et al.,

2015; Xia, 2016).

The core of variable-rate spraying technology is to accurately

obtain target feature information (Zhai et al., 2018). Currently,

target feature information detection is primarily achieved through

technologies such as laser sensors, infrared sensors, ultrasonic

sensors, and machine vision (Balsari et al., 2009; Palleja and

Landers, 2015; Berk et al., 2016; Zhang et al., 2018; Comba et al.,

2019). The laser sensor detects target canopy structure by

measuring the distance from the laser point cloud to the sensor,

offering high accuracy and a long detection range. However, the

laser sensor system is complex, expensive, and not suitable for

environments with high dust, fog, or humidity. As a result, it is
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challenging to use in practical production. The infrared sensor

determines the actual condition of the target by receiving the

infrared radiation reflected by the target. It has a short response

time, but its detection range is limited and it is highly influenced by

lighting conditions (Li et al., 2012). The ultrasonic sensor measures

the distance to the target by calculating the time difference between

emitting the ultrasonic wave and receiving the echo. It has a farther

detection range compared to the infrared sensor. However, its

response time is longer, making it unsuitable for real-time

detection (Solanelles et al., 2006). The ultrasonic sensor measures

the distance to the target by calculating the time difference between

emitting the ultrasonic wave and receiving the echo. Although it has

a farther detection range compared to the infrared sensor, its

response time is longer, making it unsuitable for real-time

detection (Solanelles et al., 2006). Machine vision technology can

detect the shape of fruit trees and determine the spraying range

through image processing techniques. However, monocular vision

technology faces challenges in fully eliminating the background,

resulting in poor stability. On the other hand, stereo vision

technology requires processing a large amount of data, which

affects the response speed (Ge et al., 2005; Wang et al., 2019). The

Microsoft device Kinect is equipped with both an infrared camera

and an RGB camera, enabling it to capture real-time color and

depth information within a scene. This combination of machine

vision and infrared technology allows the device to leverage the

advantages of both.

In the variable-rate spraying execution system, control is

achieved through the use of application rate models and nozzle

flow models. Researchers have proposed using the decision

coefficient to characterize the combined effect of leaf density and

leaf wall area on variable-rate spraying, and developing a multi-

nozzle flow rate function, which achieves a maximum pesticide

savings rate of 68.34% during operations (Xue et al., 2020a). Pulse

width modulation (PWM) technology is commonly used to control

the spray flow rate when implementing variable spraying (Zhu et al.,

2010). When the PWM signal frequency is fixed, there is a good

linear relationship between the nozzle flow rate and the PWM

signal duty cycle (Fan et al., 2021). At lower PWM signal

frequencies (1 ~ 5 Hz), the spray flow rate is less affected by the

PWM signal frequency and more influenced by the spray pressure.

It also exhibits an approximate proportional relationship with the

duty cycle of the PWM signal (Wei et al., 2013). At higher PWM

signal frequencies (10 ~ 40 Hz), the impact of different frequencies

on the flow rate is also minimal. Although higher frequencies can

effectively increase the flow rate adjustment range, they reduce the

size of the linear range between flow rate and duty cycle (Li et al.,

2016). Under both unregulated and constant pressure spraying

conditions, fitting the relationship between the control signal duty

cycle and nozzle spray flow rate results in regression equations with

determination coefficients greater than 98% (Silva et al., 2018). This

indicates that the spray flow models obtained under both spraying

conditions have high accuracy and can be used for flow control in

the variable-rate spraying execution process.

To systematically investigate the detection methods for canopy

volume and spray characteristics of the spraying unit, this study

focused on researching target information acquisition and
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extraction methods using the Kinect sensor based on target

detection technology and variable-rate spraying theory, providing

theoretical and technical support for real-time detection of canopy

parameters. By conducting experimental research and analyzing the

application rate decision model for corresponding canopy

parameters and the flow model of the corresponding spraying

unit, the deposition effects were compared between the constant-

rate spraying mode and the CV-based variable-rate spraying mode,

to provide theoretical basis and technical support for precise

variable-rate pesticide application.
2 Materials and methods

2.1 Variable-rate spray system

The main components of the variable-rate spray system in this

research are shown in Figure 1A. The system can be divided into

target detection unit and variable-spray unit. The target detection

unit used a Kinect V2 sensor to collect color information and depth

information of the fruit tree canopy in real time and saved it on the

laptop. One personal computer was used as an upper computer,

responsible for processing the fruit tree information data in real
Frontiers in Plant Science 03181
time, determining the spraying scheme based on the application

rate decision model, and generating variable spray control

instructions, which were then fed back to the spray control

module; in the spraying control system, a STM32F103

microcontroller (Minimum system board, STMicroelectronics

N.V., Geneva, Switzerland) served as a lower computer and was

used to receive and process control command information sent by

the upper computer in real time. The spraying equipment was

equipped with a standard full cone nozzle JJXP-010-PVDF

(H.Ikeuchi&Co, Ltd., Nishi-ku, Japan) and an solenoid valve with

a working pressure up to 1 MPa (Delixi Group Co., Ltd., Zhejiang,

China). The spraying equipment was mounted at a height of 1.2

meters above the ground, and there were four sets of spray units,

each spaced 55 cm apart, as illustrated in Figure 2. The chemical

liquid was supplied by the diaphragm pump, then it was

transported through the pipeline to each solenoid valve, and

finally reached each nozzle by the solenoid valve. The overall

control process of the variable spray system is to collect the color

and depth images of the fruit tree canopy in real time by the Kinect

V2 sensor, then transfer the image information to the PC for

processing and calculating the leaf wall area and canopy volume,

and use the pesticide dosage decision model to calculate the

pesticide dosage for the corresponding area, then convert the
A B

FIGURE 1

The variable-rate spray system. (A) Basic components. (B) Control flowchart.
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pesticide dosage into the dynamic duty cycle information for the

corresponding area spraying, and finally transfer it to the STM32

microcontroller through serial communication, and output the

corresponding PWM duty cycle control command to the four-

way drive module L298N, which controls the opening and closing of

the corresponding solenoid valve, and then sprays the pesticide

through the nozzle. The control flow chart of the variable spray

system is shown in Figure 1B.
2.2 Canopy volume calculation model

In the citrus orchard where field experiments were conducted, the

tree row spacing was 4.5 meters, and the tree spacing was 2.5 meters.

Based on the imaging principles of the camera and the actual

conditions of the citrus orchard, the distance of the Kinect sensor

from the center axis of the sprayer, e, was determined to be 0.35meters,

and the installation height from the ground was 1.5 meters (the central

position in the direction of the canopy height). For citrus orchards with

different planting row spacing and canopy growth conditions, it is

available to input the row spacing and adjust the camera installation

position so that the sensor’s imaging field of view can adapt to the

actual canopy height of the citrus orchard while retaining detection

accuracy to the maximum extent. This article only takes the actual

situation of the experimental citrus orchard as an example to explain

the canopy volume calculation method. The measurement principle of

canopy volume is as follows: the sensor uses the canopy’s RGB data

and depth data detected within the current field of view as the raw data

for calculation. Within the range of the depth matrix currently output

by the sensor, the actual height and width of the detection area in the

field of view can be calculated in accordance with imaging principles

(Yan et al., 2021), as shown in Equation 1.
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f
R=2 − e

=
Hp

Ht
=
Wp

Wt
(1)

Where: f is the focal length of the sensor, and in this paper,

f = 3.3mm; Hp is the pixel height of the detection area in mm; Ht is

the actual height of the detection area in mm;Wp is the pixel width

of the detection area in mm;Wt is the actual width of the detection

area in mm.

Considering the spray unit’s spray width and sensor detection

accuracy, the 171×424 (width × height) pixel area within the

sensor’s central field of view was selected as the spray target area,

and the depth values of the 171×424 (width × height) pixel area in

the central field of view were selected as the region for target canopy

volume. Considering the number of spray units in the actual

research, the continuous citrus fruit tree canopy within the

sensor’s field of view was discretized into four rectangular

volumes: upper, upper-middle, lower-middle and lower. As

shown in Figure 3, the canopy volume calculation of each unit

spray target area was as described in Equations 2-4.

CV = SLWA · CW (2)

SLWA =
Ht ·Wt · NLWA

Nall
(3)

CW =
R
2
− e − d (4)

Where: CV is the volume of unit spray target canopy in m3;

SLWA is the leaf wall area of unit spray target area in m2; CW is the

average canopy thickness of unit spray target area in m; NLWA is the

number of pixels in unit spray target canopy; Nall is the number of

pixels in unit spray target area; d is the depth of unit spray target

canopy detected by the sensor in m.
FIGURE 2

The overall structure of the variable-rate spray system. 1. Kinect sensor, 2. Tractor, 3. Spray unit, 4. Personal computer, 5. Liquid turbine flowmeter,
6. Diaphragam pump, 7. Sprayer tank, 8. DC12V battery, 9. Digital pressure gauge.
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Because the outdoor lighting environment can significantly

impact the sensor’s detection accuracy, and based on actual tests,

variations in canopy depth detection errors were observed with the

binocular camera at different depth detection ranges. By

considering the actual depth of the citrus fruit tree canopy and

the sensor’s installation position, the canopy detection depth in this

study falls within the range of 700 mm to 1900 mm.

To verify the accuracy of the Kinect sensor detection system,

five citrus trees at different growth stages were selected for the

exploratory test. The test was conducted at a travel speed of 1 m·s-1,

and each experiment was repeated three times. Additionally, to

compare the results obtained from the Kinect sensor detection, the

LWA and canopy volume of each citrus tree were manually

measured. Referring to the methods employed by other scholars

(Rosell Polo et al., 2009; Yan et al., 2021) for manually measuring

the area and volume of canopy leaf wall, the canopy was divided

from bottom to top into measurement units with a height of

25.5 cm and a width of 17.0 cm in both vertical and horizontal

directions. If the height or width at the edges was insufficient, the

actual height and width were measured. Then, the LWA of each

fruit tree was calculated by summing the area of each unit. When

manually measuring the volume, the thickness of each canopy

measurement unit was measured three times, and the average

value was multiplied by the corresponding unit area to calculate

the canopy volume of each measurement unit. Finally, the sum of all

unit volumes yielded the canopy volume of the fruit tree. The actual

manual measurements are shown in Figure 4.
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2.3 Construction of application rate model

Implementing variable-rate spraying operations with a Kinect

sensor primarily involved two components: a decision-making

process and an execution process. The application rate model

played a role in the decision-making process of variable-rate

spraying. It utilized the LWA and canopy volume detected by the

Kinect to determine the pesticide application volume in

corresponding area. Meanwhile, the nozzle flow model operated

during the execution process of variable-rate spraying. With the

nozzle flow model, the pesticide application volume was converted

into dynamic duty cycle information for the corresponding

application area. This information was then transmitted to the

STM32 microcontroller through serial communication, and

subsequently, relevant PWM duty cycle control instructions were

generated to manage the opening and closing of the solenoid valve.

This enabled the execution of pesticide application work in the

designated area through the nozzle.

The application rate model, designed to make better real-time

decisions on the amount of pesticides to be sprayed in the spray

area, is shown in Equation 5.

qf low = rv(a + b · K) (5)

Where: qflow is the real-time spray flow in L·min-1; v is the travel

speed in m·s-1; K is the decision coefficient of the application rate

model, K ∈ ½0, 1�; a and b are constant coefficients of the model,

which can be calibrated by the flow model of the nozzle; r is the
FIGURE 3

Discretized canopy volume segmentation model.
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coefficient for the spray volume adjustment, taking into account the

actual pest control needs in citrus orchards and referencing other

scholars’ research (Li et al., 2017; Jiang et al., 2019b), r=1
was determined.

Fruit trees vary in canopy volumes, which in turn affect the

required pesticide quantities for their control. The larger canopy

volume of the fruit tree, the corresponding application of pesticide

should also increase. The canopy volume of fruit trees is a three-

dimensional characteristic that combines canopy area and

thickness. To better represent its three-dimensional nature, the

decision coefficient for the pesticide application rate model based on

parameter canopy volume is denoted as KCV, and its calculation

model is presented in Equation 6.

KCV = 0:5� NLWA

NallI
+ 0:5� Cw

Cmax
(6)

Where: Cmax is the maximum thickness of unit spray target area

in m.

The ratio of the average thickness of different volume elements

to the maximum thickness of each pixel within that volume element

reflects the relative size of the true thickness of the volume element.

The decision coefficient KCV of the CV-based application rate model

incorporated information about the LWA and depth within the

spray target area, with a 50% weight allocation. This approach better

captures the genuine spatial characteristics of fruit tree canopies

compared to relying solely on canopy volume for pesticide

application (Chen, 2018). It is more flexible and efficient than the

use of the original canopy volume values and serves as a guiding

factor in rationalizing precise variable-rate pesticide application.

The nozzle flow model operated in the variable-rate spraying

execution process and was used for the actual control of spray flow.

After obtaining the dynamic spray amount through the application

rate model, it was input into the nozzle flow model to derive the

relationship between the decision coefficient K and the PWM duty

cycle. To clarify the flow model of the pesticide application unit and

establish the specific relationship between nozzle flow rate and PWM

control signal duty cycle, spray flow tests were conducted at spray
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pressures of 0.3, 0.4, and 0.5 MPa, with measurements taken of the

flow conditions at different spray pressures. Taking into account the

impact of the PWM signal frequency on nozzle flow rate and the

operational frequency of the 2W-025-08 solenoid valve, a control

signal frequency of 10 Hz was chosen for flow rate testing. The

flowmeter was used to measure the total flow values of four nozzles at

different PWM duty cycles. From preliminary tests, it was discovered

that when the control signal duty cycle fell below 30%, the solenoid

valve coil struggled to maintain stable operation due to difficulties in

charging for a short period and discharging for an extended period.

In such cases, the nozzle’s spray flow became excessively low, leading

to irregular spray operation. Similarly, when the PWM duty cycle

exceeded 90%, the electromagnetic force in the valve coil was unable

to release quickly, making it challenging to maintain a short-closed

and long-open state. In this situation, the nozzle flow was essentially

unaffected by changes in the duty cycle. Hence, during the flow rate

testing experiments, it was only necessary to measure the flow

conditions of the nozzles with duty cycles between 30% and 90%,

incrementing by 10%. Due to the high-frequency switching

operation of the solenoid valve, there may be fluctuations in the

instantaneous flow results from the flowmeter. Therefore, it was

essential to measure the total pesticide application quantity over a

specific time period and then divide it by the time to obtain the

average flow rate during the actual spraying process. In the flow rate

measurement experiments of this study, the total spray quantity of

four nozzles within a 10-second period was measured using the

flowmeter. Each measurement was repeated five times, and the

average value was taken as the final measurement result.
2.4 Analysis of system response time

Real-time and accurate calculation of dynamic delay time is the

guarantee for achieving accurate variable spray. Since there is a

horizontal distance between the Kinect sensor and the spray unit, it

is necessary to compensate for the delay in the spray command,

which ensures that the spray command aligns with the actual spray
FIGURE 4

Manual measurement schematic of canopy volume.
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target area. The time required for delay compensation can be

calculated by Equation 7.

tcom =
L
v
− tsys (7)

Where: tcom is the time required for delay compensation in the

spray system in s; L is the horizontal distance between the Kinect

sensor and the spray unit in m; v is the travel speed of the spraying

system in m·s-1; tsys is the total response time of the entire variable-

rate spray system in s.

According to Equation 7, when L
v > tsys, the system can achieve

correspondence between the spray command and the spray area

through delay compensation in the software. When L
v < tsys, the

correspondence of the target area can only be achieved by adjusting

the installation distance between the sensor and the spray unit.

The response time of the variable spray system is mainly

composed of four parts, including:
Fron
(1) Front-end time t1: it takes t1 for Kinect sensors to collect

tree canopy information from start to finish;

(2) Data processing time t2: the time taken after the Kinect

sensor has collected data, for the calculation model to

compute specific canopy parameters and then the

pesticide application decisions to obtain PWM duty cycle

information. By setting “start = clock()” in the software

program as the time when the canopy information

calculation begins, and setting “end = clock()” as the end

time when the canopy information is fully converted into

duty cycle information, the difference between the two can

be calculated as the data processing time t2.

(3) Communication time between the upper computer and the

lower computer, t3, can be calculated using Equation 8.
t3 =
8� n
B

(8)

Where: n is the number of bytes in serial communication; B is

the baud rate in serial communication and, and B is set to 115200;

the calculated communication time between the PC and STM32

microcontroller is represented by t3.
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(4) Spray response time t4: duration starts from when the lower

computer receives the duty cycle information until the

solenoid valve responds to the nozzle and initiates the

spraying process.
The spray response time can be calculated by capturing the

spray response process using a high-speed camera. In the control

program, the LED light was adjusted to reflect the status of serial

communication and communication completion. During the high-

speed camera capture, set the exposure time to 0.916363 ms and the

frame rate to 1056.250 fps. Recorded the timing of the nozzle spray

before and after communication with the lower computer, as

depicted in Figure 5. Then calculated the spray response time t4.

After calculation, the total system response time tsys was 203 ms,

less than 300 ms. When the travel speed of the spraying system was

1 m·s-1, a horizontal distance greater than 500 mm between the

spray unit and the Kinect sensor ensured that the system can

achieve the matching between the characteristics of the

corresponding spray target area and the spray instructions

through delay compensation.
2.5 System performance verification tests

Due to the hardware response and control capabilities of the

variable-rate spray system, which may result in variations between

the actual flow rate of the nozzle and the theoretical flow rate, a

consistency test between the actual spray flow rate and the target

flow rate was conducted under static conditions before proceeding

with the spray deposition test, referring to the test methods used by

other scholars (Sun et al., 2022). During the test, clean water was

used as the medium instead of pesticides, the differences between

the nozzles were ignored, and a single nozzle was selected for the

flow test. First of the test, the simulated LWA ratio and thickness

ratio of the corresponding partition were uniformly set to 0.1, 0.2,

0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 in the PC upper computer

program. The corresponding decision coefficient K values were 0.1,

0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0. These values were then

sent to the STM32 lower computer for the variable spraying test. In
FIGURE 5

Spraying process captured by high-speed camera.
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each test, the total spray volume of the nozzle within a 10-second

timeframe was measured. The measurement was repeated 5 times,

and the average value was calculated. Subsequently, the actual flow

rate of the nozzle was determined through conversion based on

these measurements.
2.6 Field test

Deposition effect is the main indicator to evaluate the

performance of a spray system. In order to validate the spray

effectiveness of the Kinect sensor-based variable-rate spray

system, experiments on constant spray and CV-based variable

spray were conducted both indoors and in the field using full

cone nozzles and fan-shaped nozzles to analyze the

deposition effects.

The main evaluation parameters of deposition effect include

droplet deposition density, droplet deposition amount and droplet

coverage, calculated by Equations 9–11 respectively. Droplet

deposition density refers to the number of droplets per unit area

in the target area, measured in droplets·cm-2. In plant protection

spraying, it has been observed that higher deposition density results

in higher efficiency of pesticide, which contributes to effectively

reducing pesticide waste (Ahmad et al., 2021). Droplet deposition

amount refers to the volume or mass of the chemical liquid per unit

area in the target area, typically measured in mL·cm-2 or mg·cm-2. It

directly reflects the quantity of active ingredients of the chemical

solution acting on the target and can be used to calculate the

pesticide utilization rate. Droplet coverage refers to the ratio

between the area covered by droplets on the target surface and

the total area of the target. It can be used to measure the coverage of

droplets during the spraying process. The larger the coverage rate,

the greater the area of droplets attached to the target surface. At the

same time, a smaller coefficient of variation for the droplet coverage

indicates better penetration of the droplets (Chen et al., 2020).

e =
A1

A2
� 100% (9)

l =
n
A2

(10)

Where: e represents the droplet coverage in %; A1 represents the

area covered by droplets in the water-sensitive paper region in cm2;

A2 represents the total area of the water-sensitive paper region in

cm2; l represents the droplet deposition density in droplets/cm²;

n represents the total number of droplets in the water-sensitive

paper region.

g =
Ce1 · V
Ce2 · S

(11)

Where: g represents the deposition volume of droplets per unit

area in mL/cm²; Ce1 represents the concentration of methyl orange

in the elution solution in mg/L; V represents the volume of distilled

water added before elution in mL; Ce2 represents the concentration
of the methyl orange solution used during spraying in mL/cm²; S

represents the area of the filter paper in cm².
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When the droplet coverage exceeds 17%, the overlapping of

droplets will cause significant errors in the measurement of droplet

size (Wang et al., 2021), thereby affecting the calculation of droplet

deposition amount. Hence, this study employed water-sensitive

paper and filter paper to measure the droplet deposition density,

droplet coverage, and droplet deposition amount, respectively.

