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Abstract

This study evaluated the effectiveness of drone-based pesticide application in fruit orchards
using a DJI Agras T40. Two experiments were conducted: one in a simulated canopy and another
in a peach orchard, assessing the effects of operation mode, application volume, flight height, and
droplet size on spray coverage, droplet density, droplet diameter, and droplet size uniformity.
Three drone operational modes (standard, fruit tree, and spinning) were tested. In the simulated
canopy, the spinning mode achieved the highest coverage (20.81%) and droplet density (172.44
drops/cm?), while the standard mode offered the most uniform distribution. In the orchard, the fruit
tree mode achieved the highest spray coverage (6.55%) and droplet density (90.09 drops/cm?). The
conventional air-blast sprayer provided greater coverage (58.77%) and droplet density (193.11
drops/cm?), the drone treatments however, demonstrated efficient canopy penetration and reduced
chemical use, especially in targeted applications. These findings support the potential of optimized
drone spraying as a sustainable and efficient alternative for precision agriculture and informed

future design improvements for orchard pest management.



Acknowledgments

First, I want to thank God for giving me the strength, patience, and guidance to make it
through this journey. I truly wouldn’t be here without His presence in my life. I would like to
express my gratitude to my amazing wife, Jessica dos Santos Pizzo, thank you for your endless
support, love, and patience. You’ve been my rock during every challenging moment. I couldn’t
have done this without you. To my family, thank you for always being there with encouragement,
prayers, and belief in me. Your support brought me here.

I’'m incredibly grateful to my advisor, Dr. Andre Da Silva, for his mentorship,
encouragement, and for always pushing me to grow as a researcher and professional. Thank you
for your time, wisdom, and support. To my committee members, Dr. Camila Rodrigues, Dr.
Wheeler Foshee, and Dr. Clive Bock, thank you for your valuable feedback, support, and time. To
my colleagues and friends, thank you for your help, motivation, and all the good memories. Lastly,
I want to thank the Department of Horticulture and Auburn University for providing the

opportunities, resources, and support that made this work possible.



Table of Contents

AADSITACE ...ttt et b e et h bt et h bt e a bt e h e bt et sa e bt et e en e e bt et eate e 2
ACKNOWIEAZIMENTS. .....ooiiiiiieiiiie ettt ettt ettt e e b e et eebeesseeesbeessaeensaensneenseensnas 3
LSt OF TADIES ..ottt ettt ettt sttt ettt be et st 6
LSt OF FIGUIES ...ttt ettt ettt et e e et e esbe e st e easeessaeesseensaesnsaensneesseensnas 7
Chapter 1 (LIiterature REVIEW) ....cccuiiiuiieiieiiieeiieeiie et eeiee ettt e et eseeeeaeesaeeesbeessaesnseesssessseesssesnseens 9
Fruit Tree Production - OVEIVIEW ........cccuirieriieiierieniieieeie sttt sttt 9
PESICIAC USE....ueeiieiieiieeieete ettt sttt ettt et e b et e eaee s 11
Methods of Pesticide Application in Fruit Trees .........cccceevvieriieiiieniieiiecie e 13
Droplet DEPOSITION. .....ccviiiiiieiieriieeieesie ettt et esite et esaeeebeesereebaesseeesseessaesnseesseessseensnas 19
ODBJECLIVES .evveeiiieeiiiieeiieeeeiee et e et e et e e taeeeeaeeeaaeeesaeeassaeeanseeeasseeessseessseesnseessseenssens 21
Chapter 2 (Optimization of drone operational parameters to enhance pest management efficiency
N FTUIt tre€ OTChATAS) ..ttt ettt et 23
INEEOAUCTION ...ttt ettt et aee e e eeas 23
Materials and Methods..........c.ooiiiiiiiiiii s 26
RESULLS ...ttt ettt et e et e sttt e enaeeaeas 32
DISCUSSION ...ttt ettt et ettt et e st et e et e e s eb e et e e st e enbeessaesnseesseaenseenneas 48
CONCIUSION ..ttt ettt ettt b et a e sb e et st e sbe et eanesaeenees 51

Chapter 3 (Evaluation of drone operational parameters for improved spray coverage and droplet

distribution in a peach orchard) ..........c.ccociiiiiiieeiicee e e e 53
T OAUCTION . et e e e e e e e e e e e e e e e e e e e aaeeeeeeenaennnaas 54
Materials AN METNOAS .. . oeeeeeeeeeeeee e e e e e e e e e e et e e e e e e eeeeaeas 56



RESUILS et e et e e e e e e e e e e e e e e e e e e e e e e e e e e as 62

DIISCUSSION ...ttt ettt ettt e st e bt e et e et e et e e bt e e st e e sbeesnbeenbeeenneeeeas 69
COMNCIUSION ..ttt ettt et e et et e s it e e bt e s bt e eabeesbeeenbeenneesnneans 73
Chapter 4 (CONCIUSION) ...c.uviiiiiieeiiieeiiee et e et e et e e et e e e taeeetaeessbeeessbeeessseeessseeessseeesseeensseesnssens 75
Chapter 5 (RETEIEINCES) ..iiuriieiiieeiiieeciee ettt tee e e e e st e e sbe e e ssseeesabeeesaseeesseeennseeensseas 77



List of Tables

Table 1 (Droplet classification based on volume median diameter (VMD))........cccccovevuveenennen. 20
Table 2 (Specifications of the DJT AZras TA0) ......cccveeriiiriieiiieeieeieeee et 26
Table 3 (Meteorological conditions during the application days) ..........ccceceeeviercieeiienieenieennen. 27

Table 4 (Effects of operation mode, droplet size, application volume, and flight height on spray
COVETAZE) .. uvveeeureeeeureeesureeassseeassseeassseeassseeassseeassseessssseansseeassssesssseesssssesssesssssesesssesssssesesssessnsseessssees 35

Table 5 (Contrast between treatments with the highest spray coverage for each operation mode)
..................................................................................................................................................... 37

Table 6 (Effects of operation mode, droplet size, application volume, and flight height on droplet
415115517 TSSOSO P SRRSO 41

Table 7 (Effects of operation mode, application volume, and flight height on droplet diameter)44

Table 8 (Effects of operation mode, application volume, droplet size, and flight height on relative
SPaN faCtor (RSF)) . oottt ettt et e e et e e e et eeeaaeesaaeeens 45

Table 9 (Meteorological conditions during the application day).........cccecveevciieenciieeniieeenieeenen. 56

Table 10 (Interaction effect of drone spraying treatment and sampling location on spray coverage
within the peach tree CanOPY) ...c..cooveeiiriiriiiieiiic et 64

Table 11 (Contrast analysis between drone spraying treatments and the conventional air-blast
SPTAYET) 1eeuvveeeueteeeireeeteeeeteeesseeesseeessseeessseeeasseeesseeansseeansseeansseeanssesanseesasseeeasseesasseesanseesnsseesnnseesns 69



List of Figures

Figure 1 (Air blast sprayers used in fruit orchard)..........cccocveviiiiiiiiiininiineeceeeeeees 14

Figure 2 (Drone configurations for pesticide application: a) Single-rotor helicopter drone, b)
Multi-rotor drone with no boom nozzle configuration, ¢) Multi-rotor drone with a boom-mounted
nozzle configuration, and d) Fixed-wing drone. Photos by Erdal Ozkan, The Ohio State

L8NS 53117 SRS 16

Figure 3 (DJI Agras T40 drone sprayer used in the spraying experiments) ............ceceeeeveenneenne 26

Figure 4 ((a) Schematic circular plastic structure used to simulate fruit tree canopy areas.
Kromekote white paper (KWP) cards (yellow) were evenly distributed to capture spray
deposition. b) Experimental layout illustrating four structures spaced 10 m apart. The arrow
indicates the drone’s flight path during application)............cccceeecvievieniieiieniieeece e, 29