Water-sensitive papers with dimensions of 110 mm (length) ×

35 mm (width), produced by Chongqing Liu Liu Shan Xia Plant

Protection Technology Co., Ltd., were chosen for measuring the

droplet deposition density and droplet coverage. Circular filter

papers with a pore size of 0.22 mm and a diameter of 50 mm,

produced by Shanghai Bandaoshiye Co., Ltd., were selected for

collecting droplet deposition amount.

To evaluate the effectiveness of the variable-rate spraying system

based on CV and the pesticide saving rate, a spray test was conducted

on citrus fruit trees. In the conducted test, methyl orange and distilled

water were combined in order to create a solution with a

concentration of 0.5 g·L-1 of methyl orange, which served as the

medium to be used instead of pesticide. The field test was conducted

in a citrus orchard at Daju Fruit Industry in Pingtan Town, Huiyang

District, Huizhou City, Guangdong Province. The spacing between

rows of fruit trees was 4.5 meters, and the spacing between individual

trees was 2.5 meters. During the test, the ambient temperature ranged

from 21 to 26 °C, the ambient humidity ranged from 46% to 55%, and

the ambient wind speed was at level 0 (also known as calm wind, with

a speed below 0.2 m·s-1). Due to the symmetry of the sensor detection

angle, the spray deposition experiment was conducted on a single side

of the citrus tree canopy. According to the national industry standard

JB/T 9782—2014, the sampling points in the canopy of the fruit tree

were arranged as shown in Figure 6A. The target tree was divided into

four layers vertically: upper, upper- middle, lower- middle, and lower,

each of which had three sampling points, numbered from 1 to 12

from left to right and top to bottom. At each sampling point, one

water-sensitive paper and one filter paper were placed, as illustrated

in Figure 6B. To minimize the randomness of the experimental

results, each group of the test was repeated three times.

Based on previous tests, the spray test was performed at a spray

pressure of 0.4 MPa and a travel speed of 1 m·s-1, during which a

distance of 30 m was covered each time. The total flow rate values

from the flowmeter were recorded before and after the test to

calculate the amount of pesticide application. After the test, once

the water-sensitive papers had dried, they were sequentially

removed along with the filter papers using disposable gloves. The

water-sensitive papers and filter papers were then stored separately

in sealed bags to prevent moisture damage. Upon returning to the

laboratory, the collected water-sensitive papers were scanned at a

resolution of 600 dpi using a scanner and saved for further analysis.

Following the completion of the test, samples of water-sensitive

paper and filter paper were obtained, as shown in Figure 7. To

process the water-sensitive papers, the scanned images were

imported into the image processing software Deposit Scan. After

configuring the scale, the color images of the water-sensitive paper

were converted to 8-bit grayscale. Then, suitable regions and

thresholds were selected to process the images, and the

parameters of droplet coverage and droplet deposition density

were calculated separately using Equations 9 and 10:
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To determine the droplet deposition on the filter paper, a UV/

Visible spectrophotometer (UV-752, Shanghai Tianpu Analytical

Instrument Co., Ltd) was first used to calibrate the concentration-

absorbance of the methyl orange solution. Through preliminary

calibration tests, a linear regression equation (R²=0.998) was

obtained by fitting the concentration-absorbance calibration

results, shown as Equation 12.

Abs = 0:03461Ce − 0:0005 (12)
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Where: Abs is the absorbance value of the measured solution; Ce is

the concentration of the measured methyl orange solution in mg·L-1.

Subsequently, 10 mL of distilled water was added to each filter

paper stored in sealed bags. They were then subjected to shaking on

an oscillator and elution for 30 minutes. Afterward, 3 mL of eluate

was separately measured for absorbance using a spectrophotometer

at a wavelength of 465 nm. Finally, the deposition volume of

droplets per unit area, which was the droplet deposition amount,

was calculated based on Equation 11 (Xue et al., 2022b).
FIGURE 7

The water-sensitive paper and filter paper after the spray test.
A B

FIGURE 6

Arrangement of sampling points for deposition test. (A) Distribution of sampling points in the fruit tree canopy. (B) Distribution of water-sensitive
paper and filter paper.
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To investigate the uniformity and penetration of droplet

deposition in the deposition test, it is common to calculate the

coefficient of variation for each parameter. In the deposition test, a

smaller coefficient of variation for the distribution of droplet

deposition indicates a more uniform deposition, indicating better

droplet penetration. The specific calculation of the coefficient of

variation is shown in Equations 13-15.

CV =
S

X
� 100% (13)

Where:

X = o
n
i=1Xi

n
(14)

S =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
on

i=1(Xi − X)2

n − 1

s
(15)

Where: CV is the coefficient of variation for the sample; S is the

standard deviation of the sample; X is the mean of the sample; Xi is the

observed values of the sample; n is the number of samples in the dataset.
3 Results and discussion

3.1 Results and analysis of canopy
volume measurement

The detection results and relative errors of canopy volume for

citrus trees at different growth stages are shown in Figure 8, with a
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travel speed of 1 m·s-1. The measurements based on the Kinect

sensor exhibit ted small deviations, indicating that the detection

system had low variability in measuring canopy volume and

produced stable results. The calculation model for canopy volume

demonstrated its universality. Comparing the sensor measurements

to manual measurements, the relative errors were relatively small,

ranging from a minimum of 5.98% to a maximum of 10.54%. The

Kinect-based citrus tree information detection system and canopy

volume calculation model met the accuracy requirements for

measuring canopy volume.
3.2 The results and analysis of the
construction of application rate model

According to the test design, the average values of multiple sets

of test data were calculated, then divided by the spraying time and

the number of nozzles to obtain the relationship between the PWM

duty cycle and the nozzle flow rate for full cone nozzles and fan-

shaped nozzles at spraying pressures of 0.3, 0.4, and 0.5 MPa.

During the test, when the PWM control signal duty cycle was less

than or equal to 30%, the nozzle spraying was unstable, and the flow

rate was too low. But when the duty cycle exceeded 90%, the nozzle

flow rate was not significantly affected by the duty cycle. The flow

rate data was imported into Origin 2018 software for linear

regression analysis. The fitting results of the PWM signal duty

cycle and nozzle flow rate at different spraying pressures are shown

in Figure 9. For spraying pressures of 0.4 and 0.5 MPa, the

relationship between the flow rate of the full cone nozzle and the
FIGURE 8

The detection results and relative errors of canopy volume.
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control signal duty cycle was relatively close. However, when the

spraying pressure was set to 0.3 MPa, the overall flow rate was

smaller due to insufficient pressure.

The fitting results of the spray flow model at three different

spraying pressures all had R2 values greater than 0.9. Specifically,

the R2 value obtained from the fitting at 0.4 MPa was 0.997,

indicating that the PWM signal duty cycle can explain 99.7% of

the variation in nozzle flow rate. Therefore, the spray flow model

obtained at this spraying pressure was considered highly reliable.

The nozzle flowmodel for the full cone nozzle at a spraying pressure

of 0.4 MPa is shown in Equation 16, where 0.01039 corresponds to

the slope of the fitted line at a spray pressure of 0.4 MPa with units

of L/(min×%), and 0.00880 corresponds to the intercept of the fitted

line with units of L/min.

qcon = 0:01039a − 0:00880 (16)

Where: qcone is the flow rate of the full cone nozzle in L·min-1; a
is the PWM control signal duty cycle in %.

Considering the practical situation of nozzle spraying, when the

a calculated from the flow model was less than or equal to 30, the

response of the solenoid valve became unstable. In this case, the

duty cycle of PWM signal a_Duty controlling the solenoid valve

was set to 30. If the a calculated was greater than or equal to 90,

it indicated that the nozzle flow rate was less affected by the

PWM signal duty cycle. Therefore, a duty cycle of 90 was chosen

in this scenario. For other situations, a duty cycle of a was used.

Hence, the specific expression of a_Duty for the full cone nozzle

flow control was given by Equation 17, and the expression of

a_Duty for the fan-shaped nozzle flow rate control was given by

Equation 18.
Frontiers in Plant Science 11189
a_Duty = 30,  a ≤ 30

a_Duty =
qf low+0:0080

0:01039 ,   30 ≤ a ≤ 90

a_Duty = 90,  a ≥ 90

8>><
>>:

(17)

a_Duty = 30,  a ≤ 30

a_Duty =
qf low−0:12131

0:00906 ,   30 ≤ a ≤ 90

a_Duty = 90,  a ≥ 90

8>><
>>:

(18)

By substituting the effective duty cycle range of 30 to 90 into the

corresponding flow rate models for the nozzles at 0.4 MPa, the

maximum and minimum flow rates for each nozzle at this spraying

pressure can be obtained. The results indicated that the flow rate

range of the full cone nozzle was slightly greater than that of the fan

nozzle, as shown in Table 1.

To calibrate the coefficients a and b in Equation 19 while

ensuring that the PWM control signal duty cycle ranged from

30% to 90%, the minimum flow rate was taken as the flow rate value
FIGURE 9

The fitting results of the full cone nozzle flow rate and the PWM signal duty cycle at different spraying pressures.
TABLE 1 The extreme values of the flow rates for the full cone nozzle
and the fan-shaped nozzle at 0.4 MPa.

Nozzle Full cone nozzle Fan-
shaped nozzle

Minimum flow rate/
L·min-1

0.3029 0.3931

Maximum flow rate/
L·min-1

0.9263 0.9367
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when the PWM signal duty cycle was 30%. The corresponding

decision coefficient K was set to a non-zero extremely small value.

Similarly, the maximum flow rate was taken when the PWM signal

duty cycle was 90%, and K was set to 1. In this case, application rate

model for the full cone nozzle is shown in Equation 19.

qflow _ cone = rv(0:3029   +   0:6234 · KCV )� 60 (19)
3.3 Results and analysis of performance
validation test

During the flow rate validation test, the calculated flow rate of

the nozzle, obtained by dividing by the spraying time, is shown in

Figure 10. From the graph, it can be observed that in most cases, the

actual flow rate of the nozzle was slightly higher than the theoretical

flow rate. However, compared to the theoretical flow rate, the

fluctuation range was small. Although it may result in excessive

spraying in some canopy areas, it effectively prevented the

occurrence of under-spraying or missed spraying in sparse

canopy regions.

Furthermore, the graph demonstrates a close proximity

between the actual and theoretical flow rates of the nozzle during

the spray test. The R2 for the decision coefficient of the linear fit

exceeded 0.99, indicating strong stability of the control program in

the variable-rate spray system, as well as the responsiveness and

capability of the hardware equipment to execute the spraying

accurately. Moreover, it demonstrates good consistency between

the theoretical and actual flow rates for different canopy layers of

fruit trees during variable spraying.
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3.4 Results and analysis field test

In the field test, the average parameter values of droplet

deposition under different spraying modes obtained through

water-sensitive paper and filter paper treatments are shown in

Table 2. According to the agricultural standard NYT 650-2013, a

spray operation requires a droplet coverage greater than 33% and a

droplet deposition density greater than 25 droplets cm-2. Table 1

indicates that the variable-rate spraying based on CV slightly

reduced the droplet deposition amount and droplet coverage

compared to the constant-rate spraying. However, overall, it still

met the quality requirements of spray operations and the droplet

deposition density showed an increase. The potential reason for this

could be that the constant-rate spraying mode utilized a higher

application of the pesticide, causing the atomized droplets to

recondense on the foliage of the fruit trees. As a result, the

number of droplets decreased. On the other hand, the variable-

rate spraying based on CV controlled the spray flow rate. The

frequent opening and closing of the solenoid valve created a water

hammer effect, resulting in smaller droplet sizes being sprayed.

Consequently, more small droplets settles in the canopy of the fruit

trees, leading to a higher deposition density.

3.4.1 Analysis of droplet deposition distribution
The deposition effect of droplets in field test is shown in

Figure 11, where the deposition density under the variable-rate

spraying was significantly higher than that under the constant-rate

spraying. This is because during the variable-rate spraying process,

the solenoid valve switched its working state frequently, leading to

an increase in local pressure at the nozzle of the spray head. As a
FIGURE 10

Test results of flow rate consistency for full cone nozzles and fan nozzles.
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result, smaller droplets were produced, resulting in a higher

deposition density under this mode. Specifically, when conducting

CV-based variable-rate spraying, the maximum of droplet

deposition density was 79 droplets·cm-2, which was a 23.44%

increase compared to the constant-rate mode.

The deposition results of droplets under different spraying

modes are shown in Figure 12. From the figure, it can be

observed that both spraying modes exhibited relatively high levels

of droplet deposition. Under the variable-rate mode, the droplet

deposition density was higher, but the overall deposition quantity

appeared to be slightly lower. This is due to the fact that the droplets

produced under the variable-rate mode had smaller diameters,

resulting in a smaller volume despite the same number of

droplets being present.

3.4.2 Analysis of droplet coverage
The droplet coverage results under different spraying modes in

the field test are shown in Figure 13. The results indicate that in

most areas, the droplet coverage under both spraying modes met

the quality requirements of the spraying operation. Additionally,

the constant-rate spraying exhibited higher droplet coverage

compared to the CV-based variable-rate spraying. The droplet

coverage under CV-based variable spray was lower, with a

decrease of 18.25 percentage points compared to the constant-

rate mode.

The smaller the variation coefficient, the stronger the

penetrability of the droplets. In this study, the variation

coefficient for the constant spray mode was 22.45, while the
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variation coefficient for the CV-based variable-rate mode was

17.89. From the results, it can be observed that the variation

coefficient for droplets under the variable-rate mode was

significantly smaller than that of the constant-rate mode. The

variation coefficient for the CV-based variable-rate mode was

reduced by 20.31 percent compared to the constant-rate mode.

Under the variable-rate mode, due to the water hammer effect,

droplets exhibited better uniformity and stronger penetrability

during the variable-rate spraying process.

3.4.3 Analysis of spray efficiency
In the field deposition test, the application amount for constant-

rate spraying was 1.778 L, while the application amount for CV-

based variable-rate mode was 0.762 L. Compared to constant-rate

mode, the variable-rate mode required a lower application. The CV-

based variable-rate mode, using the CV model, achieved a 57.14%

reduction in pesticide use. This indicates that, while ensuring spray

quality, the CV-based variable-rate mode exhibited a higher spray

efficiency in terms of saving pesticide.
4 Conclusions

Based on Kinect sensor detection technology and variable

spraying techniques, this study constructed a test platform to

investigate the canopy volume calculation model for fruit tree

canopies, application rate models, spray characteristics of nozzles,

and nozzle flow models. The main results and conclusions are

as follows:
(1) The study investigated a canopy volume detection model

for fruit trees based on the Kinect sensor. By comparing the

manually measured canopy parameter values with the

results obtained from sensor detection, the canopy

volume detection results showed low dispersion and small

relative errors. The relative error ranged from 5.98% to

10.54%, verifying the accuracy of the calculation model in

the detection system.

(2) The study involved studying and analyzing the use of the

decision coefficient K to characterize the canopy
A B

FIGURE 11

Droplet deposition density under different spraying modes. (A) Constant-rate spraying. (B) CV-based variable-rate spraying.
TABLE 2 Deposition parameters under different spraying modes.

Spraying
mode

Full cone nozzle

Deposition
density/

droplets·cm-
2

Deposition
amount/
mL·cm-2

Coverage/
%

Constant-
rate

42 1.33 43.03

CV-based
variate-rate

57 1.12 34.16
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characteristics of fruit trees. A corresponding decision-

making model for pesticide application rates was

established, and the spray characteristics of nozzles and

flow models were investigated. Test results demonstrated

that under a spray pressure of 0.4 MPa, there was a good

linear correlation between nozzle flow rate and PWM

control signal duty cycle, with R2 greater than 0.95. Based

on the fitted nozzle flow model, the flow rate regulation

ranges for each nozzle were determined. The constant

coefficients in the pesticide application rate model were

calibrated, and an expression relating PWM duty cycle to

the decision coefficient K was obtained. This expression was

used to guide the decision-making and execution stages of

variable-rate spraying.
tiers in Plant Science 14192
(3) The spray effectiveness of the variable-rate spray system

based on the Kinect sensor was tested. The measured

theoretical spray volume and actual spray volume showed

a high degree of fit, with a decision coefficient R2 greater

than 0.99, indicating good consistency of the variable-rate

spray system. Field test was conducted comparing constant-

rate spraying and CV-based variable-rate spraying in terms

of droplet deposition density, droplet deposition amount,

and droplet coverage. The test results demonstrated that the

variable-rate spraying based on Kinect achieved higher

droplet deposition density compared to constant-rate

spraying. The maximum increase in droplet deposition

density reached 28.13%. However, due to the reduction of

pesticide dosage, the droplets reaching the target area
A B

FIGURE 13

Droplet coverage under different spraying modes. (A) Constant-rate spraying. (B) CV-based variable-rate spraying.
FIGURE 12

Droplet deposition amount under different spraying mode.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1297879
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Xue et al. 10.3389/fpls.2023.1297879

Fron
decreased, and the water hammer effect produced droplets

with smaller inertia and more prone to drift, which

eventually resulted in the decrease of droplet deposition

and coverage, but they all met the quality requirements of

spraying operation. Compared to the dosage under

constant spraying methods, the drug-saving rate of

variable spraying based on CV reached up to 57.14%. In

conclusion, the experimental results show that the variable

spraying based on CV has a better deposition effect, which

can adjust the spray flow rate according to the

characteristics of the fruit trees, thereby saving pesticide,

improving the efficiency and quality of spraying, and

reducing the pollution to the environment and human

body. However, our experiment also has some limitations,

such as we only consider the leaf wall area and canopy

volume of the fruit trees, and do not consider other factors

of the fruit trees, such as fruit, flower, etc., which may also

affect the deposition and coverage of spraying. In the future,

we will further optimize our application rate decision

model, consider more factors of the fruit trees, as well as

the uniformity and effectiveness of spraying, to find the

more suitable parameters for variable spraying.
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Programmable ultrasonic sensing system for targeted spraying in orchards. Sensors 12,
15500–15519. doi: 10.3390/s121115500

Sun, D. Z., Liu, W. K., Luo, R. M., Zhan, X. R., Chen, Z. H., Wie, T., et al. (2022).
Monocular vision for variable spray control system. Int. J. Agric. Biol. Eng. 15 (6), 206–
215. doi: 10.25165/j.ijabe.20221506.7646

Wang, G. B., Li, X., Andaloro, J., Chen, S., Han, X. Q., Wang, J., et al. (2021). Current
status and prospects of precise sampling of pesticide droplets. Trans. Chin. Soc Agric.
Eng. 37, 1–12. doi: 10.11975/j.issn.1002-6819.2021.16.005

Wang, H. Y., Yan, R. Q., Zhou, X. L., Ma, S. H., Hu, H. X., and Xu, H. L. (2019).
Apple shape index estimation method based on local point cloud. Trans. Chin. Soc
Agric. Mach. 50, 205–213. doi: 10.6041/j.issn.1000-1298.2019.05.024

Wei, X. H., Yu, D. Z., Bai, J., and Jiang, S. (2013). Static spray deposition distribution
characteristics of PWM-based intermittently spraying system. Trans. Chin. Soc Agric.
Eng. 29, 19–24. doi: 10.3969/j.issn.1002-6819.2013.05.003

Xia, W. (2016).Development and research of 3D target detection system based on laser
scanning sensor (Zhejiang(JS: Jiangsu University).

Xue, X. Y., Xu, X. F., Li, Z., Hong, T. S., Xie, J. X., Chen, J. Z., et al. (2020a). Design
and test of variable spray model based on leaf wall area in orchards. Trans. Chin. Soc
Agric. Eng. 36, 16–22. doi: 10.11975/j.issn.1002-6819.2020.02.003

Xue, X. Y., Yang, Z. Y., Liang, X. Q., Luo, Q., Lyu, S. L., and Li, Z. (2022b).
Application and experiments of the atomization mesh used on the plant protection
spraying in orchards. Trans. Chin. Soc Agric. Eng. 38, 1–10. doi: 10.11975/j.issn.1002-
6819.2022.18.001

Yan, C. G., Xu, L. M., Yuan, Q. C., Ma, S., Niu, C., and Zhao, S. J. (2021). Design and
experiments of vineyard variable spraying control system based on binocular vision.
Trans. Chin. Soc Agric. Eng. 37, 13–22. doi: 10.11975/j.issn.1002-6819.2021.11.002

Zhai, C. Y., Zhao, C. J., Ning, W., John, L., Wang, X., Paul, W., et al. (2018). Research
progress on precision control methods of air-assisted spraying in orchards. Trans. Chin.
Soc Agric. Eng. 34, 1–15. doi: 10.11975/j.issn.1002-6819.2018.10.001

Zhang, Z. H., Wang, X. Y., Lai, Q. H., and Zhang, Z. G. (2018). “Review of variable-
rate sprayer applications based on real-time sensor technologies,” in Automation in
Agriculture - Securing Food Supplies for Future Generations. Ed. S. Hussmann (Croatia,
Rijeka: InTech Press), 53–79.

Zhu, H., Lan, Y. B., Wu, W. F., Hoffmann, W. C., Huang, Y. B., Xue, X. Y., et al.
(2010). Development of a PWM precision spraying controller for unmanned aerial
vehicles. J. Bionic Eng. 7, 276–283. doi: 10.1016/S1672-6529(10)60251-X
frontiersin.org

https://doi.org/10.3969/j.issn.1000-1298.2005.03.025
https://doi.org/10.12133/j.smartag.2020.2.1.201907-SA002
https://doi.org/10.6041/j.issn.1000-1298.2016.S0.029
https://doi.org/10.6041/j.issn.1000-1298.2016.S0.029
https://doi.org/10.6041/j.issn.1000-1298.2019.07.012
https://doi.org/10.13031/2013.39014
https://doi.org/10.11975/j.issn.1002-6819.2017.01.009
https://doi.org/10.11975/j.issn.1002-6819.2017.01.009
https://doi.org/10.11975/j.issn.1002-6819.2016.01.013
https://doi.org/10.3969/j.issn.1002-6819.2012.12.026
https://doi.org/10.1016/j.biosystemseng.2008.09.007
https://doi.org/10.1016/j.compag.2015.05.014
https://doi.org/10.6041/j.issn.1000-1298.2015.03.009
https://doi.org/10.1016/j.biosystemseng.2008.10.009
https://doi.org/10.1016/j.biosystemseng.2008.10.009
https://doi.org/10.1016/j.compag.2020.105794
https://doi.org/10.1016/j.compag.2020.105794
https://doi.org/10.13031/aea.12556
https://doi.org/10.1016/j.biosystemseng.2006.08.004
https://doi.org/10.3390/s121115500
https://doi.org/10.25165/j.ijabe.20221506.7646
https://doi.org/10.11975/j.issn.1002-6819.2021.16.005
https://doi.org/10.6041/j.issn.1000-1298.2019.05.024
https://doi.org/10.3969/j.issn.1002-6819.2013.05.003
https://doi.org/10.11975/j.issn.1002-6819.2020.02.003
https://doi.org/10.11975/j.issn.1002-6819.2022.18.001
https://doi.org/10.11975/j.issn.1002-6819.2022.18.001
https://doi.org/10.11975/j.issn.1002-6819.2021.11.002
https://doi.org/10.11975/j.issn.1002-6819.2018.10.001
https://doi.org/10.1016/S1672-6529(10)60251-X
https://doi.org/10.3389/fpls.2023.1297879
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Xiaolan Lv,
Jiangsu Academy of Agricultural Sciences
(JAAS), China

REVIEWED BY

Bingbo Cui,
Jiangsu University, China
Ping Xu,
Hangzhou Dianzi University, China

*CORRESPONDENCE

Minli Yang

qyang@cau.edu.cn

Liping Chen

chenlp@nercita.org.cn

†These authors have contributed equally to
this work

RECEIVED 13 August 2023

ACCEPTED 03 January 2024
PUBLISHED 29 January 2024

CITATION

Tan H, Zhao X, Zhai C, Fu H, Chen L and
Yang M (2024) Design and experiments
with a SLAM system for low-density canopy
environments in greenhouses based on an
improved Cartographer framework.
Front. Plant Sci. 15:1276799.
doi: 10.3389/fpls.2024.1276799

COPYRIGHT

© 2024 Tan, Zhao, Zhai, Fu, Chen and Yang.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Methods

PUBLISHED 29 January 2024

DOI 10.3389/fpls.2024.1276799
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Cartographer framework
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Research Center for Information Technology in Agriculture, Beijing, China, 4Beijing PAIDE Science
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To address the problem that the low-density canopy of greenhouse crops affects the

robustness and accuracy of simultaneous localization and mapping (SLAM)

algorithms, a greenhouse map construction method for agricultural robots based

on multiline LiDAR was investigated. Based on the Cartographer framework, this

paper proposes a map construction and localization method based on spatial

downsampling. Taking suspended tomato plants planted in greenhouses as the

research object, an adaptive filtering point cloud projection (AF-PCP) SLAM

algorithm was designed. Using a wheel odometer, 16-line LiDAR point cloud data

based on adaptive vertical projections were linearly interpolated to construct a map

and perform high-precision pose estimation in a greenhouse with a low-density

canopy environment. Experiments were carried out in canopy environments with

leaf area densities (LADs) of 2.945–5.301 m2/m3. The results showed that the AF-

PCP SLAM algorithm increased the averagemapping area of the crop rows by 155.7%

compared with that of the Cartographer algorithm. The mean error and coefficient

of variation of the crop row length were 0.019 m and 0.217%, respectively, which

were 77.9% and 87.5% lower than those of the Cartographer algorithm. The average

maximum void length was 0.124 m, which was 72.8% lower than that of the

Cartographer algorithm. The localization experiments were carried out at speeds

of 0.2 m/s, 0.4 m/s, and 0.6 m/s. The average relative localization errors at these

speeds were respectively 0.026 m, 0.029 m, and 0.046 m, and the standard

deviation was less than 0.06 m. Compared with that of the track deduction

algorithm, the average localization error was reduced by 79.9% with the proposed

algorithm. The results show that our proposed framework can map and localize

robots with precision even in low-density canopy environments in greenhouses,

demonstrating the satisfactory capability of the proposed approach and highlighting

its promising applications in the autonomous navigation of agricultural robots.
KEYWORDS

mobi le robot , l idar , s imultaneous local izat ion and mapping (SLAM) ,
greenhouse, perception
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1 Introduction

The development of agricultural facilities ensures the stable and

safe supply of important agricultural products while reducing the

occupation of arable land. These facilities are important for

promoting the modernization of agriculture in rural areas (Bai

et al., 2023). The development of intelligent equipment suitable for

greenhouses is needed to ensure stable and efficient production in

agricultural facilities (Jin et al., 2021; Zhai et al., 2022). Due to the

narrow working environment of greenhouses, the applicability of

conventional field operation equipment in greenhouses is limited.

The traditional manual greenhouse management method has high

labor intensity, and the application of pesticides in a closed

environment may cause serious harm to the human body (Fu

et al., 2022; Li et al., 2022). Therefore, it is necessary to study

intelligent navigation robots that are suitable for application in

greenhouse environments (Huang and Sugiyama, 2022; Qiao

et al., 2022).

Environmental perception and real-time localization are the

basis of greenhouse robot navigation studies and are prerequisites

for autonomous navigation (Shamshiri et al., 2018; Chen et al.,

2020). However, the closed nature of the greenhouse environment

severely blocks satellite signals. Therefore, it is highly important to

study perception and localization methods that do not depend on

satellite navigation to develop navigation technology for greenhouse

environments (Mendes et al., 2019; Choi et al., 2022). High-

precision mapping and localization of agricultural robots are

critical for the automation of greenhouse operations (Dong et al.,

2020; Westling et al., 2021; Zhou et al., 2021). Using the prior map,

the robot can obtain prior information about the environment and

realize global path planning to achieve safe and accurate

autonomous navigation. To this end, researchers have carried out

many studies in the fields of sensor environment perception and

simultaneous localization and mapping (SLAM) (Matsuzaki et al.,

2018; Shi et al., 2020; Ouyang et al., 2022; Jiang and Ahamed, 2023;

Su et al., 2023).

In recent years, with the development of computer technology

and edge computing equipment, the sensors used for greenhouse

operating environment perception and localization have included

ultrasonic technology (Palleja and Landers, 2017; Chen et al., 2018;

Lao et al., 2021), ultra-wideband (UWB) technology (Hou et al.,

2020; Yao et al., 2021), LiDAR technology (Chen et al., 2019; Zhang

et al., 2020; Saha et al., 2022; Sun et al., 2022), and machine vision

technology (Nissimov et al., 2015; Wang et al., 2022a; Wang et al.,

2022b). Huang et al. (2021) designed a robot localization system

based on spread spectrum sounds for a greenhouse containing a

strawberry ridge and achieved centimeter-level localization

accuracy in a small greenhouse. However, the coverage of sound

localization technology is limited, which significantly increases the

cost in large-scale scenarios. Aiming to address the problem of

insufficient features in greenhouse environments, Zhang et al.

(2022) proposed a visual localization method based on

benchmark markers and factor graphs. This method considers the

constraint relationship between robot motion characteristics and

variables, and the standard deviation of the localization error is less

than 0.05 m. This method solves the problem of unstructured and
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insufficient features in greenhouses by adding benchmark markers

to the SLAM front-end module. Although this method can achieve

stable localization of the robot, it depends on the number of tags

detected. In the case in which the plant is occluded or the number of

tags is insufficient, inaccurate localization or even failure may occur.

Yan et al. (2022) designed a loosely coupled real-time localization

and mapping system based on an extended Kalman filter and

visual-inertial odometry (VIO) using multisensor fusion and the

visual-IMU-wheel odometry method to achieve accurate pose

estimation and dense three-dimensional (3D) point cloud

mapping in greenhouses. However, while the localization method

based on visual SLAM performs well under good light conditions,

the high light intensity in the environment interferes with the

extraction of visual features, which may cause issues with map

construction in the greenhouse environment and errors in robot

pose calculation results.

To address the effects of greenhouse environment lighting on

robot perception, LiDAR, which has advantages such as high stability

and robustness, is a competitive perception and localization

technology for all-weather greenhouse operations. The AgriEco

Robot, designed by Abanay et al. (2022), is based on a two-

dimensional (2D) LiDAR sensor and performs autonomous

navigation. This robot can accurately navigate between rows of

strawberry greenhouse crops, detect the end of a row, and switch

to the next row. To solve the problem of inaccurate localization

caused by the lack of structure in grape greenhouse scenes, Aguiar

et al. (2022) designed a VineSLAM algorithm. The algorithm is based

on 3D LiDAR point cloud extraction and uses half-plane features to

construct an environmental map. The robot can achieve accurate

localization in symmetrical long vineyard corridors. However, with

seasonal changes, a decrease in grape canopy density affects map

construction results and localization effects. Long et al. (2022)

proposed a method to reduce the cumulative errors of odometers

in long-distance greenhouse operations and the problem of mapping

and localization accuracy. Their method is based on the UWB/IMU/

ODOM/LiDAR-integrated localization system and integrates LiDAR

with the two-dimensional map established through the adaptive

Monte Carlo localization (AMCL) algorithm for global localization

of the robot. The method is suitable for relatively open greenhouse

environments where shorter crops are planted. However, in

greenhouse environments with taller crops, due to the physical

characteristics of UWB technology, the occlusion of plants affects

the stability of the SLAM system. However, due to the large number

of unstructured crops and irregular planting gaps in greenhouses, it is

difficult for LiDAR-based methods to obtain clear map boundaries.

Hou et al. (2020) developed a greenhouse robot navigation system

based on a Cartographer with dual LiDAR. This system improved the

efficiency of map building and enabled robotic mapping and

autonomous navigation in a strawberry greenhouse environment.

However, as the environmental map construction of strawberry

plants is based on strawberry ridges, the results cannot be

generalized to typical unridged greenhouse environments. At

present, there are no researchers dedicated to solving the laser

SLAM problem in greenhouse sparse feature environments. In the

industrial field, Xie et al. (2021) proposed a visual-inertial fusion

SLAM method for sparse lunar feature environments that integrates
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visual measurements and inertial sensor information via pose

optimization methods to achieve high-precision joint positioning

and improve the accuracy of relative pose estimation between

key frames.

Although the above studies proposed improved methods to

address problems such as greenhouse terrains, cumulative odometer

errors, and irregular greenhouse structures, the impact of the sparse

canopy characteristics of greenhouse crops on laser SLAM-based

methods has not been considered. For crop environments such as

low-density canopies in greenhouses, traditional laser SLAM

methods have difficulty constructing accurate and complete

environmental maps due to the loss of contour information

caused by map degradation; thus, these methods cannot meet the

localization accuracy needs for agricultural robot operation. In

addition, SLAM methods based on 2D LiDAR can obtain

environmental information only at the installation height level,

while SLAM methods based on 3D LiDAR have higher

computational costs and higher requirements for achieving good

industrial computing performance (Jiang et al., 2022). The purpose

of this study was to explore a low-cost spatial downsampling-based

map construction and localization method based on the

Cartographer framework to optimize the map construction effect

and localization accuracy in suspended crop environments in

greenhouses to construct maps and realize high-precision pose

estimates in low-density canopy environments in greenhouses.
2 Materials and methods

2.1 Test platform

The map construction and localization hardware system built in

this paper is primarily composed of a perception module, control

module, power module, and drive module, as shown in Figure 1. The
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Autolabor Pro1 platform produced by Qingke Intelligent Company

(Shanghai, China) was selected as the robot chassis. The maximum

movement speed of the robot is 1 m/s, and the robot can carry a

maximum load of 50 kg. The four-wheel differential control of the

robot can achieve stationary turning, allowing for turning in narrow

spaces. The size was 726 × 617 × 273 mm, and the system was

equipped with an RS-LiDAR-16 three-dimensional LiDAR system

from Suteng Juchuang Company (Shenzhen, China). The LiDAR

system can collect 300,000 data points per second, the acquisition

frequency ranges from 5 to 20 Hz, the horizontal viewing angle range

is 360°, and the resolution ranges from 0.1° to 0.4°. The vertical

viewing angle is 30°, and the resolution is 2°. The measurement range

is 0.2–100 m. The industrial computer that the robot is equipped with

the Ubuntu 18.04 operating system, and the algorithm for the overall

software system of the greenhouse mobile robot is designed based on

the ROSMelodic. The specific model of the sensor is shown in Table 1.

The STM32 microcontroller can control the linear speed and

angular velocity of the mobile robot, provide real-time feedback

based on the motion state information of the robot, and interact with

the industrial computer through RS232 serial communication. The

industrial computer collects, fuses, and processes the robot sensor

information; constructs the map; plans the path; and performs

autonomous localization and navigation according to the control

instructions. The ROS system installed on the industrial computer

has a distributed architecture, which allows each functional module

in the framework to be designed and compiled separately during

runtime, with loose coupling between the modules.
2.2 Research method

2.2.1 Improved Cartographer algorithm design
The Cartographer algorithm (Hess et al., 2016) is an open-

source laser SLAM framework proposed by Google that is widely
FIGURE 1

Map construction and localization hardware system of the greenhouse mobile robot.
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used in the fields of robotics and autonomous systems. The

Cartographer algorithm mainly establishes a series of submaps

based on LiDAR data, inserts point cloud data into the submap

through scan matching, and forms a complete map through loop

closure detection and optimization, eliminating the cumulative

error between submaps. The software framework of the adaptive

filtering point cloud projection (AF-PCP) SLAM system based on

the Cartographer algorithm is shown in Figure 2.

The LiDAR driver releases 3D point cloud data/rsldiar_points

and performs z-axis threshold filtering based on the point cloud by

setting the LiDAR perception region of interest (ROI). The key

parameters of the algorithm are as follows: min_height represents

the minimum height of the z-axis involved in point cloud

compression, and the unit is m; max_height represents the

maximum height involved in point cloud compression, and the

unit is m; range_min and range_min represent the minimum and

maximum measurement ranges of the output point cloud,

respectively, and the units are both m; and scan_time represents

the scanning time, and the unit is s. The data format of the input

point cloud is sensor_msgs/PointCloud2, and the message format of

the processed point cloud is sensor_msgs/LaserScan. The pose of

the robot is estimated by a two-wheel differential kinematics model,

and the odometer data are published in the message format of

nav_msgs/Odometry.

The greenhouse tomato plant is taken as an example, and the

height of the tomato plant is 1.5–2 m. First, the ROI of the
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greenhouse robot is set, and the ROI is selected based on the

LiDAR coordinate system to delineate a three-dimensional ROI.

The motion speed of the greenhouse robot, the braking distance,

and the reserved space between the body and the crops are

considered in determining the area. The specific parameters are

set as follows: min_height is set to 0.5 m, max_height is set to 1.5 m,

scan_time is set to 0.1 s, range_min is set to 0.2 m, and range_max is

set to 15 m. Based on the above parameter settings, the adaptive

projection process for the greenhouse crop point clouds is designed,

as shown in Figure 3.

After receiving a frame of complete multiline LiDAR data, the

greenhouse map construction system filters the point cloud data

outside the perceived ROI area. The filtered point cloud data p =

p1, p2, p3 … pnf g are stored in the array points_range. For the

adaptive vertical projection of the point cloud, the specific

processing steps are as follows: First, the kth scanning frame of the

LiDAR pk is selected, each point in the frame is represented pk(x, y,

z, i), and an iterator is used to record the starting position of the

point. The x coordinate information of the point cloud is obtained;

the y and z information and intensity value i corresponding to the

point are obtained using the offset pointers offset_y, offset_z, and

offset_i; the point pk(xk, yk, zk, ik) is represented in the LiDAR

Cartesian coordinate system. The points are converted to the polar

coordinate representation of the x–y plane by vertical projection. The

Euclidean distance rk, angle qk, and index indexk of the point in the

polar coordinate system are calculated, and the calculation formulas

are shown in Formulas 1–4.

pk = pk, qk, ikf g (1)

rk =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2k + y2k

q
(2)

qk = arctan
yk
xk

(3)

indexk =
arctan yk

xk
+ p

r
(4)

where rk qk are the distance and angle of the laser point in the

polar coordinate system, ik is the corresponding intensity value, xk
and yk are the corresponding coordinate values, and r is the angular
FIGURE 2

AF-PCP SLAM algorithm framework. AF-PCP, adaptive filtering point cloud projection.
TABLE 1 Greenhouse map construction and localization system
equipment model.

No. Equipment Specification

1 Encoder HTS-5008 encoder

2 LiDAR RS-LiDAR-16LiDAR

3 Battery 24 V 40AH lithium iron phosphate battery

4 Motor drive BLDH-750 brushless motor drive

5 Controller STM32F103zet6 computer on a chip

6 Industrial computer AMD Ryzen3 3200G

7 Chassis Autolabor Pro1
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resolution of the LiDAR system. The selected LiDAR angle beam

contains 1,800 lines, and the angular resolution calculation formula

is r = 2p
1800 ≈ 0.00349.

Similarly, the point distances at this angle for the remaining 15-

beam LiDAR data are calculated. The minimum distance obtained

by the sorting algorithm is stored in the scan_ranges container as

the distance value of the point.

Since the acquisition of laser point cloud data is not

instantaneous, the robot distorts the motion of the point cloud

data in the motion state. To eliminate this motion distortion, in this

paper, the wheel odometer data calculated by the encoder are used
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to increase the pose update frequency, reflecting the pose change of

the greenhouse robot during the laser data acquisition process. By

calculating the odometer pose in the coordinate system

corresponding to each point cloud in the current frame of the

point cloud data, the coordinates of each point cloud are

transformed into the same coordinate system, with the point of

the first laser serving as the origin according to the obtained pose.

It is assumed that the robot accelerates uniformly in the process

of collecting a frame of point cloud data. To ensure the accuracy of

the data, a double-ended queue is used to save the point cloud data

and ensure that there are at least two data points in the queue to

prevent the data time of the wheel odometer from being less than

the time of receiving the point cloud data. The start time and end

time for a frame of point cloud data are tstart and tend , respectively,

and the corresponding starting position and end position of the

origin of the LiDAR coordinate system in the odometer coordinate

system are expressed as pstart and pend , respectively. A total of n pose

information data points Pstart , Pstart+1, Pstart2,,…, Pstart+n−1, Pend
� �

are obtained. Linear interpolation is performed based on the LiDAR

pose information to obtain the approximate odometer pose

corresponding to the timestamp for the point cloud data. By

transforming the point cloud data into the odometer coordinate

system, LiDAR point cloud data based on the robot coordinate

system can be obtained in cases with distortion. The method for

calculating the coordinates of point ox , oy in the odometer

coordinate system is shown in Formula 5:

ox

oy

" #
= R

x1

y1

" #
+ l (5)

R =
cos q − sin q

sin q cos q

" #
(6a)

l =
xt

yt

" #
(7a)

where (ox , oy) are the coordinates of the odometer coordinate

system after conversion, (x1, y1) are the point cloud data points

before the transformation, and R (Formula 6a) is a rotation matrix

that describes two coordinate systems. l (Formula 7a) is a

translation vector that describes two coordinate systems, q is the

polar coordinate system angle corresponding to the point cloud,

and (xt , yt) is the translation amount from the odometer coordinate

system to the LiDAR coordinate system.