Figure 5 (Interaction effects of (a) operation mode and application volume, (b) operation mode
and droplet size, and (c) application volume and droplet size on spray coverage. Vertical bars
indicate standard errors. Similar lowercase letters indicate no significant differences (p > 0.05)
among treatments within each panel, as determined by Tukey’s test)......ccccceeveeriiriienieeieennen. 33

Figure 6 (Heatmap illustrating the interaction between operation mode, droplet size, flight
height, and application volume on spray coverage. Each cell displays the average spray coverage
value for that treatment combination, with color intensity corresponding to the magnitude of
spray coverage. Warmer colors indicate higher spray coverage, while cooler colors indicate lower
COVETAZE) .. vveeuteeureenteesuteenteasuteanteessteesstessseanseeasseaaseessseenseessteaaseansseanseessseaaseansseenseesasesnseenneeanseennnas 34

Figure 7 (Main effects of (a) operation mode, (b) application volume, (c) droplet size, and (d)
flight height on droplet density. Bar graphs represent the average droplet density for each factor,
with the whiskers indicating the data range. Similar lowercase letters indicate no significant
differences among treatment levels (p > 0.05), as determined by Tukey’s test)........c.ccceveenee. 37

Figure 8 (Interaction effects of (a) operation mode and application volume, (b) droplet size and
application volume, and (c) droplet size and flight height on droplet density. Error bars indicate
the standard deviation. Similar lowercase letters indicate no significant differences (p > 0.05)
among treatments within each panel, as determined by Tukey’s test)........cccevveriererveriencnnns 39

Figure 9 (Main effects of (a) operation mode, (b) application volume, (c) droplet size, and (d)
flight height on droplet diameter (Dv0.1, Dv0.5, and Dv0.9). Each bar represents the mean value,
and error bars indicate the standard deviation. The legend denotes the droplet diameter
percentiles: Dv0.1 (10% of volume is composed of droplets smaller than this size), Dv0.5

7



(median volume diameter), and Dv0.9 (90% of volume is below this size). Similar lowercase
letters indicate no significant differences among treatment levels (p > 0.05), as determined by
RGN 1] ) RS RS 40

Figure 10 (Spray distribution across different sampling locations within the canopy simulation
structure for three operation modes: standard mode, spinning mode, and fruit tree mode.
Sampling locations: SE: southeast, SW: southwest, S: south, NE: northeast, NW: northwest, and
N: north. Darker shading indicates higher spray COVerage)..........cceevveriieriienieeniienieeieesie e 43

Figure 11 (Spray distribution across different sampling locations within the canopy simulation
structure for three operation modes: standard mode, spinning mode, and fruit tree mode.
Sampling locations: SE: southeast, SW: southwest, S: south, NE: northeast, NW: northwest, and
N: north. Darker shading indicates higher spray COverage)........ccooouvevvvrerciieeniiieeeiee e 47

Figure 12 (DJI Agras T40 drone sprayer used in the spraying experiments) ..........cccceecveeneenne. 57

Figure 13 (Experimental layout and Kromekote White Paper (KWP) card placement (yellow)
within the peach tree canopy. (a) Side view illustrating canopy layers (upper, middle, and lower).
b) Top view showing KWP card placement at five canopy locations (center, north, east, south,
and west). ¢) Experimental layout illustrating selected trees and buffer zones. Abbreviations: N —
north, S — south, W — west, E — east, T1 — fruit tree spraying treatment, T2 — spinning spraying
treatment, T3 — standard spraying treatment, and T4 — air-blast spraying treatment) ................ 60

Figure 14 (Effect of drone spraying treatments on (a) spray coverage and (b) droplet density.
Error bars represent standard deviations. Similar lowercase letters indicate no significant
differences among drone spraying treatments (p > 0.05), as determined by Tukey’s test)......... 63

Figure 15 (Effect of drone spraying treatments on (a) droplet diameter and (b) relative span
factor (RSF). Similar lowercase letters indicate no significant differences among drone spraying
treatments at each droplet diameter or RSF value (p > 0.05), as determined by Tukey’s test. Error
bars represent standard deVIAtIONS)..........eevueriiriirieriinieeeeee s 64

Figure 16 (Droplet density distribution across different sampling locations within the peach tree
canopy for three drone spraying treatments: standard, spinning, and fruit tree. Sampling
locations: E: east, W: west, S: south, and N: north. Darker shading indicates higher droplet

4153 115 18 1T OSSPSR 66

Figure 17 ((a) Droplet density distribution and (b) representative images of Kromekote White
Paper (KWP) cards showing spray coverage patterns for drone spraying treatments (fruit tree,
spinning, and standard) and a conventional air-blast sprayer. Box plots represent the distribution
of droplet density, with the median represented by the horizontal line within each box, and
whiskers indicating the data Tange)..........ccccvveiiiieiiieeciee e e 67

Figure 18 (Bar graph comparing the overspray index between drone operation modes (fruit tree,
spinning, and standard) and a convention air-blast sprayer. Similar lowercase letters indicate no



significant differences among treatments (p > 0.05), as determined by Tukey’s test. Error bars
represent StANAATA ©ITOT) .....eciieriiieiieiie ettt et ete et e bt e teeenbeesaaeenbeensneenseensneenne



Chapter I

Literature Review

1. FRUIT TREE PRODUCTION - OVERVIEW

A fruit tree is defined as a tree that produces edible fruits, nuts, or beans (Santosa et al.,
2021). These trees exhibit considerable diversity in size, shape, and fruit type (Muthuri et al.,
2023). Common examples include apples, pear, pecan, hazelnut, and peach trees (Hoying, 2017,
Muthuri et al., 2023; Perez et al., 2017).

Fruit tree production plays a vital role in the United States (U.S.) agriculture industry. In
2017, the total value of fruit and vegetable production was $48.2 billion, representing 25% of the
national crop production (Huang et al., 2022). Specifically, sales from fruits, tree nuts, and berries
reached $28.6 billion, exceeding the market value of hogs and pigs, which was $26.3 billion (Fruit,
Tree Nut, and Berry Production, 2017). By 2022, U.S. sales of fruit, tree nut, and berry had
increased to $34.2 billion, marking a 20% rise compared to 2017 (USDA, 2022).

Almonds currently lead U.S. fruit production, with over 1.6 million bearing acres,
accounting for half of the country's tree nut production—nearly all of which is cultivated in
California (USDA, 2022). Grapes rank second, covering 1.1 million bearing acres and representing
52% of non-citrus fruit acreage, with almost 80% of production concentrated in California. Pecans
constitute 18% of total tree nut acreage, covering more than 600,000 bearing acres. California
remains the top state for fruit, tree nut, and berry sales, totaling over $23 billion, followed by
Washington ($3.7 billion) and Florida ($1.4 billion) (USDA, 2022).

Sustaining consistent fruit production requires the effective use of pesticides. However,
concerns regarding chemical contamination posing risks to consumers health and the environment

(Carvalho, 2017; Schreinemachers et al., 2020; Tudi et al., 2021). Additionally, the use of these
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chemicals can be costly. According to the United States Department of Agriculture (USDA, 2022),
in 2022, farms specializing in fruit, tree nut, and berry production had a total production cost of
$29.9 billion, with chemicals expenses ranking as the third-largest cost category, accounting for
nearly 10% of the total production costs. These challenges highlight the need for safer, more
efficient, and precise pesticide application methods.

1.1.Peach production

Peach (Prunus persica (L.) Batsch) is one of the most cultivated fruit crops in the world
(Manganaris et al., 2022). According to the USDA (2024) China leads the world peach production,
followed by the European Union (EU), Turkey, and the U.S. (Protzman, 2023). Although global
peach production increased from 19.6 million tons in 2013/14 to 24.2 million tons in 2022/23, this
growth masks an overall decline in several key countries, including the EU and the U.S. (Protzman,
2023).

In the U.S. peach production has decreased significantly over the past decade, declining
from 930,000 tons to 650,000 tons—a reduction of more than 30% (USDA, 2023). This decline
has occurred across nearly all production states, with California, which accounts for 80% of total
U.S. production, experiencing the sharpest drop. Since 2013/14, California's combined production
of peaches and nectarines has decreased by more than 200,000 tons, with Clingstone peaches,
primarily used for processing, experiencing a 43% decline over the same period (Protzman, 2023).
U.S. per capita peach consumption has also decreased, from 3.0 kg in 1980 to 0.96 kg in 2019
(Anthony & Minas, 2022).

One of the primary factors contributing to the decline in peach production is the
susceptibility of peaches to various pests, fungal infections, and bacterial diseases that can

significantly reduce fruit yield and quality. In 2018, major peach diseases in Georgia alone resulted
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in over $5 million in total costs, with $3.9 million spent specifically on disease control (Brannen,
2018). Brown rot, caused by Monilinia fructicola, is one of the most economically harmful fungal
diseases for peach worldwide (Luo et al., 2022) and accounted for the highest control costs, totaling
$2 million. Meanwhile, Armillaria root rot resulted in economic losses of nearly $500,000
(Brannen, 2018). Peach Scab, caused by Venturia carpophila, is particularly prevalent in the
southeastern U.S. (Schnabel & Brannen, 2022), with control costs reaching $1.5 million
(Brannen, 2018). Additionally, phony peach disease, caused by the bacterium Xylella fastidiosa,
had a significant economic impact on peach production, contributing to nearly $400,000 in losses

(Brannen, 2018).

2. PESTICIDE USE

Pesticides are chemicals widely used in agriculture to control pests, such as rodents,
insects, fungi, and weeds (EPA, 2025). These include fungicides, herbicides, insecticides, and
disinfectants, each designed to target specific pests (EPA, 2024). In agricultural development,
pesticides have become essential tools for plant protection and enhancing crop yields (Sharma et
al., 2019). Approximately 78% of fruit production is lost due to pest and diseases, highlighting the
need for effective pest management through the use of pesticides to combat these threats and
increase crop production (Luo et al., 2022; Sharma et al., 2019; Tudi et al., 2021).

As the global population increases, the demand for pesticide use also grows. In the 1950s,
around 0.2 million tons of pesticides were used worldwide in agriculture. By 2022, the amount
had risen to 3.7 million tons (Carvalho, 2017; FAOSTAT, 2022). The top five pesticide-consuming
countries are the U.S., Brazil, China, Indonesia, and Argentina (FAOSTAT, 2022).

Despite the significant increase in pesticide usage, only a small fraction of these chemicals

effectively reaches their targets. A significant amount enters the environment, contributing to
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pollution, health risks, and higher costs for growers (Maggi et al., 2023; Tudi et al., 2021).
According to a study from the University of Sydney, approximately 80% of applied pesticides
degrade into byproducts in the soil and around 70,000 tons of pesticide residue enter aquifers
annually (Maggi et al., 2023).

Studies have highlighted the widespread overuse of pesticides in agriculture. For example,
Schreinemachers et al. (2020) evaluated pesticide use among 1,000 farmers in South Asia,
specifically in Cambodia, Laos, and Vietnam. Their finding revealed that pesticide overuse is
prevalent, with 100% of farmers in Vietnam, 73% in Cambodia, and 59% in Laos exceeding the
recommended pesticide application levels. Cai et al. (2021) evaluated pesticide overuse in apple
production, focusing on farmers' attitudes toward risk. Their study in Shaanxi and Shandong
provinces, China, identified that more risk-averse farmers tend to overuse pesticides. Larger
orchards and older apple trees also contributed to increased pesticide applications. This highlights
the need for sustainable and effective pest management practices to minimize chemical pesticide
use, such as organic crop production (Durham & Mizik, 2021; Kumhar et al., 2022; Kuosmanen
et al., 2021), crop diversity (Thomine et al., 2022), information propagation (Zhao et al., 2020),
and low-volume spraying (Arakawa & Kamio, 2023).

Studies have demonstrated opportunities to reduce pesticide overuse through low-volume
spray application methods (Arakawa & Kamio, 2023; Jiang et al., 2022; Nan et al., 2023). Miguez
et al. (2019) used a Tree Row Volume (TRV) approach to determine the volume of vegetation per
unit area of peach and lemon trees. Initial tests demonstrated a reduction of product of 33% in
lemon and 55% in peaches, while spray quality was still maintained.

Berger-Neto et al. (2017) conducted two to evaluate the effectiveness of fluazinam and

procymidone fungicides applied at spray volumes of 100 and 200 L/ha, using three different nozzle
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types, including a hollow cone nozzle, a pre-orifice flat dan nozzle, an induction air flat fan nozzle
and a standard flat fan nozzle, to control white mold in soybeans. Their results indicated that spray
volume did not significantly impact white mold control. However, air induction flat-fan nozzles
were more effective in reducing both white mold incidence and sclerotia production. In addition,
procymidone was more effective than fluazinam in reducing sclerotia production. No differences
in yield were observed among the studied factors, indicating that nozzle type, rather than spray

volume, is critical for effective white mold control.

3. METHODS OF PESTICIDE APPLICATION IN FRUIT TREES
Spraying fruit trees can be a challenge as many trees have tall canopies and dense branches.
In addition, the difference in the tree structure at different growth stages complicates the spraying
process. Different methods can be used to apply pesticides in fruit tree, including conventional
techniques, such as air-blast sprayers, tunnel sprayers and tower sprayers (Mahmud et al., 2021),
as well as emerging technologies such as variable-rate sprayers (Wandkar et al., 2018), unmanned
ground vehicles (Jiang et al., 2022) and unmanned aerial vehicle (UAV) (Li et al., 2021; Martinez-
Guanter et al., 2020). Each of these methods presents unique advantages and disadvantages. To
address the diverse needs of fruit trees cultures at different growth stages, research has focused on
developing new technologies specifically designed for orchards spraying (Wei, Li, et al., 2023).
3.1. Conventional methods for pesticide application in fruit trees
Conventional spraying techniques, including the use of air-blast sprayers, tunnel sprayers,
tower sprayers, cannon sprayers, and custom-made or modified sprayers, are widely employed in
fruit orchards. Among these, air-blast sprayers are the most commonly used (Mahmud et al., 2021).
Air-blast sprayers (Figure 1) are machines equipped with a fan at the back that draws in air

and directs it upward, carrying a solution from the tank and dispersing it onto the tree canopy
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(Mahmud et al., 2021). Air-blast sprayers are favored for their effectiveness in reaching various

parts of the tree canopy, achieving a pesticide utilization rate of 30-40% (Hu et al., 2022).

Figure 1. Air blast sprayers used in fruit orchard.