The laser point cloud data are transformed from the odometer

coordinate system to the reference coordinate system of the data

frame, and the starting point in the coordinate system of the current

frame of the point cloud data is the reference coordinate system of

the data frame. The method for calculating the coordinate of the

transformed point (o
0
x , o

0
y) in the reference coordinate system is

shown in Formula 6b:

o
0
x

o
0
y

" #
= R−1

ox

oy

" #
− R−1

x0

y0

" #
(6b)
FIGURE 3

Flowchart of the greenhouse crop point cloud adaptive
projection algorithm.
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where (x0, y0) are the coordinates of the origin of the reference

coordinate system in the odometer coordinate system and R−1 is the

inverse matrix that describes the rotation matrix of two

coordinate systems.

Finally, the frame head timestamp, intensity value, and other

information for each frame of the LiDAR point cloud data are

supplemented, and the LiDAR data after the adaptive vertical

projection process are output in the sensor_msgs/LaserScan

format with a release frequency of 10 Hz. The effect of the point

cloud processing is shown in Figure 4.
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The scan-to-map matching method was used to construct the

map, as shown in Figure 5. First, we used a submap to organize the

whole map. Each submap consists of several LiDAR scanning

frames {Scan(n)}, and the complete global map is composed of all

the submaps. Assuming that the initial pose of the robot is x1 = (0, 0,

0), the LiDAR scanning frame is denoted as Scan1 (1). At this pose,

the first submap (1) is initialized by Scan1 (1). The robot pose x2
corresponding to Scan1 (2) is calculated by the scan-to-map

matching method, and Scan1 (2) is added to Submap (1) based

on pose x2. The scan-to-map matching method is continuously
BA

FIGURE 4

Point cloud processing results. (A) Before processing point cloud. (B) After processing point cloud.
FIGURE 5

Schematic diagram of the map construction process.
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executed, and the newly obtained LiDAR frames are added until the

new LiDAR frame is completely included in Submap (1); that is,

when the new LiDAR frame does not contain new information

other than that included in Submap (1), the creation of Submap (1)

is completed. The above process is performed to create all the

submaps (m). Finally, all the local subgraphs {Submap(m)} are used

to form the complete global map.

2.2.2 Layout of the test site
In this paper, a simulated greenhouse scene was built, which

included 30 mm * 30 mm aluminum profiles, fixed bases, and

simulated plants. The simulated crop has three rows; each row is

4 m long, the row height is 1.3 m, and the row spacing is 1.2 m. The

test scene is shown in Figure 6. In the crop row, aluminum profiles

were used as support rods every other distance, a set of simulated

crops was arranged every 0.2 m, and the number of leaves per crop

was counted.
2.3 Test scheme

2.3.1 Different sparse degree mapping tests
To verify the mapping effect of the algorithm for different sparse

canopy crops in the greenhouse, based on the robot platform built

in Section 2.1 and the simulated greenhouse scene constructed in

Section 2.2.2, the crops were randomly pruned five times, and 10%

of the leaves were pruned each time. A total of six simulated

environments with different degrees of sparseness were generated.

The experiment was carried out at the National Agricultural

Information Demonstration Test Base in Xiaotangshan town,

Beijing, in May 2023. In this experiment, the AF-PCP SLAM

algorithm was used for SLAM mapping, and the Cartographer

algorithm was used for the control group. The remote control robot

moves between the crop rows to construct a map of the entire

environment. The specific mapping operation was performed

as follows:
Fron
1 The ROS core node, chassis control node, and LiDAR

mapping node are started.
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2 The robot movement speed is set to 0.2 m/s, and the remote

control operation is performed according to the running

track for the interrow operation.

3 The visualization tool Rviz is used to monitor the robot

mapping results in real time, and the map is saved after map

construction is completed.
The canopy biomass, leaf area (LA), leaf area index (LAI), and

leaf area density (LAD) are the main indicators of canopy density.

The distribution of leaf density in the canopy is random and

unpredictable in three-dimensional space, which complicates the

quantitative analysis process (Gu et al., 2021). In this paper, the

LAD was used as a measure of canopy density to divide the six

experiments. A YMJ-G leaf area meter (Shandong Fangke

Instrument Co., Ltd., Shandong, China) was used to measure the

leaf density 10 times. The average leaf area was 21.203 cm2, and

environments with six LAD values were constructed. The number

of crop row pixels, the crop row length, and the maximum gap

length for each LAD were used as evaluation indicators. The actual

length of the crop row was 3.985 m, and the actual value of the crop

row spacing gap was 0.08 m. The method for counting the number

of pixels involved counting the number of pixels in the middle crop

row in the PGM image via the two algorithms. The crop row length

and maximum gap length were calculated by importing the

Pbstream file calculated by the two algorithms into the cost map

tool under the ROS open source function package Movebase; the

scale measurement tool in Rviz was used to measure the crop row

length in the middle row, and the maximum gap length

was determined.

2.3.2 Localization system performance test
To verify the localization accuracy of the proposed method at

different speeds, the robot was controlled to move along the crop

row by setting different robot motion speeds, namely, a low speed of

0.2 m/s, a medium speed of 0.4 m/s, and a high speed of 0.6 m/s.

The ROSBag tool was used to record the real-time data of the sensor

and the localization algorithm output results. The starting position

in each test was aligned with a laser pen to ensure that the initial

pose in each test was the same, as shown in Figure 7A.
BA

FIGURE 6

Simulated greenhouse test scene. (A) Physical display of simulated test scenarios. (B) Schematic diagram of simulation test scenario.
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In this paper, according to the localization evaluation

equipment selected in Reference (Zhang et al., 2022), the Starter

Set Super-MP-3D ultrasonic localization device from the

Marvelmind Company was selected to determine the true value to

evaluate the localization accuracy of the robot. The device consists

of four fixed labels, a mobile vehicle label, and a localization route.

The device can theoretically obtain an accuracy of up to ±2 cm. In

addition, in this paper, the dead reckoning localization method was

used as a comparison method to evaluate the performance of the

AF-PCP SLAM algorithm comprehensively. Four localization labels

were strategically placed in the greenhouse, and four vertices in the

test area were selected for placement. To reduce the interference of

crop occlusion on ultrasonic signals and ensure maximum signal

coverage, four positioning labels were placed at the vertices of two

outer crop rows. Fixing labels at the same height can improve

positioning accuracy. Each label was fixed on a beam 1.4 m above

the ground, as shown in Figure 7B.

To prove the effectiveness of the AF-PCP SLAM algorithm, the

localization accuracy was evaluated using EVO (https://github.com/

MichaelGrupp/evo, accessed on June 28, 2022). To verify the

results, the ultrasonic localization data were used as the ground

truth to analyze the localization effect. The relative pose error (RPE)

describes the accuracy of the two-frame pose difference between the

estimated pose and the real pose at a fixed time difference t, which is

equivalent to the error of directly measuring the pose results. The

RPE for frame i is shown in Formula 7b:

Ei = (Q−1
i Qi+Dt)

−1(P−1
i Pi+Dt) (7b)

where Ei represents the RPE of the ith frame, Qi represents the

true ultrasonic pose value, Pi represents the estimated pose value,

and Dt represents a fixed interval time coefficient.

Assuming that there are n pose frames, the n − DtRPE values

can be calculated, and the total value is obtained using the root

mean square error (RMSE) statistics, as shown in Formula 8:

RMSE(E1 : n,Dt) = (
1
mo

m

i=1
‖ trans(Ei) ‖ 2)

1
2 (8)

Here, m = n − Dt and trans(Ei) represent the translation of the

RPE. To comprehensively evaluate the performance of the

algorithm, the average RMSE is calculated, as shown in Formula 9:
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RMSE(E1 : n) =
1
n o

n

Dt=1
RMSE(E1 : n,Dt) (9)
3 Results

3.1 Mapping performance

To verify the wide applicability of the AF-PCP SLAM algorithm

for different crop densities, six tests were carried out in the same

environment. The localization trajectory and surrounding

environment information of the different methods are displayed

in real time in Rviz, as shown in Figure 8.

Figure 8 shows that the Cartographer algorithm accurately

constructs structured walls and glass into grayscale grid maps.

However, these maps are still not perfect. Unstructured

suspended crops occupy most of the space in the greenhouse

environment. However, based on the mapping results, the

Cartographer algorithm results in a large loss of crop row

mapping, whereas the AF-PCP SLAM algorithm yields more

accurate mapping results. To better show the effect of the AF-

PCP SLAM algorithm on crop row mapping under different degrees

of sparseness, Figure 9 shows the map construction results of the

two methods for six degrees of sparseness.

Figure 9 shows the crop mapping results of the Cartographer

algorithm and AF-PCP SLAM algorithm for six degrees of

sparseness. According to the LAD calculation method presented

in Section 2.3.1, the LADs corresponding to the six sparsities are

5.301 m2/m3, 4.830 m2/m3, 4.358 m2/m3, 3.887 m2/m3, 3.416 m2/

m3, and 2.945 m2/m3. The quantitative statistical results, including

the number of pixels, the crop row lengths, and the maximum gap

lengths, for the six LADs were calculated, as shown in Figure 10.

According to the results shown in Figure 10, as the LAD

increased, the number of pixels in the crop row generally

increased. The AF-PCP SLAM algorithm outperforms the

Cartographer algorithm in terms of the number of pixels. The

number of pixels in the crop row reflects the effective area of

the grid map, and the results indicate that the AF-PCP SLAM

algorithm is better at constructing the map of the crop row.

Specifically, the number of pixels in the AF-PCP SLAM algorithm
BA

FIGURE 7

Pose alignment and test environment localization equipment construction. (A) Using a laser pointer for pose alignment. (B) test environment
localization equipment construction.
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increased by 63.3%, 144.4%, 160%, 100%, 350%, and 116.7%, with

an average increase of 155.7%.

In addition, as the LAD increased, the length of the crop rows

constructed by the AF-PCP SLAM algorithm was close to the real

length of the crop rows. When the LAD was greater than 3.877 m2/

m3, the length of the crop row constructed by the Cartographer

algorithm was close to the real length of the crop row. However,

when the LAD was less than 3.877 m2/m3, the error between the

crop row length constructed by the Cartographer algorithm and the

real length was large. The average error in the crop row length

calculated by the Cartographer algorithm was 0.086 m, and the

coefficient of variation was 1.741%. The mean error of the crop row

length constructed by the AF-PCP SLAM algorithm was 0.019 m,

and the coefficient of variation was 0.217%. Thus, the mean error

and coefficient of variation of the crop row length were reduced by

77.9% and 87.5%, respectively, with the AF-PCP SLAM algorithm.

Moreover, as the LAD increases, the maximum gap length

decreases for both algorithms. When the LAD was 5.301 m2/m3,

the maximum gap lengths obtained by the two methods were

consistent with the true value of the set crop row spacing gap.

When the LAD was between 3.887 m2/m3 and 4.83 m2/m3, the

maximum gap length obtained by the Cartographer algorithm

changed more slowly. However, when the LAD was between

2.945 m2/m3 and 3.416 m2/m3, the maximum gap lengths

obtained by the Cartographer algorithm were 0.458 m and 1.2 m,

respectively. The maximum gap lengths obtained by the AF-PCP

SLAM algorithm were 0.125 m and 0.223 m, which were better than

those obtained by the Cartographer algorithm. The maximum gap

length obtained by the Cartographer algorithm was 1.2 m, and

the mean value was 0.456 m. The maximum gap length obtained

by the AF-PCP SLAM algorithm was 0.223 m, and the mean

value was 0.124 m, which is 72.8% lower than that of the

Cartographer algorithm.

The crop row length in the mapping results reflects the quality

of the crop row end map construction to a certain extent, and the

lack of a constructed row end map and the increase in the

maximum gap length increase the error rate of the path planning

algorithm. When the maximum gap length exceeds the width of the

robot body, the path planning algorithm chooses a closer route,
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resulting in errors in the global path planning of the robot. When

the LAD is reduced to 3.877 m2/m3, the mapping results of the

Cartographer algorithm no longer represent most of the crop

information in the environment, while the AF-PCP SLAM

algorithm can still achieve accurate mapping of crop rows; thus,

the AF-PCP SLAM algorithm has higher mapping robustness.
3.2 Localization performance

According to the localization accuracy evaluation criteria

presented in Section 2.3.2, the localization errors of the AF-PCP

SLAM algorithm and track deduction algorithm were calculated at

different speeds. Figure 11 shows the trajectories of robots operating

at speeds of 0.2 m/s, 0.4 m/s, and 0.6 m/s and the error curves in the

x, y, and z directions. The RPE was used to analyze these results, and

for each timestamp, the absolute difference between the true pose

and the estimated pose was calculated. To highlight the RPE during

the robot’s movement, Figure 12 shows the error between the AF-

PCP SLAM algorithm, the track deduction algorithm, and the real

trajectory and maps the error to the trajectory through color coding.

Figure 13 shows the curves of the RPE, mean, median, root mean

square error, and standard deviation over time. The quantitative

results of the error calculation are shown in Table 2.

Figure 11A shows different trajectories: location_pos_remap

represents the localization trajectory of the true ultrasonic value,

tracked_pose represents the pose trajectory calculated by the AF-

PCP SLAM algorithm, and Odom represents the pose trajectory

calculated by the track inference algorithm. Figure 11B shows the

time-varying pose values in the x, y, and z directions. Since the robot

moves in a two-dimensional plane, the value in the z direction is

always 0. In each experiment, three extreme values are generated,

which represent the moment when the robot turns at the end of a

row. The results of the three experiments show that the pose

trajectory calculated by the AF-PCP SLAM algorithm is closer to

the real value than that calculated by the track deduction algorithm.

The red circle in Figure 11 marks the position where the robot turns

at the end of the last row, which corresponds to the maximum

localization error.
BA

FIGURE 8

Visualization of the results of the Rviz map construction and localization trajectories. (A) The map construction results of the Cartographer algorithm.
(B) The map construction results of the AF-PCP SLAM algorithm.
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According to the test results shown in Figures 12, 13, the

average localization error is 0.026 m, and the maximum

localization error is 0.127 m when the robot moves at 0.2 m/s.

When the robot moves at 0.4 m/s and 0.6 m/s, the initial fluctuation

in the ultrasonic signal affects the maximum localization error; the

average localization errors are 0.029 m and 0.046 m, respectively,

which indicates that the localization accuracy is relatively stable. In

contrast, the track deduction algorithm has a serious error

accumulation problem. The average localization error of the track

deduction algorithm is generally greater than 0.12 m, and the
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average localization error reaches as high as 0.233 m at a speed of

0.6 m/s. The AF-PCP SLAM algorithm is based on the localization

of laser matching, which is not sensitive to error accumulation or

the environment, so it has higher localization accuracy. The

experimental results in Table 2 show that the AF-PCP SLAM

algorithm proposed in this paper can achieve high-precision

localization of robots at movement speeds of 0.2 m/s, 0.4 m/s,

and 0.6 m/s. The average localization error of the AF-PCP SLAM

algorithm is reduced by 79.8%, 78.9%, and 80.3% at these three

speeds compared with the error of the track deduction algorithm,

and the average localization error is reduced by 79.9%.
3.3 The actual greenhouse
environment performance

To verify the ability of the AF-PCP SLAM algorithm to

construct maps in actual greenhouse scenes, a greenhouse

experiment was carried out at the “Doctor” farm base in Pinggu

District, Beijing. The cucumber cultivar Yutian 156 was planted in

this field, with a row width of 1.2 m. In the experiment, the

Cartographer algorithm and AF-PCP SLAM algorithm were used

to construct the map of the greenhouse. The robot walked along the

crop rows at a speed of 0.2 m/s, and a map of the three rows of crops

was constructed. The experimental environment and the map

construction results of the two algorithms are shown in Figure 14.

Figure 14A shows the greenhouse test scenario, and

Figures 14B, C are the map construction results of the

Cartographer algorithm and AF-PCP SLAM algorithm,

respectively. Figure 14A shows that due to the larger leaves of the

actual greenhouse crops, the difference between the two algorithms

in the actual greenhouse scene is more obvious. Figures 14B, C show

that, compared with the Cartographer algorithm, the AF-PCP

SLAM algorithm has a larger mapping area for crop rows.

Accurate mapping of crop row contours can effectively control

the moving trajectory and range of motion during robot navigation

and effectively avoid damaging crops during robot operation.

Moreover, row2 and row3 in Figure 14B exhibit obvious drifts

because uneven ground reduces the mapping accuracy of crop rows

and leads to map drift compared with that in the laboratory scene.

The corresponding row2 and row3 drifts in Figure 14C are small,

which also reflects, to some extent, that the AF-PCP SLAM

algor i thm has higher mapping robustness in actua l

greenhouse scenes.
4 Discussion

4.1 Discussion of the mapping results

Suspended plant patterns are widely used in greenhouses and

agricultural environments. In this experiment, mobile robots

walked along crop rows in greenhouses. However, the robot is in

a repeated scene when walking between crop rows. Because crop

rows usually have highly repetitive structures, with long, narrow,

and tall rows, this poses a challenge in map construction. When
B

C D

E F

G H

I J

K L

A

FIGURE 9

Results of the mapping of the two algorithms. The map construction
results of the Cartographer algorithm under sparsities of (A) 100%,
(C) 90%, (E) 80%, (G) 70%, (I) 60%, and (K) 50%. The map
construction results of the AF-PCP SLAM algorithm under sparsities
of (B) 100%, (D) 90%, (F) 80%, (H) 70%, (J) 60%, and (L) 50%. AF-
PCP, adaptive filtering point cloud projection.
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FIGURE 10

Map quantitative indicators under different LADs. The black, red, and blue symbols represent the number of pixels in the crop row, the length of the
crop row, and the maximum gap length, respectively. LADs, leaf area densities.
BA

FIGURE 11

(A) A comparison of the absolute localization errors between the AF-PCP SLAM algorithm and Odom and the real trajectory. (B) A comparison of the
error curves in the x and y directions over time. AF-PCP, adaptive filtering point cloud projection.
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constructing a map in a low-density canopy environment, crop

rows may have missing content, such as voids and gaps. There are

two reasons for this. First, when the laser beam passes through a gap

in the leaves, another row of crops may be detected, or the wall may

be directly detected, resulting in inconsistent observation results.

This reduces the probability of obstacles in the occupied grid map

corresponding to this position, which leads to the degradation of the

map. Second, the irregular structure of the blade may cause the laser

detection results of blades at the same position to be inconsistent

under different robot poses. As the canopy leaf area density

decreases, this situation is aggravated, resulting in the absence of

crop rows on the map. To address these problems, in this paper, the

innovative AF-PCP SLAM algorithm is designed, which fully

considers the spatial characteristics of suspended crops in

greenhouses, extracts and compresses the map contour based on

16-line LiDAR data, and maps the data to a 2D plane to establish

the environment map and localize the robot. This innovative

approach addresses the abovementioned map degradation

problem, thereby improving the accuracy and robustness of the

mapping results.
4.2 Discussion of the localization results

Due to the equidistant distribution of greenhouse crop rows,

greenhouse environments have a high degree of symmetry, forming
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a “corridor scene”. The corridor problem is one of the key problems

faced by the SLAM method. Because the LiDAR detection results

are similar, they cannot reflect the actual displacement in the

forward direction, which may introduce localization inaccuracies

in the forward direction with the SLAM method. According to

Figure 11A, in this experiment, the results estimated by the Odom

localization method are accurate in the initial row. However, when

the robot moves to the end of the crop row and turns into the next

row, the localization error of the Odom algorithm in the y direction

increases with increasing distance. When the robot returns to the

starting point, the pose estimation error of the Odom algorithm is

approximately 0.2 m. According to Figure 11B, the position of the

extreme point corresponds to the trajectory in Figure 11A. The

trajectory position of the red circle in Figure 11A corresponds to the

error at the position of the red circle labeled in Figure 11B. The

three tests show that the error in the x direction is the largest at this

time. We believe that this phenomenon occurs because when the

agricultural robot turns, the deviation in the y direction increases

due to errors in the robot’s coordinate system. This is due to the

limitations of the two-wheel differential model. Even after the

odometer calibration, the deviation in the y direction increases

rapidly as the distance increases. The x-direction error in

Figure 11B is mainly caused by the y-direction error component

in the robot coordinate system, so the maximum error is generated

after the robot turns down the last row. At this moment, the

localization error of the AF-PCP SLAM algorithm proposed in
BA

FIGURE 12

AF-PCP SLAM algorithm and Odom localization error. (A) The error in the trajectory of the AF-PCP SLAM algorithm. (B) The error in Odom. AF-PCP,
adaptive filtering point cloud projection.
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this paper is much smaller than that of the track deduction

algorithm, which allows the robot to accurately navigate to the

next crop row according to the path planning algorithm, thus

reducing the risk of row-end collisions during robot navigation.

The results shown in Table 2 intuitively reflect the influence of the

three moving speeds on the localization accuracy. With increasing

moving speed, the mean, maximum, and standard deviation of the

localization error increase. The reason is that the increase in the

mechanical vibration of the robot causes additional input noise,

which affects the collection of the point cloud data and the matching

effect of the point cloud. Moreover, as the processing efficiency of

the algorithm remains unchanged, an increase in the rate of change

in the robot pose leads to a decrease in the localization accuracy.

In Figure 12, there is a certain regularity between the

fluctuations in the RPE value and the extreme point position of
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the error curve in the x direction in Figure 10B. For example, the

RPE value at the position indicated by the red circle in Figure 12A

decreases in all three speed tests. The position of the decrease

corresponds to the extreme point in the error curve, that is, the

moment when the robot moves to the end of the row. Although the

increase in the error is small (only 2 cm), there is a certain regularity

in the results. This phenomenon may be related to robot system

errors and may also be related to ultrasonic localization labeling

errors. Through repeated comparisons, we believe that this

phenomenon is related to the physical characteristics of the

ultrasonic localization labeling method. When the robot moves

between rows, the localization accuracy of the ultrasonic label is

reduced due to the occlusion of the canopy crop. When the robot

moves to the end of the crop row, the occlusion effect of the crop

row is reduced. At this time, the vehicle label carried by the robot is
BA

FIGURE 13

Odom and AF-PCP SLAM algorithm localization errors. (A) The curve of the relative pose error (RPE) of the AF-PCP SLAM algorithm with time.
(B) The curve of the RPE of Odom with time. AF-PCP, adaptive filtering point cloud projection.
TABLE 2 RPE values of the AF-PCP SLAM algorithm, Cartographer algorithm, and Odom.

Test ID Methods Max Mean Median RMSE Std

0.2 AF-PCP SLAM
Cartographer

Odom

0.127
0.371
0.567

0.026
0.038
0.129

0.018
0.039
0.090

0.033
0.063
0.185

0.021
0.022
0.133

0.4 AF-PCP SLAM
Cartographer

Odom

0.353
0.109
1.451

0.029
0.047
0.138

0.012
0.044
0.050

0.051
0.085
0.259

0.042
0.028
0.220

0.6 AF-PCP SLAM
Cartographer

Odom

0.540
0.842
1.524

0.046
0.035
0.233

0.020
0.031
0.095

0.074
0.087
0.397

0.058
0.020
0.322
RPE, relative pose error; AF-PCP, adaptive filtering point cloud projection; RMSE, root mean square error.
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closer to the localization label arranged in the environment, thereby

improving the localization accuracy. This study did not deploy

ultrasound tags in greenhouse scenarios. In future work, we will

deploy this module in actual greenhouse scenarios as an input to the

system for large-scale scene localization. Based on the error

characteristics of ultrasound tags, trajectory inference algorithms,

and SLAM positioning algorithms, the fusion of the three can

achieve robust localization in complex environments. This is also

another research work we are currently conducting.

For agricultural robots, real-time localization of crop rows and

turns in large-scale greenhouse environments must be achieved.

The proposed AF-PCP SLAM algorithm can accurately estimate the

trajectory, as shown in Figure 12A. The maximum average RPE is
Frontiers in Plant Science 14208
0.046 m. The proposed method was shown to have high robustness

and accuracy in challenging agricultural environments,

outperforming the current state-of-the-art approaches.
5 Conclusion

Aiming to address the problem that low-density canopy

environments in greenhouses affect the robustness and

localization accuracy of SLAM methods, in this paper, a spatial

downsampling map construction and localization method based on

the Cartographer framework is proposed, an adaptive filtering

spatial point cloud projection algorithm is designed, and a
B

C

A

FIGURE 14

The actual greenhouse scenario test (A) The greenhouse test scenario. (B) The map construction results of the Cartographer algorithm. (C) Tthe
map construction results of the AF-PCP SLAM algorithm.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1276799
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Tan et al. 10.3389/fpls.2024.1276799
greenhouse map construction and high-precision pose estimation

system are developed. For greenhouse crop leaf area densities

ranging from 2.945 m2/m3 to 5.301 m2/m3, the method proposed

in this paper can accurately model the contours of sparse crop rows.

Compared with that of the Cartographer algorithm, the map area of

the AF-PCP SLAM algorithm for the crop row increased by 155.7%.

The mean error and coefficient of variation for the crop row length

were 0.019 m and 0.217%, respectively, which were respectively

77.9% and 87.5% less than those of the Cartographer algorithm. The

average maximum void length was 0.124 m, which was 72.8% less

than that of the Cartographer algorithm. Localization tests were

carried out at speeds of 0.2 m/s, 0.4 m/s, and 0.6 m/s. The average

relative localization errors of the actual motion trajectory and the

real path were 0.026 m, 0.029 m, and 0.046 m, respectively, and the

standard deviations were less than 0.06 m. Compared with those of

the track deduction algorithm, the average localization error was

reduced by 79.9%. These results show that the method can meet the

requirements of map construction and localization in greenhouse

environments. Thus, the proposed method is an effective approach

for the autonomous operation of agricultural robots, providing a

basis for localization and perception for efficient decision-making

and safe operation of intelligent agricultural machinery and

equipment in greenhouses.
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Design and evaluate the
performance of a mechanical
system for the release of
Harmonia axyridis adults
Xiao-Ya Dong1,2*, Xiang Tong1, Jing Ma1 and Bai-Jing Qiu1,2*

1Key Laboratory of Modern Agricultural Equipment and Technology, Ministry of Education, Jiangsu
University, Zhenjiang, Jiangsu, China, 2Key Laboratory of Plant Protection Engineering, Ministry of
Agriculture and Rural Affairs, Jiangsu University, Zhenjiang, Jiangsu, China
Harmonia axyridis (H. axyridis) is the natural enemy of many aphid species.

Traditional manual release of H. axyridis adults requires substantial manpower,

and release efficiency is low. Automatic mechanical devices can improve the

efficiency of delivery. Based onH. axyridis adults’morphological size, a prototype

release system for H. axyridis was designed, which considered the adhesion

characteristics of H. axyridis adults. According to the measured physical

characteristics of H. axyridis adults, the structural parameters of the

mechanical system for the release of the H. axyridis adults were determined.

The relationship of the quantity of release, the impeller rotating speed, and the

time for the release of H. axyridis adults were constructed. The mechanism

can quantitatively adjust the number of H. axyridis adults to meet a certain

H. axyridis–aphids ratio. Combining the image processing technology with the

camera function of a mobile phone, the maximum cross-sectional area method

was used to count the H. axyridis adults in the designated area. Results showed

that the impeller rotating speed had a significant effect on the survival rate of the

H. axyridis adults. When the airflow velocities were 29.5 m/s and 38.3 m/s, the

survival rates of the H. axyridis adults were 93.8% and 94.5% at 4.2 rpm. The

adhesion rate of the H. axyridis adults was 2.5%–4.6%. This work will provide

technical support for the research of biological control.
KEYWORDS

biological control, mechanical release, Harmonia axyridis, natural enemies,
mechanical distribution
1 Introduction

The primary method for protecting crops from pests is currently chemical control.

However, the long-term use of chemical insecticides can lead to pest resistance and

compromise the effectiveness of pest control (Alyokhin et al., 2007; Andrei et al., 2008; Yu

and Powles, 2014). Biological control is a sustainable and environmentally friendly approach
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(Pilkington et al., 2010). This approach usually uses natural enemies

to manage pests such as insects, mites, weeds, and plant diseases

(Lanzoni et al., 2017). Compared to chemical control, biological

control has been widely recognized as a promising solution to

address environmental pollution and pesticide residues (Gan-Mor

and Matthews, 2003). Therefore, biological control has attracted

considerable interest in the field of crop protection. However, the

manual release of natural enemies for crop protection necessitates a

large labor force. The workers who released natural enemies were

required to endure a prolonged period in a humid and hot

environment, experiencing fatigue and discomfort. To solve this

issue, considerable efforts have been dedicated to creating

mechanical systems for the distribution of natural predators.

Since the advent of mechanical systems for the release of natural

enemies (Pickett et al., 1987), numerous strategies have been

developed to cater to varying release requirements. Based on the

type of external force employed, these mechanical systems for

releasing natural enemies can be categorized into three classes. The

first class is the centrifugal release system, which utilizes centrifugal

force generated by the rotation of a disc or sliding plate to eject

predators (Giles et al., 1995; Casey and Parrella, 2005; Blandini et al.,

2008; Emma et al., 2010; Zappala et al., 2012). In a typical centrifugal

release system, predators are enclosed in a hopper with carrier

materials, and the release process is powered by two electric

motors. The second class is the pneumatic release system. The

natural predators were released into a diffuser by force of gravity

(Papa et al., 2018). The diffuser relies on a centrifugal fan to generate

high-speed airflow to transport the natural predators. Pezzi and his

coworkers (Pezzi et al., 2015) designed a novel air-assisted release

prototype, wherein a commercial bottle filled with beneficial

organisms and substrate can be inverted on the extraction system.

The extraction system is constituted of a push rod with a metal spike

with reciprocating movement generated by an electromagnet

powered by a handheld battery. Last, the beneficial arthropods

were transported via airflow. The last class is the vibration release

system. The vibration release system combines vibration force with

gravity. The predator-releasing device is fixed to the tractor using a

three-point suspension in this system. As the tractor moves, Perillus

binoculars are transported to the designated location. Using this

release system, Khelifi and his work team (Khelifi et al., 2011)

deployed two spotted stink bugs to manage the Colorado potato

beetle. The aforementioned mechanical systems for the release of

natural enemies predominantly release predators with a volume at the

micron level. These systems disseminate mixtures of mites and carrier

materials (Giles et al., 1995; Opit et al., 2005).

Harmonia axyridis (H. axyridis) has been extensively

introduced for the biological control of agricultural pests

(Haelewaters et al., 2017). These agricultural pests include aphids,

bugs, psyllids, moths, and others. Instar larvae often exhibit

cannibalism behavior (Osawa, 1992), and adult H. axyridis are

more proficient at preying on pests. Consequently, H. axyridis

adults are frequently released in fields or greenhouses for

biological control purposes. To date, the mechanicalization of

H. axyridis adult release has not been significantly advanced.

Based on previous research, combining the first type of

centrifugal release system and the second type of pneumatic
Frontiers in Plant Science 02212
release system, we design a release device that combines the

centrifugal and the centrifugal. Based on the morphological size,

area-restricted searching behavior, and adhesion properties of

H. axyridis adults, we have developed a prototype for the release

of H. axyridis adults. The prototype can be carried over the

shoulder. The prototype can perform the following functions: (i)

continuous or cycle-interrupted release and (ii) adjustment of

working parameters: distribution distance and the number of H.

axyridis adults. To assess the distribution performance of the

prototype, the survival rate, distribution uniformity, and adhesion

rate of H. axyridis adults have been characterized.
2 Materials and methods

2.1 Morphological size of H. axyridis adults

The morphological size of adult H. axyridis individuals is a crucial

parameter in the design process of mechanical systems for the release.

Therefore, H. axyridis adults purchased from a commercial insectary

(J.D. Crop Protection Market, China) were used in this study. To

overcome the challenges posed by the active movements of H. axyridis

adults, 50 samples were placed in airtight tubes for 30 min to lose

activity. As shown in Figure 1, the H. axyridis adult was approximated

as a semi-ellipse. The length (L) of anH. axyridis adult was determined

by measuring the distance from its head to its tail. The width (W) was

defined as the distance perpendicular to the length in the horizontal

plane. The H shown in Figure 1 is the height (H) of the H. axyridis

adult. The L, W, and H of H. axyridis adults were measured using a

digital display vernier caliper (German Knight MNT-150). The weight

(m) of H. axyridis adults was determined using the electronic balance

(Sartorius BT-125D).

To design an H. axyridis adult population adjustment

mechanism, it was necessary to measure the angle of repose (j)
of H. axyridis adults. The j has reference significance for the design

of the tilting angle of the wall of the H. axyridis adults container
FIGURE 1

Measurement schematic of H. axyridis adults morphological size. L,
W, and H are the length, width, and height of H. axyridis adults. h
and 2r are the height and bottom surface length of the cone.
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(Amidon et al., 2017). Theoretically, the tilting angle of the wall of

the H. axyridis adults container should be smaller than j of the H.

axyridis adults, which is conducive to the flow of H. axyridis adults.

A sample of 50 g of H. axyridis adults was packed into a funnel and

freely dropped onto an instrument rack. H. Axridis adults form a

cone pile on the instrument rack. The accumulation height h and

the maximum section length of the bottom surface 2r were

measured, and the angle of repose was calculated using the

equation: j = arctg h/r. The angle of repose was repeated five

times. The morphological parameters of H. axyridis adult

individuals are listed in Table 1.
2.2 Description of the mechanical system
for the release of H. axyridis adults

The prototype of mechanical for release H. axyridis adults was

designed to meet the following: (i) the H. axyridis adults are

unharmed when they are released smoothly and (ii) can be

carried on the shoulder of the operator.

To meet the requirement of mechanical release, we designed a

release system for the distribution of H. axyridis adults. The

structure of the release system is depicted in Figure 2. The release

system mainly consisted of two parts. One was a mechanical
Frontiers in Plant Science 03213
section, and the other was a control section. The mechanical

section included a centrifugal fan, rotating plate, impeller, and

spray duct. The control section included a programmable logic

controller (PLC) module, relay, and DC motor. The main

characteristics of the prototype are detailed in Table 2.

The working principle is as follows: the gasoline engine drives

the rotation of the centrifugal fan. The airflow velocity in the air

channel is regulated by adjusting the speed of the centrifugal fan.

The lithium battery supplies power to the PLC module and the DC

motor. A timer in the PLC module regulates relay timings and

determines how long the DC motor stays powered. During

operation, the DC motor drives an adjustment mechanism to

release H. axyridis adults, enabling them to enter the air channel.

At high-speed airflow, H. axyridis adults are propelled through an

air channel for their release. A 70° incline of the rotating plate

relative to the horizontal plane is set for H. axyridis adults to

effectively enter the air channel. If there is any malfunction in circuit

control components, a drawbar is employed to rotate and align with

the horizontal plane angle position. By manipulating the drawbar,

the H. axyridis adults can be prevented from entering the air

channel, effectively preventing further release. The mechanical

system for the release of H. axyridis adults can be carried on the

back via two shoulder straps.
2.3 Adjustment mechanism for the release
of H. axyridis adults

The crucial component of the mechanical system facilitating the

release of H. axyridis adults was the adjustment mechanism. It

included a coupling, a DC motor, an impeller, and a container. The

H. axyridis–transport mechanism is illustrated in Figure 3. Because

of gravity, the H. axyridis adults moved toward the space between

the vanes. Upon rotation of the DC motor driving the impeller, H.

axyridis adults were funneled toward the BC exit and cascaded into
TABLE 1 The morphological parameters of H. axyridis adult individuals.

Characteristics Unit Value

Length (L) mm 5.89 ± 1.21

Width (W) mm 4.29 ± 1.46

Height (H) mm 1.95 ± 0.87

Angle of repose (j) ° 36.32 ± 5.17

weight (m) mg 21.36 ± 4.24
BA

FIGURE 2

(A) Structure diagram of release system for H. axyridis adults: 1, lithium battery; 2, relay; 3, PLC module; 4, container; 5, coupling; 6, DC motor; 7,
joint plate; 8, rotating plate; 9, petrol tank; 10, centrifugal fan; 11, control board; 12, frame; 13, air channel; 14, impeller. (B) Release system for the
release of Harmonia axyridis adults.
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the air channel. The release of H. axyridis adults was completed

with the addition of high-speed airflow. To ensure a uniform and

steady release of H. axyridis adults, eight vanes were designed at

equal intervals along the periphery of the impeller. The angle

between two adjacent vanes was labeled as a, and the angle of

repose was denoted as should correspond. Based on the value of the

angle of repose measured in Table 1, we determined that the value

of a is 45°.

For normal operation of the impeller, a gap between the

impeller and the container’s shell was necessary. Otherwise, a

malfunction may occur during the coordinated movement

between the shell and the impeller. The radial gap between the

impeller and the shell should satisfy the following conditions:

0 <
D0 − D

2
  < L,  W,Hf g (1)

Here, D0 represents the diameter of the container’s shell, D

denotes the external diameter of the impeller, and L, W, and H

correspond to the length, width, and height of H. axyridis adults, as

visualized in Figure 2.

To ensure the proper distribution of H. axyridis adults between

the vanes and a smooth drop from the BC exit, the length of line

segment BC should slightly exceed the maximum distance between

two adjacent vanes.

 BC > D · sin
a
2

� �
  (2)

Assuming that H. axyridis adults have a semi-ellipsoid shape,

we calculated the average volume of each individual adult:

V1 =
1
2
� 4

3
p · (L ·W ·H) (3)

The total volume of the space between the vanes that can

accommodate H. axyridis adult is

V = ½p ·
(D2 − d2)

4
− n · d ·

D − d
2

� · L1 (4)

Here, d represents the impeller’s inner diameter,  d represents

the thickness of a vane, L1 represents the length of the impeller.
Frontiers in Plant Science 04214
From Equations 2, 3, it can be deduced that a single space can house

a certain number of H. axyridis adults.

N =
V

n · V1
(5)

Linking Points A and C, Points B and E in line, both line AC

and line BE pass through the center of the circle. The initial position

is shown in Figure 3. The time it takes for H. axyridis adults to fall

into an air channel from the container is

T =
37:5
n1

+
S
N

� �
·
7:5
n1

(6)

where n1 represents the impeller rotating speed, S represents the

total number of H. axyridis adults in the container, and [] is the

round symbol.
2.4 Test of H. axyridis–
transport mechanism

To test the validity of Equation 6, an experiment was carried

out. Initially, a specific quantity(S)of an H. axyridis adult was

poured into a container. The value of S was predetermined as 60,

120, 180, 240, or 300. A reflective paper was attached to the

coupling, and the tachometer tracked the coupling’s real-time

speed. Then, subsequently, the impeller rotating speed was

adjusted. Since the coupling is connected to the impeller, the

rotation speed of the coupling is equal to that of the impeller.

The tachometer recorded impeller rotating speeds (n1). The release

time (t) of H. axyridis adults was recorded. The experiment was

replicated twice.
2.5 Statistical analysis

2.5.1 Camera calibration and counting of
H. axyridis adults

To investigate the distribution, it was necessary to count the

number of H. axyridis adults in designated areas. Traditional

counting methods include weighing and manual counting (Opit

et al., 2005; Pezzi et al., 2015). However, these approaches are time
TABLE 2 Main characteristics of the release system.

Characteristics Unit Value

Length mm 590

Width mm 320

Height mm 600

Weight kg 11.5

Capacity H. axyridis container L 0.8

Matching power kw 1.95

Air channel diameter mm 75

Airflow velocity m s−1 29.5–38.3

Maximum horizontal distribution distance m 5

H. axyridis number adjustment range 60–300
FIGURE 3

H. axyridis–transport mechanism.
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consuming and challenging due to the mobility of H.

axyridis adults.

For improved counting efficiency, an image processing method

based on MATLAB (2012a) software was developed (refer to the

Supporting Information for further details on the procedure code).

When counting H. axyridis adults in a particular region, there is

often a problem with H. axyridis adult adhesion. If we do not

segment the attached H. axyridis adults, the accuracy of the final

count will be affected. We used the watershed algorithm, the

corrosion algorithm, and the maximum cross-sectional area

method at the beginning of the experiment. We then found that

the maximum cross-sectional area method was the most accurate

for counting adult H. axyridis adults. Therefore, the method was

chosen to count H. axyridis adults in the following experiment.

When reading the image using MATLAB, each pixel represents the

area of an H. axyridis adult in the picture. Considering ease of use, a

phone’s built-in camera (H60-L01, Huawei, Resolution: 1920×1080

pixels) was selected as the hardware for capturing images. However,

factors such as camera angle and distortion can impact image

accuracy. Consequently, a camera calibration experiment was

conducted, as illustrated in Figure 4.