However, air-blast sprayers face several challenges. Conventional axial-fan air-blast
sprayers apply pesticides at a constant rate, often resulting in excessive application, leading to
increased costs and environmental contamination (Wei, Xue, et al., 2023). Moreover, these
sprayers may be less effective on taller trees. For instance, studies have shown that even the most

powerful air-blast sprayers are effective in controlling diseases in trees up to only approximately
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12.5 m in height, but their efficacy diminishes on trees taller than this, with disease approaching
levels seen in untreated trees (Bock & Hotchkiss, 2020).
3.2. UAV technology for pesticide application in fruit trees

UAYV, commonly known as drones, have emerged as a promising technology for pesticide
application in orchards (Lopes et al., 2023). Despite their compact size, drone sprayers incorporate
all essential components found in larger ground-based and conventional aerial sprayers, including
tank, pump, pressure gauge, hoses, filters, nozzles, and a flow meter (Ozkan, 2024). In addition to
these components, all drone sprayers are equipped with a Global Navigation Satellite System
(GNSS) receiver for precise navigation and multiple sensors for collision avoidance. These drones
are operated via wireless remote control, allowing for efficient and flexible spraying operations
(Ozkan, 2024).

Drones can be classified based on their configuration and number of rotors (Mohsan et al.,
2023). Single-rotor helicopters (Figure 2A) feature a large primary rotor and a smaller tail rotor
for stability and control. Multi-rotor drones (Figure 2B-C), including quadcopters, hexacopters,
and octocopters, use four, six, or eight rotors, respectively, for propulsion and lift (Benos et al.,
2023). In contrast, fixed-wing drones (Figure 2D) have wing designs similar to gliders, which

allows for longer flight durations and different aerodynamic functions (Mogili & Deepak, 2018).
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Figure 2. Drone configurations for pesticide application: a) Single-rotor helicopter drone, b)
Multi-rotor drone with no boom nozzle configuration, ¢) Multi-rotor drone with a boom-mounted
nozzle configuration, and d) Fixed-wing drone (AgEagle, 2025; Ozkan, 2024)

In multi-rotor drones, nozzles are typically positioned below the rotors to maximize spray
swath width as the drone moves across the crop canopy (Ozkan, 2024). This arrangement leverages
rotor-generated airflow to enhance canopy penetration and improve pesticide deposition (Tang et
al., 2023)). However, some multi-rotor platforms (Figure 2C) utilize a boom-mounted nozzle
system, in which nozzles are arranged along a horizontal structure beneath the drone (P. Chen et
al., 2022). Multi-rotor drones with boom-mounted nozzles have demonstrated poorer spray

coverage compared to boomless configurations, which position the nozzles directly under the

rotors. Additionally, boom-mounted systems tend to have a higher drift potential and an increased
17



likelihood of vortex formation near the boom edges, which can negatively affect spray uniformity
(Ozkan, 2024). Multi-rotor drones are commonly used in precision agriculture due to their ability
to cover small areas in a few flights and operate at lower speeds, making them highly maneuverable
and cost-effective (Tsouros et al., 2019).

One of the significant advantages of drones is their vertical takeoff and landing capability,
which allows them to operate in constrained spaces with minimal need for a landing area, unlike
many fixed-wings drones, that require large, unobstructed spaces for takeoff and landing (van der
Merwe et al., 2020). Additionally, drones can fly above the tree canopy, providing enhanced
coverage compared to conventional ground-based sprayers, which are often limited by tree height
(Mahmud et al., 2023). Drones are also effective in orchards with uneven terrain or slopes that
may be inaccessible to tractor-mounted sprayers. In contrast to conventional sprayers, drones only
require a flat surface for takeoff and landing (van Veelen et al., 2023). Moreover, drones’ low-
volume capacity contributes to a reduction in the overall amount of chemicals applied to crops,
leading to more sustainable pesticide use (Shan et al., 2024a).

Arakawa & Kamio (2023) investigated the efficacy of different insecticides applied to
chestnut trees using various UAVs, including a P20 (XAG), TDS-AG10 (TDS), T20K (Kubota),
Agras T10 (Shenzhen DIJI Innovation Technology), and T30 (Shenzhen DJI Innovation
Technology). Their study compared drone applications with conventional air-blast sprayers and
high-pressure sprayers, finding that drone spraying achieved 84% control efficacy, compared to
78% for conventional methods. The authors concluded that drones represent a promising
technology for insect control, offering significant benefits in reducing labor costs and minimizing

health risks.
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In a different study, Li et al. (2021) compared spray deposition and canopy penetration
between drone technology and conventional ground-based spraying in almond orchards. While
conventional methods provided higher overall spray coverage, drones achieved better coverage of
the upper canopy when using a higher spray volume (93.5 L/ha) compared to a lower volume (46.8
L/ha). This highlights the importance of adhering to recommended spray volumes for effective
pest control.

Sassu et al. (2024) investigated the impact of flight parameters, such as position, height,
and speed, on the distribution of plant protection products (PPP) applied by drones in vineyards.
They found that optimal results were achieved by flying 2 m above the ground, positioning the
drone in the inter-row area, and placing nozzles directly above the canopy. This setup improved
spray penetration into the lower canopy, reduced off-target dispersion, and enhanced overall
spraying efficiency. While flight speed had minimal impact, increased propeller rotation speed
enhanced droplet penetration. The study highlights drone’s potential for efficient spraying but
emphasized the need for further research into their environmental impact and effectiveness.

Several factors influence treatment outcomes when using drones for spraying, including
spray and flight settings (e.g., volume, flight height, droplet size, and speed), payload capacity,
weather conditions (such as wind direction and speed), flight range, and environmental factors
such as ground leakage (H. Chen et al., 2021; Sassu et al., 2024). Another factor influencing drone
spray efficiency is the downwash, a downward airflow generated by rotor thrust. This airflow
influences spray behavior by propelling droplets deeper into the canopy, thereby enhancing
deposition uniformity (P. Chen et al., 2022). However, in some cases, rotor-induced airflow can
also push airborne droplets outward, increasing off-target drift and reducing application efficiency

(Delavarpour et al., 2023). The magnitude of downwash varies depending on several factors,

19



including drone payload weight, flight speed, and altitude, all of which must be optimized to
achieve effective pesticide application (J. Wang et al., 2018; Zhan et al., 2022). All these
parameters directly impact spray coverage, droplet density, droplet size, and overall spray quality,
ultimately influencing disease control efficacy (Li et al., 2021). Therefore, understanding the

impact of different flight and spray settings is critical for optimizing drone spraying effectiveness.

4. DROPLET DEPOSITION

Effective droplet deposition is a critical factor in pesticide application, as it directly
influences pest control efficacy (S. Guo et al., 2019; Muhammad et al., 2019; Srinivasarao et al.,
2021). For optimal performance, spray droplets must reach and adhere to the target surface,
ensuring sufficient coverage and absorption (Song et al., 2022). However, a significant proportion
of sprayed droplets often miss their target, leading to pesticide wastage, reduced effectiveness, and
potential environmental contamination (S. Guo et al., 2019). Therefore, evaluating spray
characteristics, such as coverage, droplet size, droplet density, and spray uniformity, is essential to
optimize pesticide applications (Srinivasarao et al., 2021).

Droplet size plays a vital role in determining pesticide application efficacy. Small droplets
are more susceptible to drift and evaporation, which can decrease spray effectiveness and increase
the risk of environmental contamination (Privitera et al., 2023). However, they also exhibit better
canopy penetration, enhancing overall coverage and deposition uniformity (Nogueira Martins et
al., 2021; Nuyttens et al., 2007). In contrast, larger droplets are less susceptible to wind drift but
may result in excessive runoff and decreased target coverage (Srinivasarao et al., 2021).

The impact of droplet size and density on spray effectiveness also varies depending on the
mode of action of the applied pesticide. Systemic pesticides do not require complete and uniform

surface coverage, as larger droplets facilitate absorption and translocation within plant tissues
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(Hanna et al., 2009; Privitera et al., 2023). These pesticides are absorbed through roots or leaf
surfaces and subsequently transported throughout the plant (Privitera et al., 2023; Srinivasarao et
al., 2021). In contrast, contact pesticides require direct exposure to the target surface and demand
thorough coverage, making smaller droplets more effective for achieving sufficient leaf surface
deposition (Privitera et al., 2023).

The most used parameter for characterizing droplet size is the volumetric diameter (Dv0.5),
also known as the volume median diameter (VMD) (Privitera et al., 2023). The VMD represents
the droplet diameter at which 50% of the sprayed solution consists of smaller droplets, while the
other 50% consists of larger droplets (Srinivasarao et al., 2021).

To standardize droplet classification, the American Society of Agricultural and Biological
Engineers (ASABE) Standard 572 categorizes droplets based on their VMD size (Table 1).

Table 1. Droplet classification based on volume median diameter (VMD).

Droplet category VMD range (um)
Extremely fine <60

Very fine 61-105

Fine 106-235

Medium 236-340

Coarse 341-403

Very coarse 404-502
Extremely coarse 503-665

Ultra coarse >665

In addition to the VMD, two other key metrics are commonly used for droplet
characterization: Dv0.1 and Dv0.9. The Dv0.1 indicates the droplet diameter at which 10% of the
total spray volume consists of droplets equal to or smaller than this value. A lower Dv0.1 value
increases the potential for drift. The Dv0.9 represents the droplet diameter at which 90% of the

total spray volume consists of droplets equal to or smaller than this value. A higher Dv0.9 suggests
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that a significant proportion of the spray volume comprises larger droplets, which may compromise
deposition uniformity (Privitera et al., 2023; Schick, 2008)
Another important parameter for evaluating spray characteristics is the Relative Span
Factor (RSF), which indicates the uniformity of the droplet size distribution. The RSF is defined
by the equation (1):
Dv0.9-Dv0.1

RSF = —— (Equation 1)

Dv0.5

A higher RSF value indicates greater variability in droplet size distribution, potentially
leading to increased drift and uneven coverage. Conversely, a lower RSF value suggests more

uniform droplet distribution, reducing drift and improving spray deposition (Privitera et al., 2023).

5. OBJECTIVES

The main goal of this thesis is to evaluate the effects of DJI Agras T40 drone operational
parameters on spray characteristics in both a simulated experimental area and a peach orchard.
The specific objective of this study is to:

1. Evaluate the effects of a DJI Agras T40 drone operational parameters, including application
volume, flight height, droplet size, and operation mode on spray coverage, droplet density,
droplet diameter, and droplet size uniformity in a simulated experimental area.

2. Determine the optimal DJI Agras T40 operational parameters, such as application volume,
flight height, and droplet size for maximizing spray coverage across three operation modes
(standard, fruit tree, and spinning) in a simulated experimental area.

3. Evaluate spray coverage variability at different positions within a simulated canopy
structure, including center, southeast, southwest, south, northeast, northwest, and north, to

determine spatial variability.
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4. Assess the effects of optimized DJI Agras T40 operational parameters (application volume,
flight height, and droplet size) across three operation modes (fruit tree, spinning, and
standard) on spray coverage, droplet density, droplet diameter, and droplet size uniformity
in a peach orchard.

5. Compare drone performance with that of a Jacto Arbus 2000 air-blast sprayer in a peach
orchard.

6. Analyze spray coverage and droplet density across different canopy layers (upper, middle,
and lower) and sampling locations (center, north, east, south, and west) within peach trees

to determine spatial variability.
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Chapter 11
Optimization of drone operational parameters to enhance pest management efficiency in
fruit tree orchards

Abstract

The use of unmanned aerial vehicles (UAVs), or drones, offers a promising alternative to
conventional pesticide application methods, particularly in fruit tree orchards. This study evaluated
the effects of key drone operational parameters (operation mode, application volume, flight height,
and droplet size) on spray coverage, droplet density, droplet diameter, and droplet size uniformity
using a DJI Agras T40 drone in a simulated orchard canopy. Three operation modes (standard, fruit
tree, and spinning) were tested across two levels each of application volume (37.4 and 74.8 L/ha),
flight height (3 and 5 m), and droplet size (150 and 300 um). Results showed that the spinning
mode achieved the highest mean of spray coverage (20.81%) and droplet density (172.44
drops/cm?), while the standard mode provided the most uniform spatial distribution. Optimal
parameter configurations varied by mode: in standard mode, a 74.8 L/ha application volume, 3 m
flight height, and 150 um droplet size maximized coverage; in fruit tree mode, 74.8 L/ha, 5 m, and
300 um were optimal; and in spinning mode, 74.8 L/ha, 3 m, and 300 um achieved the best results.
These findings highlight the importance of optimizing drone operational parameters to enhance
spray performance, reduce chemical use, and thus minimize environmental impact. The results
provide a foundation for developing adaptive drone-based spray systems and advancing precision

agriculture in orchard management.

1. INTRODUCTION
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Fruit and vegetable production represents a significant portion of agricultural output,
accounting for almost 25% of the total agricultural production in the United States (USDA, 2024).
In 2022, sales of fruits, tree nuts, and berries reached $34.2 billion, with almonds leading
production, followed by grapes and pecans (USDA, 2022). Despite this, global fruit production
faces substantial losses, with an estimated 78% attributed to pests and diseases (Luo et al., 2022;
Sharma et al., 2019; Tudi et al., 2021).

Pesticides remain essential for protecting crops against insects, pests, diseases, and weeds,
ensuring reliable yields (Sharma et al., 2019). However, overuse and improper application methods
have raised concerns about human health and environmental pollution (Huesker & Lepenies,
2022; Sookhtanlou et al., 2022; Tudi et al., 2021). Studies indicate that 74.6% of potato farmers
in Iran and 70.6% of apple farmers in China exceed recommended pesticide dosages, contributing
to unnecessary environmental contamination and increased production costs (Cai et al., 2021;
Sookhtanlou et al., 2022).

Emerging technologies, including unmanned aerial vehicles (UAVs), commonly known as
drones, offer sustainable and efficient alternatives to conventional pesticide application methods,
such as air-blast sprayers (Gao et al., 2020; Garcia-Munguia et al., 2024a; Mahmud et al., 2021).
Drones offer several advantages, including reduced pesticide use, precise targeting, and minimized
human exposure to hazardous chemicals. These benefits collectively reduce chemical waste,
conserve water, save time, and decrease operational costs (Sahni et al., 2024; Wei, Li, et al., 2023;
Wu et al., 2024).

Recent studies have demonstrated the comparable or superior efficacy of drones compared
to conventional pesticide application methods, particularly in achieving better canopy penetration

and coverage in hard-to-reach areas (Li et al., 2021; Arakawa & Kamio, 2023). For instance,
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(Arakawa & Kamio, 2023) found that pesticide application efficacy on chestnut trees was
equivalent when applied using drones, air-blast sprayers, or high-pressure sprayers. Similarly, a
study on almond trees compared drone spray deposition with conventional ground sprayers. While
the ground method achieved higher overall coverage, drones delivered superior coverage at the
top of the tree canopy, demonstrating their potential as complementary tool to ground sprayers (Li
etal., 2021).

In drone spraying, droplet distribution on the target canopy is a critical metric for
evaluating spraying performance. Improper droplet deposition can lead to pesticide waste, reduced
effectiveness, environmental pollution, or even poisoning (Meng et al., 2020). Factors such as
spray volume (G. Wang, Lan, Qi, et al., 2019), droplet size (S. Chen et al., 2020), flight height (S.
Chen et al., 2017), and flight velocity significantly influence droplet distribution (Qin et al., 2018;
Tang et al., 2018). Recently, advancements in drone technology have introduced spraying
operation mode specifically designed for orchards, aiming to enhance deposition efficacy in fruit
trees (Shan et al., 2024b). However, this operation mode has yet to be extensively explored
(Garcia-Munguia et al., 2024a). Therefore, the effects of drone operational parameters must be
thoroughly characterized and properly optimized to obtain adequate and homogeneous spray
deposition.