A white paper box (25 cm × 25 cm × 5 cm) was placed

horizontally. A retort stand and clamp were used to keep the

mobile phone parallel to the white paper box (Figure 4). The

vertical distance from the lens to the center of the white box is 45

cm. This distance ensures that the phone’s built-in camera fully

captures the white paper box. A cross-calibration line on white

paper (8 cm × 8 cm) was employed to calibrate the true value of the

pixel. Each cross-calibration line was divided into eight 1-cm

segments. The least squares method had been utilized to fit the

pixels to the actual distance. The fitting graph is shown in Figure 5.

Figure 5A is the fitting graph of the actual distance to the number of

pixels in the horizontal direction, and Figure 5B is that of the

vertical direction.
2.5.2 Performance experiment of the mechanical
distribution prototype

To evaluate the survival, uniformity of distribution, and

adhesion rate of H. axyridis adults after release, the experimental
Frontiers in Plant Science 05215
design is shown in Figure 6. A 4.0 m × 2.5 m rectangle was

established using interconnected white paper boxes. To prevent

the white paper boxes from being blown away by the wind, use

thumbtacks to secure them to the ground. After carefully pouring a

specific quantity of H. axyridis adults into the container, the

operator stood motionless at the release point o with the release

device fastened to his back (as shown in Figure 6). To ensure that

the H. axyridis adults fell into the rectangle, the release point was

positioned 1.2 m away from the rectangle formed by the connected

white paper boxes. This distance was established through a

preliminary experiment. The air channel tube was positioned

parallel to the ground at an outlet height of 1.3 m. Next, the

power supply was initiated, and the operator sets the impeller

rotation speed and airflow velocity. The H. axyridis adults were

then released by activating the switch. After the release of the H.

axyridis adults, the machine was turned off. The operator remained

stationary throughout the process. The natural wind velocity during

the experiment ranged from 0.2 to 0.4 m/s, and the ambient

temperature was 23.4°C. The effects of different impeller rotating

speeds (4.2 rpm, 9.8 rpm, and 16.8 rpm) and airflow velocities (29.5

m/s and 38.3 m/s) on the distribution, survival, and adhesion of

H. axyridis adults were investigated.

Taking point O as the origin in Figure 6, a coordinate system

was established. The horizontal direction was perpendicular to the

air channel, and the vertical direction was parallel to the air channel.

The number of H. axyridis adults in the paper boxes was counted

using an image processing method based on MATLAB (2012a,

MathWorks Inc.) software (see Supporting Information for further

details of the procedure code). The distribution of the H. axyridis

adults was calculated. The number of dead H. axyridis adults in

every box and the number ofH. axyridis adults attached to the walls

of the container were recorded.

The coefficient of variation (CV) of horizontal or vertical

distribution was defined as Equation 7:

CV =
SD

Mean
� 100 (7)

Where SD is the standard deviation of the number of H.

axyridis adults in the white paper boxes of each row or column,

Mean represents the average H. axyridis adults number of in each

row or column of the white paper boxes.

In the process of distribution, some H. axyridis adults adhered

to the container wall, resulting in incomplete release. The adhesive

force ofH. axyridis adults amounts to approximately five times their

body weight (Ishii, 1987). Adhesion rate (AR) was calculated

according to Equation 8.

AR =
N1

T + N1
� 100% (8)

Where N1 represents the number of H. axyridis adults adhering

to the container wall and T represents the total number of H.

axyridis adults in the white paper boxes.

During the release, H. axyridis adults came into contact with the

impeller and were distributed by the airflow in the air channel. After

distribution, the survival rate (SV) was evaluated using Equation 9.
FIGURE 4

Camera calibration device and acquisition image.
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SV = (1 −
N2

T
)� 100% (9)

Where N2 represents the number of deceased H. axyridis adults.
3 Results and discussion

3.1 Quantitative adjustment model

The number of H. axyridis adults accommodated by the space

between the vanes is an important factor in determining the

parameter of impeller rotating speed. If the release amount of H.

axyridis adults is certain, the space between the vanes contains more

H. axyridis adults, and then the impeller rotating speed can be

relatively reduced. According to the morphological size of the H.

axyridis adults as shown in Table 1 and the Equations 1–5, the other

parameters of the impeller (Figure 3) were determined as follows: D

= 40 mm, d = 15 mm, d = 2 mm, L1 = 30 mm, D0 = 43 mm, BC = 18

mm. Due to manufacturing errors, actual values are D = 40.72 mm,

d = 14.84 mm, d = 1.77 mm, L1 = 30.57 mm, D0 = 43.08 mm, BC =

18.63 mm. The materials for the impeller are ABS plastic and the

container is no. 45 steel. Considering the complex factors such as

the impeller rotating speed (0–24 rpm) and the ratio of H. axyridis
Frontiers in Plant Science 06216
adults to aphids, the quantity of H. axyridis accommodated in the

space between the vanes (N) was established as 35.

To determine if the actual number of H. axyridis adults found

in the space between the vanes was consistent with the theoretical

value, a certain amount of H. axyridis adults were introduced into

the space and the experiment was repeated ten times. The

resulting number of H. axyridis adults was recorded and

analyzed. The results showed that there were 33 ± 3.06 H.

axyridis adults identified, with an error rate of 5.7% compared

to the predetermined value. The errors were mainly caused by

three factors: (i) the morphology of H. axyridis adults was similar

to that of a semi-ellipsoid, but not a normal semi-ellipsoid. When

the H. axyridis adults were in contact with the impeller vanes,

there was a seam between the H. axyridis adults and the container

wall, (ii) errors in processing techniques, and (iii) individual

differences in the size of H. axyridis adults.

To evaluate the quantitative release performance of the

mechanical system for H. axyridis adults, we can not only

control the number of H. axyridis adults to test the release time

but also control the number of H. axyridis adults to test the release

time. Considering the convenience of the experiment operation,

this experiment adopts the number of H. axyridis adults

controlled to test the release time. To determine the relationship

between theoretical and actual values of release time, a serials of

experiments was implemented. The release time is shown in

Table 3. Setting the needing time t as the dependent variable,

the total number of H. axyridis adults S and the impeller rotating

speed n1 as an independent variable. Linear regression was

performed using the SPSS 17.0. The fitting equation was

established as Equation 10:

t = 0:808 + 27:897� 1
n1

+ 0:277� S
n1

(10)

The correlation coefficient of R2 is 0.943, which means the

fitting is well.

To evaluate the precision of the release mechanism, different

quantities of H. axyridis adults were released via the release system.

The obtained results were compared to the theoretical results, as

shown in Figure 7. The dotted line is the theoretical value of the
FIGURE 6

Schematic diagram of the release experiment.
BA

FIGURE 5

The fitting graph of the pixels to the actual distance. (A) The horizontal direction; (B) the vertical direction.
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release time under different impeller rotating speeds. The solid line

is the value measured by the experiment. As shown in Figure 6,

there is a consistent correlation between the theoretical and actual

values, indicating a good agreement between the two. The result

shows that controlled release can be achieved by adjusting the

impeller rotating speed.
3.2 Counting based on image processing

Themorphological characteristics ofH. axyridis adults in the white

paper box were photographed after the release. Subsequently, the

images were processed and the number of H. axyridis adults was

counted according to the procedure code in the Supporting

Information. One of the boxes was selected and photographed.

Figure 8 illustrates the processing of the selected image. Using the

maximum cross-linked areamethod, we performed a statistical analysis

on the gathering behavior and obtained the cross-linked area of H.

axyridis adult in the box. The results are presented in Figure 9.
TABLE 3 Experimental data of H. axyridis adults release time.

Impeller rotating
speed (rpm)

Number of H. axyridis adults

60 120 180 240 300

4.2 11.95 ± 0.51 14.71 ± 0.03 19.00 ± 0.68 22.84 ± 0.57 28.45 ± 0.83

7.4 7.24 ± 0.29 9.21 ± 0.03 11.33 ± 0.02 13.48 ± 0.09 15.90 ± 0.32

9.8 5.10 ± 0.35 7.36 ± 0.81 8.38 ± 0.05 9.78 ± 0.19 11.54 ± 0.13

14.3 4.13 ± 0.21 5.44 ± 0.02 6.38 ± 0.06 7.42 ± 0.01 8.85 ± 0.16

16.8 3.87 ± 0.08 4.72 ± 0.01 5.32 ± 0.15 5.66 ± 0.33 7.18 ± 0.23

21.2 3.18 ± 0.08 4.09 ± 0.06 4.93 ± 0.13 4.95 ± 0.59 5.94 ± 0.10

24 2.77 ± 0.13 3.41 ± 0.35 4.32 ± 0.15 4.04 ± 0.13 5.26 ± 0.30
F
rontiers in Plant Science
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FIGURE 7

The theoretical (dotted line) and experimental values (solid line) of
the time for the release of H. axyridis adults at different impeller
rotating speeds. The number of H. axyridis adults was 300, 240, 180,
120, and 60 (A–E).
A B

DC

FIGURE 8

Image processing: (A) original image; (B) thresholding method; (C) thresholding inversion; (D) background fill.
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The cross-sectional area of an individual H. axyridis adult

ranged from 20 mm2 to 26 mm2, with a total of 34 H. axyridis

adults. The total number of two connected H. axyridis adults was

3, with a combined cross-sectional area ranging from 41 mm2 to

49 mm2. Similarly, the total for three connected H. axyridis adults

was 2, and the cross-sectional area ranges from 60 mm2 to 69
Frontiers in Plant Science 08218
mm2. Based on the criterion of the range of cross-sectional area, it

is possible to calculate the number of present H. axyridis adults.

During the release process, there were several H. axyridis

adults in the white paper box. Even if there are severely

connected H. axyridis adults in the white paper box, we can

separate the severely attached H. axyridis adults by shaking the

white paper box. Afterward, we can determine the number of

them. To validate the maximum cross-sectional area method, we

counted the number of H. axyridis adults in 100 white paper

boxes, achieving an accuracy rate of 100%.
3.3 Performance of prototype

To assess the distribution law of the prototype, we released the

H. axyridis adults under the air velocity of 29.5 m/s and 38.3 m/s,

with impeller rotating speeds of 4.2 rpm, 9.8 rpm, and 16.8 rpm. A

schematic diagram of the release experiment can be seen in Figure 6.

The distribution of H. axyridis adults is shown in Figure 10. As the

impeller rotating speed increased, the distribution of H. axyridis

adults in the horizontal direction became more uniform. However,

the impeller speed had no significant effect on the distribution of H.

axyridis adults in the vertical direction. This result may be
FIGURE 9

Maximum cross-sectional area statistics of H. axyridis adults.
B

C D

A

FIGURE 10

Distribution law. (A) horizontal distribution(29.5 m s−1); (B) horizontal distribution (38.3m s−1); (C) vertical distribution (29.5 m s−1); (D) horizontal
distribution (38.3 m s−1). The black, red, and blue lines show the distribution of H. axyridis adults at the impeller rotating speeds of 4.2 rpm, 9.8 rpm,
and 16.8 rpm, respectively.
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attributed to the reduced time taken for the vanes to pass through

the EA section as the impeller speed increases (see Figure 3). Before

the space between the vanes can fill with H. axyridis adults, it’s

already rotated to exit BC. The H. axyridis adults are then

transported out by the airflow. The H. axyridis adults are then

transported out by the airflow. At higher impeller rotating speeds,

less space between the vanes can be filled. A higher number of

releases is needed when the same number of H. axyridis adults. So

Horizontal dispersion of H. axyridis adults becomes more even

when they are released more frequently.

As for horizontal distribution, at an airflow velocity of 29.5m/

s, at least 70% of the H. axyridis adults were distributed between

−0.25 m and 0.25 m. At an airflow velocity of 38.3 m/s, the

distribution of H. axyridis adults is between −0.5 m and 0.50 m.

For vertical distribution at an airflow velocity of 29.5 m/s, at least

70% of H. axyridis adults are found between 1.75 m and 2.25 m.

Similarly, at an airflow velocity of 38.3 m/s, at least 70% of H.

axyridis adults can be found between 3.00 m and 4.5 m. The

distribution of H. axyridis adults is influenced by variations in

airflow velocity. Pezzi and coworkers (Pezzi et al., 2015)

summarized the airflow distribution at the outlet speed of the

30m/s and 45m/s using a fan anemometer positioned at regular

intervals. They found that with the 45 m/s setting the airflow was

detectable at a distance of 6 m from the blower and had a width of

1.8 m, whereas with the 30 m/s setting this was reduced to 4.5 m

with a width of 1.25 m. The results of this study show that the

distribution area is larger at high airflow velocity compared to low

airflow velocity, which is according to Pezzi’s Law.

Distribution uniformity, survival, and adhesion are the crucial

parameters for evaluating the performance of the mechanical

system. As shown in Table 4, the CV of horizontal and vertical

distribution decreased with the increase of impeller rotating speed

at certain airflow of the air channel. The CV of the horizontal

direction was larger than that of the vertical direction, which

indicated that the uniformity of the horizontal distribution was

inferior to that of the vertical distribution. When the airflow

velocities were 29.5 m/s and 38.3 m/s, the survival rates of the H.

axyridis adults were 93.8% and 94.5% at 4.2 rpm, while the

survival rates of H. axyridis adults were 78.6% and 78.7% at

16.8rpm. The low survival rate of H. axyridis adults at high-

impeller rotating speed could be attributed to their injury upon

contact with the mechanical wall. Martelli (Martelli et al., 2020)
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found that 88% of Orius laevigatus nymphs survived after release.

In this study, the survival rate of H. axyridis adults was up to

94.5%. The difference in survival rate between the two studies may

be due to the fact that Martelli released Orius laevigatus nymphs,

while H. axyridis adults were released in this study. The

streamlined shape of H. axyridis adults results in less damage

when in contact with the machine wall.

Based on the information presented in Table 4, a two-factor

analysis of variance was conducted with survival rate as the

dependent variable and impeller rotating speed and airflow

velocity as the independent variables. The results indicate that

airflow velocity did not have a significant impact on the survival

rate of H. axyridis adults (P > 0.05). In contrast, impeller rotating

speed had a significant effect on the survival rate of H. axyridis

adults (P< 0.001). The survival rate of the H. axyridis adults

decreased with the increase of impeller rotating speed.

Considering the release survival rate and the area search ability

of H. axyridis adults, a lower impeller rotating speed should be

selected when releasing H. axyridis adults.
4 Conclusion

A mechanical system was developed for the release of H.

axyridis adults, which combined centrifugal and pneumatic

strategies. The impeller for transporting H. axyridis adults was

designed based on the physical characteristics of the H. axyridis

adults. A mobile phone and image processing method were

employed to develop a technique for enumerating H. axyridis

adults. The effects of different airflow velocities and impeller

rotating speeds on the distribution and survival rate of H.

axyridis adults were studied. The results showed that the impeller

rotating speed had little effect on the vertical distribution of H.

axyridis adults. At an airflow velocity of 29.5m/s, the distribution

range of H. axyridis adults was 0.5 m × 0.5 m. At an airflow velocity

of 38.3m/s, the distribution range of H. axyridis adults was 1.0 m ×

1.5 m. The impeller rotating speed had a significant effect on the

survival rate of H. axyridis adults. At low impeller rotating speed,

the survival rate of the H. axyridis adults could reach 94.5%. This

work presented equipment for the release of natural enemies, which

will significantly increase the potential for the use of natural

enemies to control pests and diseases in the field.
TABLE 4 Coefficient of variation, survival, and adhesion of H. axyridis adults under different operating parameters.

Airflow speed Impeller rotating Horizontal Vertical Survival Adhesion

(m s−1) speed(rpm) CV (%) CV (%) (%) (%)

29.5

4.2 35.60 ± 3.39 24.03 ± 4.20 93.82 ± 2.79 4.63 ± 0.75

9.8 33.37 ± 4.12 22.89 ± 3.48 89.06 ± 3.65 2.50 ± 1.49

16.8 29.71 ± 2.56 18.84 ± 3.13 78.64 ± 4.04 2.87 ± 1.78

38.3

4.2 31.14 ± 2.49 23.27 ± 1.77 94.48 ± 3.09 4.13 ± 0.57

9.8 28.31 ± 5.13 20.17 ± 2.11 88.19 ± 5.54 2.77 ± 1.15

16.8 21.03 ± 3.62 14.78 ± 1.42 78.74 ± 3.41 3.50 ± 1.91
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Spraying performance and
deposition characteristics of an
improved air-assisted nozzle
with induction charging
Huitao Zhou1,2, Mingxiong Ou1,2, Xiang Dong1,2, Wang Zhou1,
Shiqun Dai1,2 and Weidong Jia1,2*

1School of Agricultural Engineering, Jiangsu University, Zhenjiang, China, 2Key Laboratory of
Plant Protection Engineering of Ministry of Agriculture and Rural Affairs, Jiangsu University,
Zhenjiang, China
Electrostatic spraying technology can improve the efficiency of pesticide

deposition on the surface of leaves and reduce the environmental pollution

caused by pesticide drift, which has an important prospect in agricultural

pesticide application. To improve the deposition and penetration of droplets in

the crop canopy, we designed and optimized an air-assisted electrostatic nozzle

and conducted the spraying performance experiment. Parameters, such as

charge-to-mass ratio (CMR) and particle size, were tested and analyzed to

obtain the suitable operating parameters of nozzle. The results proved that the

improved air-assisted electrostatic nozzle has good atomization and

chargeability. There is a good charging effect with a charging voltage of

3,000–5,000 V, the CMR increased 127.8% from 0.86 to 1.97 mC/kg as the

charge voltage increases from 1,000 to 4,000 V, at an air pressure of 1.0 bar and

liquid flow rate of 200 ml/min. Furthermore, we designed a multi-factor

orthogonal experiment, which was conducted using a four-factor, three-level

design to investigate the effects of operational parameters and canopy

characteristics on droplet deposition and penetration. Analysis of variance

(ANOVA) and F-test were performed on the experiment results. The results

showed that the factor effect on droplet penetration, in descending order, was as

follows: spray distance, leaf area index, air pressure, and air pressure × spray

distance. The factor effect on abaxial leaf deposition, in descending order, was as

follows: air pressure, spray distance, air pressure × charge voltage, spray distance

× charge voltage, and charge voltage. For optimal droplet penetration and abaxial

leaf deposition, option A3B1D2 (air pressure 1.5 bar, spray distance 0.2 m, charge

voltage 2,500 V) is recommend. The spray nozzle atomization performance and

deposition regulation were studied by experimental methods to determine the

optimal values of operating parameters to provide a reference for electrostatic

spray system development.
KEYWORDS

electrostatic spraying, air-assisted electrostatic nozzle, charge-to-mass ratio, droplet
deposition and penetration, multi-factor orthogonal experiment method
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1 Introduction

Pesticide spraying is an important activity of crop production in

modern agriculture (Appah et al., 2019a). It ensures the deposition

of pesticide spray droplets on target surfaces to control pests and

diseases, and contributes to productivity as well as the quality of the

yield (Chambers et al., 2014; Ahmad et al., 2020). Conventional

hydraulic spraying for pesticide application using coarse droplet

and large flow rate has been recognized as inefficient and cannot

adhere well to the surface of the target, which causes off-target losses

of pesticide droplets and gives rise to high residues in crop products

and soil (Zhou et al., 2021; Wang et al., 2022). The electrostatic

spray is used for agricultural application as an innovative plant

protection strategy to overcome the above shortfalls during the 20th

century (Hoffmann et al., 2007; Esehaghbeygi et al., 2010; Martini

et al., 2016). The droplets are charged by the electric field of the

electrode, which are rapidly deposited on the plant surface by static

electricity, airflow traction, and gravity. It has been confirmed that

the electrostatic method of pesticide application can provide greater

control of droplet transport, improve overall deposition (especially

the abaxial surface of leaves) and uniform distribution due to

“wrap-around” effect, hence, reduce the off-target drift of

pesticide droplets and the quantities of applied chemical

pesticides (Zhu et al., 1989; Patel, 2016; Zhou et al., 2018).

However, electrostatic spray also has some problems in

agricultural pesticide application. Short charge retention time,

easy leakage of charge, and easy adsorption of charged droplets

near the electrode (Patel et al., 2017; Zhou et al., 2018) may cause

the electrostatic spray to be not effective.

The scientific and engineering contributions of numerous

researchers throughout the 20th century have established both the

fundamental basis and the technical implementation of reliable and

spray-charging methods (Law, 2001). Bowen et al. elucidated that a

charged droplet population generates electric fields in space to

facilitate pesticide droplet deposition from both theoretical and

experimental aspects, which enriched the basic theory of

electrostatic spraying (Bowen et al., 1964). Law et al. used

inductive charging for electrostatic spraying of pesticides and

proposed that the combination of electrostatic and air-assisted

spraying would contribute to the deposition and penetration of

droplets (Law and Bowen, 1966; Law, 1983). Since the 21st century,

further research on the application of electrostatic spraying in

orchards, greenhouses, and agricultural aviation were carried out.