In this context, this study aimed to evaluate the effects of drone operational parameters
(operation mode, application volume, flight height, and droplet size) on spray coverage, droplet
density, droplet diameter, and droplet size uniformity. The study further identified optimal
operational parameters for maximizing spray coverage across three operation modes (standard,

fruit tree, and spinning). Spatial variability in spray distribution was also analyzed by assessing

26



spray coverage at various positions within a simulated canopy structure, including the center,

southeast, southwest, south, northeast, northwest, and north.

2. MATERIALS AND METHODS
2.1. Experimental equipment
A DJI Agras T40 drone sprayer (SZ DJI Technology Co., Shenzhen, China), an eight-motor

coaxial multi-rotor drone, was used for all spraying experiments (Figure 1).

Figure 3. The DJI Agras T40 drone sprayer used in the spraying experiments.

The DJI Agras T40 features a 40 L tank capacity and an effective spray width of 11 m when
flying at 7m/s at an altitude of 2.5 m. It utilizes a dual-atomized spray system, producing droplets
ranging from 50 to 500 um, with each nozzle capable of a maximum flow rate of 6 L/min (DJI,
2022). Table 2 summarizes the specifications of the DJI Agras T40.

Table 2. Specifications of the DJI Agras T40.

Parameter Specification

Type Eight-motor coaxial multi-rotor
Dimensions (L x W x H) 2800 mm x 3150 mm x 780 mm
Total weight (without battery) 38 kg

Total weight (with battery) 50 kg
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Battery capacity 30,000 mAh

Tank capacity 40L

Max speed 10 m/s

Droplet size range 50-500 um

Spraying system Dual Atomized Spraying System

Max effective spray width 11 m (at 2.5 m altitude, 7m/s flight speed)
Max flow rate 6 L/min per nozzle

Hovering time (without payload) 18 min

Hovering and spraying (with full payload) 7 min

Max flight radius 2000 m

Max wind resistance 6 m/s

For precision positioning, the DJI T40 was operated with a GNSS mobile base station
(Model D-RTK 2), achieving horizontal and vertical accuracies within £10 cm. The drone was
equipped with an omnidirectional radar and a terrain-following system capable of managing
inclines up to 30°. Flight control and spray management were conducted using the DJI Agras
intelligent remote controller, integrated with flight planning software. Orthomosaics of the test
area were generated using DJI Terra software (SZ DJI Technology Co., Shenzhen, China) to
facilitate flight planning.

2.2. Experimental conditions

The experiments were conducted at the Auburn University Turfgrass Unit in Auburn, AL
(32°34'41.58"N, 85°30'3.73"W) on July 12 and 30, 2024. The test site, measuring 120 m in length
and 20 m in width, featured a synthetic grass surface. Meteorological data, including wind speed
(m/s), temperature (°C), and relative humidity (%), were recorded every 10 s using a Kestrel 5500
weather meter (Kestrel Instruments, Boothwyn, PA, USA), installed on a tripod at a height of 1.8
m. Weather conditions were averaged across treatments on each application day (Table 3).

Table 3. Meteorological conditions during the application days

Parameter 12-July 30-July
Temperature (°C) 28.55+1.27% 28.10 +£1.16
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Relative humidity (%) 71.32+10.68 84.70 £ 4.14
Wind speed (m/s) 1.10 £ 0.62 0.95+£0.19
@ Results are presented as mean =+ standard error.

All experiments were performed under acceptable wind conditions, with wind speeds
below 2 m/s and wind angles up to = 15°, in accordance with the ASAE S386.2 standard (American
Society of Agricultural Engineers, 1988).

2.3. Experimental design

A four-factorial experimental design was conducted to evaluate the effects of flight height
(3 and 5 m above ground level), droplet size (150 and 300 um), application volume (37.4 and 74.8
L/ha), and operation mode (standard, fruit tree, and spinning) on spray coverage, droplet density,
droplet diameter, and droplet size uniformity. A total of 24 treatments were tested, with each
treatment replicated four times, resulting in 96 flights. Parameters were selected based on
manufacturer recommendations (DJI, 2022) and ASABE S572.1 standards (American Society of
Agricultural Engineers, 1988).

2.4. Experimental layout

Four circular plastic structures, each 6 m in diameter, were constructed on the ground to
simulate fruit tree canopy areas. Each structure consisted of three intersecting plastic tubes, serving
as a framework for attaching Kromekote white paper (KWP) (The Paper Mill Store, Neenah, W1,
USA) cards, which were strategically positioned at seven locations: center, southeast, southwest,
south, northeast, northwest, and north. The KWP cards were selected to simulate the surface
characteristics of fruit tree leaves.

KWP cards were spaced at 1 m intervals, resulting in a total of 19 cards per structure (Figure

4a). The structures, spaced 10 m apart, represented independent replications (Figure 4b).
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Figure 4. a) Schematic circular plastic structure used to simulate fruit tree canopy areas.
Kromekote white paper (KWP) cards (yellow) were evenly distributed to capture spray deposition.
b) Experimental layout illustrating four structures spaced 10 m apart. The arrow indicates the
drone’s flight path during application.
2.5. Data collection and processing
A water-based solution containing Vision Pink™ dye (GarrCo Products, Converse, IN,
USA) at a concentration of 20 mL/L was used for all experiments. The solution was sprayed from

the drone as it flew over the center of each simulated canopy structure (Figure 4b), using three

different operation modes: standard, fruit tree, and spinning.
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In the standard mode, the drone follows a continuous flight path, applying the spray
solution at a predefined volume rate along its trajectory. In the fruit tree mode, the drone hovers
upon reaching the center of a target area, activates its nozzles, and sprays the solution at the
designated volume rate. Once spraying is complete, the drone continues along the route to the next
target area and repeats the process. This operation is repeated until all target areas within the
operational zone are sprayed. In the spinning mode, the drone hovers at the center of a target area,
activates its nozzles, and rotates around its central axis while spraying the solution at the specified
volume rate. After completing the spraying at one target area, the drone moves to the next target
area and repeats the procedure. This cycle continues until all target areas within the operational
zone are sprayed.

After each experiment, KWP cards were collected, stored in pre-labeled adhesive note
blocks, and sealed in plastic bags with silica pouches to prevent moisture contamination.

The KWP cards were scanned using an Epson Perfection V39II flatbed scanner (Epson
America Inc., Long Beach, CA, USA) at a resolution of 1200 dpi. The scanned images were
analyzed using the AccuStain software (Version 0.32, developed by Matt Gill, University of
[llinois at Urbana-Champaign, USA). The software automatically processed the scanned images
using its default configuration for cast-coat papers and analyzed key spray deposition parameters,
including spray coverage, droplet density, droplet diameter, and droplet size uniformity.

Spray coverage (%) was calculated as the ratio of the spray deposits area (the area covered
by stains) to the total area analyzed on the KWP cards (Gill, 2024). Droplet density (drops/cm?)
was determined by calculating the number of droplets deposited per unit area on the KWP cards
(Gill, 2024). The droplet diameter (um) corresponding to 10% (Dv0.1), 50% (Dv0.5, also known

as Volume Median Diameter or VMD), and 90% (Dv0.9) of the spray volume were also
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determined. The DvO0.1 indicates that 10% of the spray volume comprises droplets smaller than
DvO0.1. For instance, if Dv0.1 1s 200 um, 10% of the spray volume consists of droplets that are 200
pum or smaller. Dv0.9 represents the droplet diameter where 90% of the spray volume consists of
droplets smaller than Dv0.9. Dv0.5 is the midpoint of the droplet size distribution, where half of
the spray volume consists of droplets smaller than Dv0.5, and the other half consists of larger
droplets (Gill, 2024).