Pascuzzi and Cerruto (2015) conducted a study on spray deposition

in “tendone” vineyards using an ESS “150RB14” air-assisted

electrostatic spray system. The results showed that electrostatic

spraying effectively improved the density and uniformity of droplet

deposition on the lower layer of the canopy, but reduced the

penetration of droplets compared with non-electrostatic spraying.

Gan-Mor et al. (2014) investigated the charging of a conventional

hydraulic nozzle. The results showed that electrostatic charging

with an air-assisted electrostatic spray system improved the

deposition of droplets by 200% and 500% on the leaf undersides

and the rear of grape clusters, respectively. These demonstrate the

effectiveness of the electrostatic application method in improving

droplet deposition on leaf surface (especially abaxial side) and
Frontiers in Plant Science 02222
droplet penetration in crop canopy with the air-assisted

electrostatic spray system (Ferguson et al., 2016).

Many relevant studies on the performance and deposition

characteristics of the electrostatic spray had been conducted by

researchers. Most of these researches focus on the effects of charging

parameters (such as charging method, electrode material and

mounting position, charging voltage, and electrode polarity). Law

and Thompson (1996) concluded that the most widely used method

for charging agricultural sprays is induction charging. The closer

the electrode is to the liquid sheet, the better the charging effect, but

the droplets are easily adsorbed on the electrode by Coulomb forces.

Therefore, it is necessary to find the optimal electrode-mounting

distance. Patel et al. (2013, 2015) researched the effect of electrode

shape and position on the charging effect. The results showed that

the square electrode with an inner circular section has the best

effect, and the suitable distance range from the electrode to the

cross-section of the nozzle outlet is 2–3 mm. Maski and Durairaj

(2010) studied the effect of charging voltage on droplet deposition

and concluded that moderate application speed and high charging

voltage contribute to droplet deposition. Yule et al. (1995)

investigated the relationship between charging voltage and spray

angle. The results showed that the spray angle was positively

correlated with the charging voltage. Zhou et al. (2015) and Li

et al. (2007) found that the charging voltage was the most important

factor affecting the deposition of droplets on the abaxial surface of

leaves. Lan et al. (2018) and Patel et al. (2013) studied the effect of

different electrode materials on the charging ability. The results

showed that the electrode with purple copper as the material had

the best charging effect. So, with the application of induction

charging method, suitable material and structure used in

electrode design and its insulation, spray atomization methods,

combined with external air assistance, the charging performance of

electrostatic nozzles and the efficiency of pesticide deposition on

leaves could be improved to reduce the environmental pollution by

pesticide off-target loss (Shrimpton and Laoonual, 2006; Patel,

2016). Despite our abovementioned efforts to improve the

performance of electrostatic spray, we get the fine charged

droplets with adhesion ability that we need. What still needs our

attention is that the electrostatic spray system may not be effective

as it is affected by the complex operating environment of

agriculture. Pascuzzi and Cerruto (2015) used the ESS

electrostatic-induction nozzle in “tendone” vineyards. The

activation of the electrostatic system produced a significant

increase in the mean foliar deposit only on the lower layer, while

it had no effect on the upper layer. Zhou et al. (2015) found that in

the application of an air electrostatic nozzle, the adhesion ability of

the charged droplets is weakened due to the charge decay, when the

spraying distance is far. At the same time, the fine droplets are more

prone to drift due to ambient winds when transported over long

distances. Therefore, in addition to studying how to improve the

performance of electrostatic spraying devices, we also need to study

what working conditions to better utilize the effect of

electrostatic spraying.

Additionally, some researchers (Shang et al., 2004; Wu et al., 2009;

Zhou et al., 2019) conducted studies on operational parameters such

as spray pressure, external airflow supply, application speed, and spray
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distance. Appah et al. (2019b) conducted studies that showed that the

combined parameters of applied voltage, liquid flow pressure, and

spraying height produced maximum charged spray swath and fine

droplets. Patel et al. (2016a) found that external airflow had a

significant effect on spray atomization and the distribution of

external airflow field could affect the spray coverage. Maski and

Durairaj (2010) concluded that both spray distance and application

speed have an effect on droplet deposition efficiency. It was concluded

that the optimization of the operating parameters can effectively

improve the spray performance and deposition effect of the

electrostatic nozzle (Patel et al., 2017).

From the above literature studies, it is clear that air-assisted

electrostatic spraying can effectively improve the deposition of

pesticide droplets in the crop canopy helping to improve the

utilization rate of pesticides and pest control effects. However,

further optimization and design are needed to the internal flow

channel structure and electrode parameters of the nozzle to meet

the actual requirements of pesticide application. Furthermore, the

analysis of charge droplet deposition mechanism and its influencing

factors is a hot research topic at present, but the main research

focused on the influence of charge parameters on deposition with

CMR as an indicator. The canopy characteristic parameters and

spraying operation parameters have not been sufficiently studied,

and the interaction effects between each parameter are still unclear.

To solve the above situation, an improved air-assisted electrostatic

nozzle with induction charging will be designed and optimized in

this article. Spraying performance experiments will be conducted to

obtain the appropriate operating parameters with good atomization

and chargeability. The multi-factor orthogonal experiment will be

designed and analyzed to ensure the influence of each factor on the

droplet penetration and deposition, which could provide a technical

reference for the optimization of operating parameters of

electrostatic spraying. With these improvements and research,

farmers could be guided to spray pesticides better, reduce

pesticide usage, and increase pesticide utilization efficiency.
Frontiers in Plant Science 03223
2 Materials and methods

2.1 Air-assisted electrostatic
spraying system

An air-assisted electrostatic spraying system has been designed

and developed as shown in the schematic diagram of Figure 1. It

mainly consists of air-assisted induction electrostatic nozzle, high-

voltage charging device, flow rate adjustment device, liquid supply

device, and air supply device. The high-voltage charging device

(GF-2A, Wuxi, China) is required to provide high voltage (Ultra

Volt +20 kV, 1 mA, 20 W, for laboratory experiments only) for the

charging of the conductive liquid, which was connected to the ring

electrode inside the nozzle by an insulated wire. The charging of

conductive liquid is based on the induction principle, which is the

most reliable, safe, and experimentally proven method for efficient

charging (Patel et al., 2017). A pulse width modulation (PWM)

(Mingwei, Shenzhen, China) controller was used to control the flow

rate of liquid from a tank. Liquid flows from a pump (Xishan DP-

150, Shanghai, China) into a nozzle and is atomized by high-speed

airflow. An air compressor (Model JB-750×3, Zhejiang, China) and

a pressure regulator were used to obtain the required high-speed

steady airflow. A high-voltage meter (Model 900B, Chroma

Electronics (Shenzhen) Co. Ltd, China) is responsible for real-

time monitoring and showing voltage variations. Both the high-

voltage electrostatic device and the high-volt meter need to be

well grounded.

The electrostatic nozzle is a key component to achieve the

atomization of pesticide liquid and charge of droplets in an

electrostatic spraying system. The structure of the air-assisted

electrostatic nozzle is shown in Figure 2. The internal structure

and charging electrode parameters need to be considered in the

design of the electrostatic nozzle, since they are critical to

atomization performance and charge performance of the nozzle.

The traditional hydraulic electrostatic nozzle has a problem of
FIGURE 1

Schematic diagram of an air-assisted electrostatic spraying system.
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short spray distance, leakage, and reverse ionization causing short

droplet transport distance and poor charging and deposition

effect. To improve the above problems, we designed and

optimized the nozzle structure and electrode parameters using a

coaxial gas–liquid twin fluid, internal mixing, air-assisted

atomization method. The charging of conductive liquid based

on the induction principle was used, which is the most reliable and

field-proven method for imparting charge efficiently (Patel

et al., 2017).

In addition, we have improved the air-assisted electrostatic

nozzle in terms of runner structure, electrode parameters,

insulation, and waterproof measures. First, the diameter of the

liquid outlet is one of the factors that determine the droplet size

and atomization effect; the smaller the diameter, the finer the

droplet. Considering the limitations of machine processing, we set

the diameter of liquid outlet to 1 mm. Concurrently, we increased

the size of the internal gas–liquid mixing chamber and ensured

sufficient airflow at the nozzle outlet, which would be more

beneficial to liquid atomization. The throat size is set to 3 mm.

With a tapered shrinkage structure, the airflow creates a choking

effect at the throat, which leads to a sharp increase in air velocity.

In this way, the charged droplets were able to be carried away by

the airflow quickly and did not adhere to the inner circle surface of

the electrode improving charge capacity (Patel et al., 2016b, Patel

et al., 2017). Second, a ring copper electrode with an inner circular

section was used, and the distance from the nozzle exit to the

electrode is 3 mm, close to the atomization zone, which were

proven by Patel to be the suitable electrode parameters for

charging (Patel et al., 2013, Patel et al., 2015). To avoid liquid

droplets hitting the inner circle cross of the copper electrode, the

diameter of the inner circular section is set at 5 mm. Third, we

used an insulated waterproof cap and a rubber seal ring to form a

grooved sealing structure to isolate the ring electrode from the

gas–liquid mixing chamber avoiding leakage and reverse

ionization caused by direct contact of the electrode with the

conductive liquid. To improve the insulation and prevent

electrical breakdown, the waterproof cap and nozzle cap are

made of Teflon material.
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2.2 Spraying performance experiment

The spraying performance of the electrostatic nozzle is essential

to the quality of spraying operations. Good atomization and

chargeability are required to ensure that the pesticide liquid is

fully atomized, the droplets are fine and uniform with sufficient

charge to adhere to the surface of leaves. In this study, we measured

the CMR, droplet size, and distribution to evaluate the charge ability

and atomization performance of the electrostatic nozzle. All the

experiments were conducted at the Key Laboratory of Plant

Protection Engineering in Jiangsu University, a closed laboratory

with static air inside to prevent droplet spraying out of the test areas,

with humidity of 68% and temperature of 25°C to provide ideal

droplet evaporation simulating field conditions.
2.2.1 Charging performance
In electrostatic spraying, the foremost aim is to provide a

significant charge to spray droplets to deliver them effectively and

efficiently to the intended target. The more electrostatic charge

carried by the droplets, the better will be the performance in terms

of increased uniformity, deposition efficiency, wraparound effect,

and reduced off-target losses (Patel et al., 2022). The chargeability of

the droplets, i.e., their capability to acquire charge, is evaluated

based on the amount of electrostatic charge per unit mass of the

droplet, called the CMR (Maski and Durairaj, 2010; Pascuzzi and

Cerruto, 2015). The CMR is the most important parameter that

defines the charge performance of the electrostatic nozzle.

According to the above definition, the CMR could be calculated

from the following relation [Equation 1]:

CMR =
q
m

=
it
m

=
i

Qm
(1)

where i is the measured spray current (A), Qm is the mass flow

rate of liquid (kg s−1), m is the mass of liquid collected in the beaker

at a specific time, and q is the droplet charge (C).

The Faraday cage method was used in the CMRmeasurement; a

specially designed Faraday cage was connected to the digital

multimeter (Model No. 6485, Keithley A Tektronix Inc.

Company, Ohio) via a conducting wire as show in Figure 3. The

digital multimeter must be reliably grounded. The charge droplets

contact the wire mesh of the Faraday cage and transfer the charge to

the ground causing an electrical current, which was detected and

measured by the digital multimeter in real-time. The current data

was logged into ExceLINX (ELNX-852C04) software in a computer

through a USB cable during the operation for data storage and

analysis (Appah et al., 2019b). The charged liquid spray was

collected at a specific time in a beaker and weighed by precision

electronic balance.

The experiment was designed to be divided into two groups to

measure the variation of CMR with charge voltage at different

distances (0.1, 0.4, 0.7, and 1.0 m) and air pressure (0.5, 1.0, and

1.5 bar) conditions. The flow rate of the nozzle was 200 ml/min, and

continuous spray and current measurement for 1 min (60 s). The

charged voltage ranges from 0 to 10 kV, adjustable every 1 kV.
FIGURE 2

Structural diagram of an air-assisted electrostatic nozzle.
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2.2.2 Droplet size and distribution
Droplet size is one of the main factors affecting the deposition

and distribution uniformity of pesticides on the target. Droplet size

and distribution uniformity are identified as essential factors to

evaluate the spray performance and deposition efficiency in

agricultural spray application (Liao et al., 2020). Only with a

suitable droplet size can more droplets be captured on the target

surface and the better control effect of pests and diseases.

The volume median diameter (VMD) and the relative span (RS)

were used to characterize the mean droplet size and the uniformity of

droplet distribution in this research. The droplet size parameters (such

as DV0.1, DV0.5, and DV0.9) were able to be measured and recorded by

the Laser Particle Size Analyzer (LPSA) (modelWinner 318, Shandong,

China). The DV0.5 indicates that half of the volume of spray is in

droplets smaller than this value (DV0.5 = VMD). With DV0.1, DV0.5,

and DV0.9, the RS of the droplet spectrum can be calculated from

Equation 2. RS was used to characterize the uniformity of droplet

distribution; the smaller the RS values, the less variation there is

between the size of the droplets in spray spectrum, and the more
Frontiers in Plant Science 05225
uniform the droplet distribution is (Ru et al., 2020).

RS =
½DV0:9 − DV0:1�

DV0:5
(2)

The air-assisted electrostatic nozzle was fixed on the test bench,

turning on the spray system, and adjusting the position of the LPSA so

that the emitted laser passed through the center of the droplet cluster and

reflected back to the receiver side. Tests need to be conducted in weak

light environment to reduce the interference of ambient light. The height

of the nozzle from the laser beam is kept at 0.5 m. The air pressure was

set at 0.5 bar, 1.0 bar, and 1.5 bar, and the charged voltage was adjusted

from 0 V to 10 kV. The experimental set-up is shown in Figure 4.
2.3 Experiment to study the deposition
characteristic of charged droplet

The experiment was carried out inside the Key Laboratory of

Plant Protection Engineering in Jiangsu University with a
FIGURE 4

Experimental set-up to measure the droplet size.
FIGURE 3

Charge-to-mass ratio measurement system.
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temperature of 25.1°C and relative humidity of 42%. In this

experiment, the improved air-assisted electrostatic nozzle was

used to conduct experimental research on spray penetration and

deposition characteristics with the canopy of grapevine. The nozzle

was fixed to the slide and moves with the slide at a speed of 1 m/s

when spraying. Simulated leaves similar to the size of grape leaves

were selected for canopy construction according to the

characteristics of the grapevine. The leaf area index (LAI) were

measured to characterize the canopy, which is referred to as the

total one-sided area of leaf tissue per unit ground surface area. The

area for each leaf was evaluated in the laboratory using a scanner

(Lenovo M7605D) and a measuring software (Image Pro Plus,

Media Cybernetics). The canopy size of the grapevine is 0.6 m

(thickness) × 0.8 m (width) × 0.8 m (height). The leaf area index

was set at three levels of 1, 1.5, and 2 by changing the arrangement

and number of leaves. Three sampling points were selected inside

the canopy at a distance of 0.3 m from the front of the canopy.

Water-sensitive papers (WSPs) were arranged at each sample point

to collect droplets during spraying. The WSPs were fixed by a

double-ended clip with one end clamped to the branch of the grape

canopy and the other end clamped to WSPs ensuring a fixed

position of WSPs for each group of experiments. The experiment

set-up is shown in Figure 5.

TheWSPs needed to dry before collecting into labeled ziplock bags

after each spraying test and were then numbered and scanned. It is

essential to wear rubber gloves during the WSP collection process. A

high definition scanner was used to obtain the 600-dpi image of

scanned WSPs. The “DepositScan” software, which was developed by

the USDA-ARS Application Technology Research Center, was applied

to evaluate droplet size, droplet distribution, total droplet number,

droplet density, amount of spray deposits, and percentage of spray

coverage (Zhu et al., 2011). The scanned images were imported into the

DepositScan for analysis, and the amount of droplet deposition per unit

area of each WSP was derived. In the penetration experiment, the

penetration was reflected by the average of the adaxial deposition

captured by theWSP at three sampling points; in the abaxial deposition

experiment, the WSP was arranged in the reverse direction at the

original three sampling points. The abaxial droplet deposition was

reflected by the average value of the abaxial droplet deposition.
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The Equation 3 was used to convert the spot area to the actual

droplet diameter (d, mm) in the DepositScan software is as follows

(Zhu et al., 2011):

d = 0:95d0:910
s (3)

where, ds can be calculated from the following Equation 4

ds =

ffiffiffiffiffiffiffi
4A
p

r
(4)

and A is the spot area (mm2) acquired from ImageJ. The spot area

was calculated from the number of spot image pixels divided by the

scanning resolution. In this program, the scanning resolution was

chosen up to 2,400 dots per inch (dpi), or 10.58 mm per pixel length,

which would allow detection of a droplet that has a minimum

diameter of 17 mm (Zhu et al., 2011; Ahmad et al., 2020). However,

the image software cannot consider the impact of spread factor

(Hoffmann and Hewitt, 2005). The final actual droplet diameter D

can be calculated from the Equation 5 (Zhu et al., 2011),

D = 1:06A0:455 (5)

To clarify the main factors influencing the experiment results

and obtain the optimal combination of different factors at different

levels with fewer experiments, a four-factor, three-level orthogonal

experiment was designed. Considering the air pressure, charge

voltage, spray distance, and leaf area index as the factors of the

orthogonal experiment, orthogonal experiment factor levels are

shown in Table 1. Analysis of variance (ANOVA), performed

using the SPSS Statistical Software Package (version 22.0, IBM,

New York, USA), was used to determine the effect of each single

factor and the interaction term on penetration and adhesion, and

select the optimal operating parameters accordingly. The least

significant difference (LSD0.05) test was applied to separate

treatment means after F-test indicated the statistical significance

at a probability level of 0.05.

Through the pre-test, it was found that in the droplet

penetration experiment, there was a significant difference in

droplet deposition volume of leaf adaxial when the leaf area index

was increased from 1 to 2 at different spraying distances; similarly,
FIGURE 5

Experimental set-up to study spray deposition characteristics and canopy penetration.
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there was a significant difference also when the air pressure was

increased from 0.5 to 1.5 bar. Thus, the interaction term air pressure

× distance and the interaction term distance × leaf area index were

both included in the experimental design. The droplet penetration

experiment was performed using an L27(3
13) orthogonal design.

The orthogonal test head is shown in Table 2.

The results of the pre-test showed that the effect of charge

voltage on droplet deposition of leaf abaxial was not absolute. There

was a significant difference in the incremental amount of droplet

deposition of leaf abaxial induced by an increase in charge voltage,

with different air pressure and spray distance conditions, which

proved that there were significant interactions between air pressure

and charge voltage, and spray distance and charge voltage in the

droplet deposition of the abaxial leaf experiment. Thus, both the

interaction term air pressure × charge voltage and the interaction

term spray distance × charge voltage were incorporated into the

experimental design to investigate the factors affecting the abaxial

leaf adhesion. The experiment was performed using an L27(3
13)

orthogonal design. The orthogonal test head is shown in Table 3.
3 Results and discussion

3.1 Effect of air pressure, charge voltage,
and spray distance on the CMR

Figure 6A reflects the results of CMR with variation of air

pressure and spray distance, at an air pressure of 1.0 bar and a flow

rate of 200 ml/min. The results show that the CMR increased by

127.8% from 0.86 to 1.97 mC/kg as the charge voltage increases

from 1,000 to 4,000 V at a spray distance of 0.1 m. The CMR is on a

downward tendency as the charge voltage increases from 5,000 to

10,000 V. The CMR ranges from 0.44 to 0.74 mC/kg at a spray

distance of 1 m. When the spray distance is 1 m, the maximum

CMR is only 0.34 mC/kg. It is clear that the CMR has a significant

attenuation with the increase in spray distance.

Figure 6B describes the variation of CMR with charge voltage

under different air pressure conditions at a spray distance of 0.4 m

and a flow rate of 200 ml/min. The result shows that the CMR

reaches a maximum of 1.5 mC/kg at a charge voltage of 3,000 V,

when the air pressure is 1.5 bar. The CMR reaches its maximum at a
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voltage of 4,000 V, but decreases as the charge voltage increases

after exceeding 4,000 V. When the air pressure is at 0.5 bar, the

CMR is small, ranging from 0.2 to 0.4 mC/kg.

With the analysis of the above results, it is clear that the CMR

has a critical peak when the charge voltage is between 3,000 and

4,000 V. The CMR conversely decreases as the charge voltage

continues to increase. Therefore, for the electrostatic nozzle, “the

higher the charging voltage, the better the charging effect” does not

apply. It is impractical to increase the CMR by increasing the charge

voltage alone. It will increase the electrical power consumption and

costs, which are not beneficial to agricultural pesticide application.