The droplet size uniformity was determined by the relative span factor (RSF), calculated
using equation (1) (Gill, 2024).

Dv0.9-Dv0.1

RSF = o Equation (1)

2.6. Statistical analysis

Data was analyzed using a generalized linear mixed model with the PROC GLIMMIX
procedure in SAS (version 9.04.01M7P08062020). Flight height, droplet size, application volume,
operation mode, and their interactions were used as fixed effects for the analysis of spray coverage,
droplet density, droplet diameter (Dv0.1, Dv0.5, Dv0.9), and droplet uniformity (RSF). Data was
checked for normality and homogeneity of variance. Analysis of variance was conducted to
evaluate the significance of the fixed effects and their interactions. When the F-value of the
analysis of variance was significant, least-square mean comparisons were performed to identify
differences between treatments, using Tukey’s test with a p-value of 0.05.

Additionally, a heatmap was created using SAS to visually represent the effects of drone
operational parameters on spray coverage for each operation mode (standard, fruit tree, and
spinning). The highest spray coverage values achieved for each mode were identified, and an
orthogonal contrast analysis was conducted to statistically compare these maximum coverage

values among the three operation modes.
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3. RESULTS
3.1. Spray coverage
The main effects of operation mode, application volume, and flight height significantly
influenced spray coverage (p < 0.01), whereas droplet size did not have a significant effect (p >
0.05). Among the operation modes (Figure 5a), the spinning mode resulted in the highest average
spray coverage (20.81%), followed by the fruit tree (18.26%) and the standard (17.04%) modes.
Higher application volumes (74.8 L/ha) resulted in greater spray coverage than lower application
volumes (37.4 L/ha) (Figure 5b). A lower flight height of 3 m resulted in greater spray coverage
compared to 5 m (Figure 5c). Although a slight increase in spray coverage was observed with
smaller droplet sizes (150 um) (Figure 5d), the effect of droplet size on spray coverage was not
significant (p > 0.05). However, significant interactions with operation mode and application

volume (p < 0.05) suggest that droplet size influences spray coverage under specific conditions.
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Figure 5. Main effects of (a) operation mode, (b) application volume, (¢) flight height, and (d)
droplet size on spray coverage. Bar graphs represent the average spray coverage for each factor,
with whiskers indicating the error range. Means with the same lowercase letters are not
significantly different as determined by Tukey’s test (a = 0.05).

Spray coverage was also significantly influenced by the two-way interactions of operation
mode and application volume (p < 0.01), operation mode and droplet size (p < 0.05), and
application volume and droplet size (p < 0.01). As shown in Figure 6(a), increasing the application

volume from 37.4 L/ha to 74.8 L/ha significantly enhanced spray coverage across all operation

modes. For example, in the standard mode, coverage increased from 9.05% to 24.0%, while in the
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fruit tree and spinning modes, it increased from 15.0% to 21.5% and from 16.2% to 25.4%,

respectively.
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Figure 6. Interaction effects of (a) operation mode and application volume, (b) operation mode
and droplet size, and (c) application volume and droplet size on spray coverage. Vertical bars
indicate standard errors. Means with the same lowercase letters are not significantly different, as
determined by Tukey’s test (a« = 0.05).

Figure 6(b) illustrates the interaction between operation mode and droplet size on spray
coverage. In the spinning mode, increasing droplet size from 150 pm to 300 pm slightly decreased
coverage from 21.0% to 20.7%. A similar trend was observed in the standard mode (from 19.4%
to 14.7%), whereas in the fruit tree mode, coverage increased from 17.3% to 19.2%.

The interaction between application volume and droplet size is shown in Figure 6(c). At a
lower application volume (37.4 L/ha), spray coverage was 12.4% for 150 um droplets and 14.4%
for 300 um droplets. In contrast, at a higher application volume (74.8 L/ha), coverage decreased
from 26.0% with 150 um droplets to 21.9% with 300 um droplets.

Additionally, three-way interactions significantly influenced spray coverage, including
operation mode, droplet size, and application volume (p < 0.01); operation mode, droplet size, and

flight height (»p < 0.01); operation mode, application volume, and flight height (p < 0.01); and

droplet size, application volume, and flight height (p < 0.05). Table 4 presents these effects. Spray
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coverage was higher at an application volume of 74.8 L/ha compared to 37.4 L/ha across all
operation modes and droplet sizes. Specifically, with 150 um droplets, the standard mode resulted
in the highest spray coverage at 74.8 L/ha (32.4%), followed by the fruit tree (23.1%), and spinning
(22.7%) modes. At 37.4 L/ha, the spinning mode had the highest coverage (19.3%), with the fruit
tree and standard modes at 11.6% and 6.4%, respectively. When applying 300 pm droplets, the
fruit tree mode exhibited similar coverage values at 37.4 L/ha (18.5%) and 74.8 L/ha (20.0%),
while the spinning mode increased from 13.1% to 28.3% and the standard mode from 11.7 to

17.6%.

Table 4. Effects of operation mode, droplet size, application volume, and flight height on spray
coverage.

Spray coverage (%)
Fruit tree
) Application volume (L/ha) Flight height (m)
Droplet
roplet size (nm) 37.4 74.8 3 5
150 11.51°®8 23.10% 19.68*4 14.91°8
300 18.48*A 19.96*4 19.05% 19.3924
Spinning
. Application volume (L/ha) Flight height (m)
Droplet
roplet size (nm) 37.4 74.8 3 5
150 19.26** 22.67°A 20.65°* 21.28%
300 13.10°8 28.22% 27.16* 14.168
Standard
. Application volume (L/ha) Flight height (m)
Droplet
roplet size (um) 374 74.8 3 5
150 6.438 32.41% 22.4%A 16.66*®
300 11.70*® 17.64°A 17.12% 12.23%8

Similar lowercase letters in the same column indicate no significant differences between droplet
sizes within each operation mode as determined by Tukey’s test (p > 0.05). Similar uppercase
letters in the same line indicate no significant differences between application volumes or flight
heights within each operation mode as determined by Tukey’s test (p > 0.05).

Spray coverage varied with different operation modes, droplet sizes, and flight height

(Table 4). In the fruit tree mode, coverage decreases as flight height increases, with values ranging
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from 19.68% at 3 m and 14.91% at 5 m for 150 um droplets, while for 300 pm droplets, coverage
remained relatively stable (19.05% at 3 m and 19.39% at 5 m). In the spinning mode, 150 pm
droplets resulted in coverage 0f 20.65% at 3 m and 21.28% at 5 m, while 300 pm droplets exhibited
a significant decrease from 27.16% at 3 m to 14.16% at 5 m. In the standard mode, coverage
decreased with higher flight heights, with 150 pm droplets showing a decrease from 22.40% at 3
m to 16.66% at 5 m, and 300 pm droplets following a similar trend, decreasing from 17.12% to
12.23%.

Although the four-way interaction among operation mode, application volume, droplet
size, and flight height were not significant (p > 0.05), optimal conditions for maximizing spray
coverage were identified (Figure 7). For the spinning mode, spray coverage ranged from 9.68% to
37.80%, with optimal coverage achieved at a 74.8 L/ha application volume, 3 m flight height, and
300 pm droplets (Figure 7). In the fruit tree mode, coverage ranged from 7.63% to 24.52%, with
optimal conditions at an application volume of 74.8 L/ha, a flight height of 5 m, and a droplet size
of 300 pum, achieving 24.52% coverage (Figure 7). In the standard mode, coverage varied between
6.29% and 37.80%, with the optimal configuration for maximizing spray coverage at a 74.8 L/ha
application volume, 3 m flight height, and 150 pm droplet size, resulting in 37.80% coverage.
These results highlight the importance of selecting appropriate flight heights and droplet sizes to

maximize spray coverage in each operation mode.
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Figure 7. Heatmap illustrating the interaction between operation mode, droplet size, flight height,
and application volume on spray coverage. Each cell displays the average spray coverage value
for that treatment combination, with color intensity corresponding to the magnitude of spray
coverage. Warmer colors indicate higher spray coverage, while cooler colors indicate lower
coverage.