Applied air pressure also has a significant effect on the CMR,

especially when the CMR increases significantly when the air

pressure increases and reaches a peak at a relatively small charge

voltage. It is due to the increase in air pressure, which improves the

atomization effect of the nozzle, which leads to the formation of

more small droplets. The same amount of liquid with smaller-sized

droplets will have more charge in comparison to bigger-sized

droplets (Patel et al., 2016b, Patel et al., 2017). In addition, the

appropriate spray distance needs to be selected because the charge

would decay with time and distance in the transport of charged

droplets in the air. Therefore, optimization of design and

performance parameters is important for optimum performance.
3.2 Effect of air pressure and charge
voltage on droplet size and distribution

Figure 7 shows the results of VMD and RS of the droplets with

variation in the charge voltage and air pressure. In Figure 7, the

VMD showed a significant change with the variation in charge

voltage when the air pressure is 0.5 bar. The VMD achieves a

minimum value of 67.025 mm at a voltage of 5,000 V, which is a

48.9% reduction from 131.153 mm without electrostatic charge.

When the air pressure is 1.5 bar, the VMD ranges from 35.102 to

40.232 mm. The charge voltage has a relatively smaller effect on

VMD at this time.

From the results, it can be seen that under the same charging

conditions, the VMD decreases with the increase in air pressure.

From the red line, the droplet size is most obviously affected by the

charge voltage, and the maximum decrease is 48.9%, when the air
TABLE 2 The orthogonal experiment head of penetration experiment.

Number 1 2 3 4 5 6 7 8 9 10 11 12 13

Factor A B (A × B)1 (A × B)2 C (B × C)1 D (B × C)2
frontie
TABLE 1 Orthogonal experiment factor levels.

Number
A

(air pressure/bar)
B

(spray distance/m)
C

(leaf area index)
D

(charge voltage/V)

1 0.5 0.2 1.0 0

2 1.0 0.6 1.5 2,500

3 1.5 1.0 2.0 5,000
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pressure is 0.5 bar. It was concluded that the charge effect would

affect the atomization effect of the droplets. The electrostatic

charging could affect the secondary atomization of the liquid

droplets, especially for large droplets over 100 mm, which creates

more small droplets and leads to a significant reduction in VMD.

However, when the air pressure increases, the atomization of liquid

droplets is intensified by the impact force and shearing effect of the

airflow. The liquid droplets are fully atomized and evenly broken

into smaller droplets at this time. The VMD ranges smoothly from

25 to 50 mm. The atomization and break-up of these fine droplets by

electrostatic forces become limited.

The relative span (RS) was used to characterize the uniformity

of droplet distribution in this research. The smaller the RS, the less

variation there is between the size of the droplets in spray spectrum.

In Figure 7, the RS shows an increasing trend as the charge voltage

increase at an air pressure of 0.5 bar. Liquid droplets break up into

small droplets under electrostatic action, which reduces the VMD

but increases the particle size spectrum. This results in an RS much

higher than 1. When the air pressure is 1.0 bar, the RS tends to be

close to 1 under the action of electrostatic forces. The closer the RS

is to 1, the closer the droplet size distribution is to the normal

distribution, that is, the more uniform the droplet distribution is

(Ru et al., 2020). Additionally, in terms of the results of VMD and

RS, electrostatic atomization works with particle sizes

approximately 50–75 mm under the above experimental

conditions. Air atomization or hydraulic atomization plays a

leading role in some situations.

For most crops, the optimum particle size suitable for

deposition ranges from 20 to 50 mm. In electrostatic spray, the

fine droplets have better charge ability and were able to overcome

the drift due to their light mass with the help of electrostatic force

and air (Patel et al., 2017). The higher the air pressure, the smaller

the VMD and RS, and the smaller the particle size, which indicate
Frontiers in Plant Science 08228
that the nozzle has good atomization effect and the droplet size

distribution is uniform. However, pesticide droplets with too small

particle size are volatile and more prone to drift from the actual

target, which are not suitable for agricultural spraying operation

requirements (Patel et al., 2022). Furthermore, the higher air

pressure can also lead to increasing gas power consumption,

which can increase agricultural costs and discourage the design

and development of spraying equipment.
3.3 Experiment to study the deposition
characteristic of charged droplet

For electrostatic spraying, interactions between the various factors

affecting spray deposition may exist. Considering the interactions

provides a more description of the relationship between spraying

parameters and spraying effect, making it easier to obtain the

optimal combination parameters for spraying operations.

3.3.1 Effect of spraying parameters and canopy
characteristics on droplet penetration

The results of the penetration orthogonal experiment are shown

in Table 4 based on the orthogonal experiment table.

ANOVA was performed on the experiment results in Table 4.

The results of the ANOVA are shown in Table 5.

Referring to the table of F-distribution, F0.05 (2,10) = 4.10 and

F0.05 (4,10) = 3.48; the value of FA, FB, FC, FA*B exceed the threshold

values, which shows that air pressure, spray distance, canopy leaf

area index, and the interaction term air pressure × spray distance all

had a significant effect on drop penetration, with the factor of spray

distance having a determining effect on the results, followed by leaf

area index, air pressure, and air pressure × spray distance. The

results of the experiment are as follows: TA3 > TA2 > TA1, TB3< TB2<
A B

FIGURE 6

(A) Effect of spray distance and charge voltage on CMR. (B) Effect of air pressure and charge voltage on CMR.
TABLE 3 The orthogonal experiment head of deposition on abaxial leaf.

Number 1 2 3 4 5 6 7 8 9 10 11 12 13

Factor B D (B × D)1 (B × D)2 A (A × D)1 C (A × D)2
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TB1, TC3< TC2< TC1. Overall, droplet penetration increased with

increasing air pressure and decreased with increasing spray distance

and leaf area index. Analyzing the above results, we found

the following.

The effect of air pressure on droplet penetration is affected by

changes in spray distance. When the distance is closer, the effect of

air pressure on droplet penetration is significant; when the distance

increases, the effect of air pressure on penetration is weakened. This

is due to the wind speed generated at different air pressure decay at

different rates with the increase in spray distance. This is shown by

the fact that the higher the air pressure, the faster the wind

speed decay.

The effect of charge voltage on droplet penetration was not

significant. Voltage affects the charging effect of droplets. Charged

droplets are more likely to be adsorbed on the leaves, which

improves droplet attachment on the leaf surface. However, the

effect on the deposition inside the canopy was not significant. It

suggests that the “surround adsorption effect” of charged droplets
FIGURE 7

Effect of air pressure and charge voltage on VMD and RS.
TABLE 4 Results of orthogonal experiments for droplet penetration.

Numbers
Factors

Droplet
deposition (ml/cm2)A B (A × B)1 (A × B)2 C (B × C)1 D (B × C)2

1 1 1 1 1 1 1 1 1 0.998

2 1 1 1 1 2 2 2 2 0.710

3 1 1 1 1 3 3 3 3 0.480

4 1 2 2 2 1 2 2 3 0.691

5 1 2 2 2 2 3 3 1 0.422

6 1 2 2 2 3 1 1 2 0.288

7 1 3 3 3 1 3 3 2 0.346

8 1 3 3 3 2 1 1 3 0.154

9 1 3 3 3 3 2 2 1 0.115

10 2 1 1 3 1 1 2 1 1.267

11 2 1 2 3 2 2 3 2 1.018

12 2 1 3 3 3 3 1 3 0.826

13 2 2 1 1 1 2 3 3 0.960

14 2 2 2 1 2 3 1 1 0.672

15 2 2 3 1 3 1 2 2 0.442

16 2 3 1 2 1 3 1 2 0.499

17 2 3 2 2 2 1 2 3 0.269

18 2 3 3 2 3 2 3 1 0.134

19 3 1 3 2 1 1 3 1 1.325

20 3 1 3 2 2 2 1 2 1.133

21 3 1 3 2 3 3 2 3 0.941

22 3 2 1 3 1 2 1 3 1.075

23 3 2 1 3 2 3 2 1 0.806

(Continued)
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under electric field force are more easily adsorbed on the leaf

surface, but there are limitations with this effect. On the one

hand, the charge of the charged droplets decays due to the effect

of distance; on the other hand, due to the influence of the thin

canopy, more charged droplets are adsorbed by the leaves on the

outside of the canopy. Accordingly, the amount of droplets entering

the inside canopy will decrease. Hence, air assistance is required to

help disturb the surface canopy and increase the chances of charged

droplets reaching the inner canopy.

3.3.2 Effect of spraying parameters and canopy
characteristics on droplet deposition of
abaxial leaf

The results of abaxial droplet deposition are shown in Table 6.

ANOVA was performed on the experiment results in Table 6.

The results of the ANOVA are shown in Table 7.

From the above results, FA, FB, FD, FA*D, FB*D exceed the critical

value. This suggests that air pressure, spray distance, charge voltage,

the interaction terms air pressure × charge voltage and spray

distance × charge voltage all have a significant effect on droplet

deposition of leaf abaxial. The degree of influence of each factor on

the adhesion effect on the abaxial leaf is in the order of air pressure,

spray distance, air pressure × charge voltage, spray distance ×

charge voltage, and charge voltage. During the spraying, the

droplets move with the direction of the spray and are more likely

to attach to the surface of the adaxial leaf with relatively little

deposition on the abaxial surface of the leaf. The attachment of the

charge droplets on the abaxial leaf is mainly due to the perturbation

of the airflow and the electric field force on the charged droplets
Frontiers in Plant Science 10230
together. The interaction between factors was more significant in

the droplet deposition experiment on the abaxial leaf.

According to the above results: TA3 > TA2 > TA1, TB3< TB2< TB1,

TC3< TC2< TC1, TD2 > TD3 > TD1. It can be seen that droplet

deposition of the abaxial leaf increased with increasing air pressure

and decreased with increasing spray distance and leaf area index.

When the charge voltage is taken as 2,500 V, there is maximum

droplet deposition on the abaxial leaf, which is higher than that of

the case without charging. When the air pressure increases from 0.5

to 1.5 bar, we got a maximum deposition of 0.045 ml/cm2. This is

due to the increased air pressure improving droplet delivery

efficiency and penetration, while increased disturbance of leaves

makes it easier for droplets to reach the inside canopy. Furthermore,

the increase in air pressure improves the atomization and charging

effect of liquid droplets. The CMR of the charge droplets is higher

and easier to be adsorbed on the abaxial leaf by electric field forces

under the condition of constant charge voltage. Additionally, the

velocity of the charged droplets decreased when they reach the

canopy as the spray distance increased from 0.2 to 1 m, which is

more difficult for the droplets to reach the inside canopy. At the

same time, the charge of the droplets decreases as the distance

increases, and the CMR of the droplet decreases after reaching the

inside canopy as the spraying distance increases leading to a

decrease in droplet deposition on the abaxial leaves.

We suggest that there is an interaction among the factors of air

pressure, charge voltage, and spray distance. For example,

comparing the results of experiment groups 15 and 16, at the

same spray distance of 0.6 m, the deposition at a voltage of 2,500

was 0.037 ml/cm2, which is much greater than the deposition at a
TABLE 4 Continued

Numbers
Factors

Droplet
deposition (ml/cm2)A B (A × B)1 (A × B)2 C (B × C)1 D (B × C)2

24 3 2 1 3 3 1 3 2 0.576

25 3 3 2 1 1 3 2 2 0.595

26 3 3 2 1 2 1 3 3 0.326

27 3 3 2 1 3 2 1 1 0.211

T1 4.204 8.698 7.371 5.394 7.756 5.645 5.856 5.950

T2 6.087 5.932 4.492 5.702 5.510 6.047 5.836 5.607

T3 6.988 2.649 5.416 6.183 4.013 5.587 5.587 5.722
TABLE 5 Analysis of variance of penetration experiment results.

Variance term Sum of squared deviations Degrees of freedom F-value F0.95 (dfj, dfe)

A 0.44847 2 186.94 4.103

B 2.03777 2 849.42 4.103

C 0.788745 2 328.78 4.103

D 0.005011 2 2.09 4.103

A×B 0.515344 4 107.41 3.478

B×C 0.02076 4 4.33 3.478
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voltage of 5,000 V of 0.008 ml/cm2. On the one hand, factors

affecting the charging effect include the morphology of charged

droplets at the nozzle exit, in addition to the charge voltage,

electrode shape, and size (Patel et al., 2015). Specifically, when the

air pressure is low, the atomization effect is not good, the droplet

size is large, and the charging effect is not ideal; when the air

pressure is increased and the droplet size becomes smaller, the

charging effect of the droplets becomes better. Therefore, there is an

interaction between air pressure and charged voltage on the

charging effect, and this interaction is also reflected in the
Frontiers in Plant Science 11231
adhesion effect on the abaxial leaf. On the other hand, the effect

of charged voltage on the charging effect is not linear; with the

increase in voltage, the CMR increases before it reaches a peak and

then gradually decreases, which is due to the arc discharge

phenomenon generated by a high voltage (Zhou et al., 2018).

Moreover, there is also an interaction between charge voltage and

spray distance due to the different charging effects. When the spray

distance is close, there is less charge decay of the charged droplets.

Therefore, when the spraying distance is close, the charge voltage

has a significant effect on the deposition of the abaxial leaf, and
TABLE 6 Results of orthogonal experiments for droplet deposition on abaxial leaf.

Numbers
Factors

Droplet
deposition (ml/cm2)B D (B × D)1 (B × D)2 A (A × D)1 C (A × D)2

1 1 1 1 1 1 1 1 1 0.015

2 1 1 1 1 2 2 2 2 0.018

3 1 1 1 1 3 3 3 3 0.019

4 1 2 2 2 1 2 2 3 0.012

5 1 2 2 2 2 3 3 1 0.017

6 1 2 2 2 3 1 1 2 0.045

7 1 3 3 3 1 3 3 2 0.010

8 1 3 3 3 2 1 1 3 0.028

9 1 3 3 3 3 2 2 1 0.032

10 2 1 1 3 1 1 2 1 0.011

11 2 1 2 3 2 2 3 2 0.014

12 2 1 3 3 3 3 1 3 0.016

13 2 2 1 1 1 2 3 3 0.008

14 2 2 2 1 2 3 1 1 0.015

15 2 2 3 1 3 1 2 2 0.037

16 2 3 1 2 1 3 1 2 0.008

17 2 3 2 2 2 1 2 3 0.020

18 2 3 3 2 3 2 3 1 0.027

19 3 1 3 2 1 1 3 1 0.006

20 3 1 3 2 2 2 1 2 0.013

21 3 1 3 2 3 3 2 3 0.013

22 3 2 1 3 1 2 1 3 0.007

23 3 2 1 3 2 3 2 1 0.009

24 3 2 1 3 3 1 3 2 0.020

25 3 3 2 1 1 3 2 2 0.005

26 3 3 2 1 2 1 3 3 0.012

27 3 3 2 1 3 2 1 1 0.014

T1 0.196 0.125 0.115 0.143 0.082 0.194 0.161 0.146

T2 0.156 0.170 0.154 0.161 0.146 0.145 0.157 0.170

T3 0.099 0.156 0.182 0.147 0.223 0.112 0.133 0.135
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when the spraying distance is far, the adjustment of the charge

voltage does not produce a significant change in the

deposition effect.

In summary, to improve the deposition efficiency, the CMR

should not only be increased by increasing the voltage but also the

interactive effects of other spraying parameters and canopy

characteristics on deposition should be considered. This study can

provide recommendations for the specific application and

implementation of electrostatic spraying in agricultural

application. According to the results and analysis, the significance

of the effect of each factor on droplet penetration, in descending

order, is as follows: spray distance, leaf area index, air pressure, and

air pressure × spray distance. Since charge voltage has no significant

effect on droplet penetration, temporarily setting the charge voltage

as 0 V, the optimal solution is obtained as A3B1D1 (air pressure

1.5 bar, spray distance 0.2 m, charge voltage 0 V). The significance

of the effect of each factor on abaxial leaf deposition, in descending

order, is as follows: air pressure, spray distance, air pressure ×

charge voltage, spray distance × charge voltage, and charge voltage.

Obviously, air pressure and spray distance are still the priority. In

view of the fact that there is some significant effect of charge voltage

on the deposition of abaxial leaves, however, the deposition effect

with a 2,500-V charge voltage is better than that of 5,000 V at an air

pressure of 1.5 bar. By combining the above analysis and results, the

final optimal solution is obtained as A3B1D2 (air pressure 1.5 bar,

spray distance 0.2 m, charge voltage 2,500 V).

This improved air-assisted electrostatic nozzle in this study does

not have a particularly higher CMR compared to the advanced air-

induced air-assisted electrostatic nozzle designed by Patel, whose

droplets are electrified to more than 10 mC/kg CMR by a charging

voltage less than 2.5 kV at a liquid flow of 150 ml/min (Patel et al.,

2017). However, in actual orchard spraying operations, we need to

avoid excessive consumption of compressed gas during multi-

nozzle orchard spraying as well as the requirements of high air

pressure on the supporting gas supply equipment. Furthermore, our

improved air-assisted electrostatic nozzle only requires a maximum

air pressure of 1.5 bar, which is only under half of the air pressure

compared to the electrostatic nozzle of Patel. With the same 2,500-

V charge voltage, our improved air-assisted electrostatic nozzle can

have 1.5 mC/kg of CMR at an air pressure of 1.5 bar, one adaxial

droplet deposition of 0.941 ml/cm2, and another abaxial droplet

deposition of 0.045 ml/cm2 under the above conduction, which are

not less than the droplet deposition using the nozzle of Patel (with

maximum adaxial droplet deposition of 0.83 ml/cm2 and maximum
Frontiers in Plant Science 12232
abaxial droplet deposition of 0.125 ml/cm2). We will conduct further

field experiments to validate our equipment and improve

our nozzle.
4 Conclusions

In this article, an improved air-assisted electrostatic nozzle with

induction charging was designed, and an air-assisted electrostatic

spraying system was built to conduct the spraying performance

experiment of the nozzle. The objective of this study is to obtain the

appropriate operating parameters of the electrostatic spraying

system combination that maximizes chargeability and uniform

droplet distribution and enhances droplet deposition in

electrostatic pesticide application through exploring the general

regulations of the effect of different operating parameters on the

spraying performance. Furthermore, we designed a multi-factor

orthogonal experiment and analyzed the impact mechanisms on

droplet deposition and penetration characteristics under different

operating parameters and canopy characteristics conditions.

The results of the spraying performance experiment proved that

the improved air-assisted electrostatic nozzle has good atomization

and charging effects. The spraying system has good atomization

effect of droplets under the condition of air pressure of 0.5–1.5 bar.

An excellent CMR (1.97 mC/kg) is achieved for efficient working of

the electrostatic spraying processes with a charging voltage of 4,000

V. The CMR increased by 127.8% from 0.86 to 1.97 mC/kg as the

charge voltage increases from 1,000 to 4,000 V at an air pressure of

1.0 bar and a flow rate of 200 ml/min. For the electrostatic nozzle,

“the higher the charging voltage, the better the charging effect” does

not apply. It is impractical to increase the CMR by increasing the

charge voltage alone. It will increase the electrical power

consumption and costs, which are not beneficial to agricultural

pesticide application.

The electrostatic charging could affect the secondary

atomization of the liquid droplets, especially for large droplets

over 100 mm, which creates more fine droplets and leads to a

significant reduction in VMD. When the air pressure is 1.0 bar, RS

tends to be close to 1 under the action of electrostatic forces.

Furthermore, the excessive air pressure can also lead to increasing

gas power consumption, which can increase agricultural costs and

discourage the design and development of spraying equipment.

Considering all the above situation, for optimal droplet penetration

and abaxial leaf deposition, option A3B1D2 is recommended.
TABLE 7 Analysis of variance of droplet deposition experiment on abaxial leaf.

Variance term Sum of squared deviations Degrees of freedom F-value F0.95 (dfj, dfe)

A 0.0011080 2 40.03 4.103

B 0.0005280 2 19.07 4.103

C 0.0000509 2 1.84 4.103

D 0.0001180 2 4.26 4.103

A×D 0.0004492 4 8.11 3.478

B×D 0.0002718 4 4.91 3.478
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These studies can provide technical references for the

optimization of operating parameters of electrostatic spraying

systems. The appropriate operation parameters could improve the

pesticide droplet deposition and the penetration, thereby achieving

a good control effect of pests and diseases. It can also guide the

farmers to spray pesticides better reducing the pesticide usage and

improving the pesticide utilization efficiency.
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