A contrast analysis comparing the optimal treatments for each operation mode on spray
coverage (Table 5) revealed no significant difference between the standard mode and spinning
mode (p > 0.05), indicating that both modes are equally effective in maximizing spray coverage.

However, the fruit tree mode exhibited significantly lower coverage than both the spinning and

standard modes (p < 0.01).
Table 5. Contrast between treatments with the highest spray coverage for each operation mode.
Operation mode comparison Sum of square F value p-value
Standard vs Spinning 0.000506 0 ns
Standard vs Fruit tree 6701.16 17.51 ok
Spinning vs Fruit tree 6697.47 17.50 ox
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Level of significance (p-value): **, significant at p < 0.01; ns, nonsignificant.
3.2. Droplet density

Statistical analysis showed that all main effects were significant (p < 0.01) for droplet
density, with additional two-way and three-way interactions (p < 0.05) indicating complex
relationships among these factors. Among operation modes, the spinning mode resulted in the
highest droplet density (172.44 drops/cm?), followed by the fruit tree mode (140.47 drops/cm?),
with the standard mode showing the lowest density (77.83 drops/cm?) (Figure 8a). Increasing the
application volume from 37.4 L/ha to 74.8 L/ha significantly enhanced droplet density from 114.00
drops/cm? to 146.35 drops/cm? (Figure 8b). Similarly, a lower flight height (3 m) led to higher
droplet density (136.53 drops/cm?) compared to 5 m (123.82 drops/cm?) (Figure 8c). Smaller
droplet sizes (150 um) resulted in higher densities (141.28 drops/cm?) than larger droplets (300

um) (119.07 drops/cm?) (Figure 8d).
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Figure 8. Main effects of (a) operation mode, (b) application volume, (c) droplet size, and (d)
flight height on droplet density. Bar graphs represent the average droplet density for each factor,
with the whiskers indicating the standard error. Similar lowercase letters indicate no significant
differences among treatment levels (p > 0.05), as determined by Tukey’s test.

The interaction effects of operation mode and application volume, droplet size and
application volume, and droplet size and flight height on droplet density were statistically
significant (p < 0.05), highlighting the complex relationships among these factors. Figure 9(a)
illustrates that at a lower application volume (37.4 L/ha), the spinning mode produced the highest

droplet density (160.78 drops/cm?), followed by the fruit tree mode (130.01 drops/cm?) and

standard mode (51.23 drops/cm?). At a higher application volume (74.8 L/ha), droplet density
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increased across all operation modes, reaching 184.11 drops/cm? in spinning mode, 150.93

drops/cm? in fruit tree mode, and 104.01 drops/cm? in standard mode.
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Figure 9. Interaction effects of (a) operation mode and application volume, (b) droplet size and
application volume, and (c) droplet size and flight height on droplet density. Error bars indicate
the standard deviation. Similar lowercase letters indicate no significant differences (p > 0.05)
among treatments within each panel, as determined by Tukey’s test.

For smaller droplets (150 um), increasing the application volume from 37.4 L/ha to 74.8
L/ha significantly increased droplet density from 116.36 drops/cm? to 166.22 drops/cm? (Figure
9b). In contrast, for larger droplets (300 um), the increase was less pronounced (from 111.65 to
126.49 drops/cm?). In addition, droplet density decreased as flight height increased (Figure 9c). At
3 m, smaller droplets (150 pm) resulted in a droplet density of 142.19 drops/cm?, while larger
droplets (300 um) reduced it to 130.88 drops/cm?. At 5 m, overall density was lower, with smaller
droplets yielding 140.38 drops/cm? and larger droplets reducing to 107.26 drops/cm?.

Droplet density was also significantly influenced by the three-way interactions of operation
mode, droplet size, and application volume (p < 0.01), and operation mode, application volume,
and flight height (p < 0.05). For the fruit tree mode, droplet density increased with higher
application volume (Table 5). At 37.4 L/ha, larger droplets (300 pm) produced higher droplet

density (143.65 drops/cm?) than smaller droplets (150 um, 116.37 drops/cm?). At 74.8 L/ha,

droplet density remained stable between droplet sizes (151.30 drops/cm? for 150 um droplets and
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150.57 drops/cm? for 300 um droplets). Flight height influenced droplet density (Table 6), with 3
m yielding higher values (141.03—147.72 drops/cm?) than 5 m (118.99-154.14 drops/cm?). In the
spinning mode, smaller droplets (150 um) resulted in higher droplet density (Table 6). At 37.4
L/ha, droplet density reached 183.08 drops/cm? for 150 um but decreased to 138.48 drops/cm? for
300 um droplets. Increasing the application volume to 74.8 L/ha led to the highest droplet density
observed (193.05 drops/cm? for 150 um and 175.17 drops/cm? for 300 um). Lower flight heights
(3 m) produced greater droplet density (170.34—193.90 drops/cm?) compared to 5 m (151.22—
174.32 drops/cm?). The standard mode exhibited the lowest overall droplet density, particularly at
37.4 L/ha, where values remained below 53 drops/cm? for both droplet sizes. At 74.8 L/ha, droplet
density increased for 150 um droplets (154.29 drops/cm?), while the increase was minimal for 300
pm droplets (53.73 drops/cm?). Flight height also had a significant effect, with higher droplet
density observed at 3 m (48.94 - 117.28 drops/cm?) compared to 5 m (53.51 - 90.74 drops/cm?).

Table 6. Effects of operation mode, droplet size, application volume, and flight height on droplet
density.

Droplet density (drops/cm2)

Fruit tree
Application Droplet size (um) Flight height (m)
volume (L/ha) 150 300 3 5
374 116.37°8 143.65% 141.032A 118.99%A
74.8 151.3*4 150.572A 147.72%4 154.14%4
Spinning
Application Droplet size (um) Flight height (m)
volume (L/ha) 150 300 3 5
374 183.08*4 138.48"B 170.34% 151.22%
74.8 193.05% 175.17%4 193.9%4 174.32%4
Standard
Application Droplet size (um) Flight height (m)
volume (L/ha) 150 300 3 5
374 49.62% 52.83%A 48.94%A 53.51°%
74.8 154.29%A 53.73% 117.284 90.74%8
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Similar lowercase letters in the same column indicate no significant differences between volumes
within each operation mode as determined by Tukey’s test (p > 0.05). Similar uppercase letters in
the same line indicate no significant differences between droplet size or flight heights within each
operation mode as determined by Tukey’s test (p > 0.05).

Although the four-way interaction among operation mode, application volume, droplet
size, and flight height were not statistically significant (» > 0.05), notable trends emerged in droplet
density patterns. The standard mode exhibited the lowest droplet density, ranging from 41.26 to
171.46 drops/cm?. At an application volume of 37.4 L/ha, the highest droplet density (57.98
drops/cm?) occurred at a 5 m flight height with 150 um droplets, whereas increasing the application
volume to 74.8 L/ha led to a maximum droplet density of 171.46 drops/cm? at 3 m and 150 um
droplets. In the fruit tree mode, droplet density ranged from 105.51 to 167.82 drops/cm?. Ata 37.4
L/ha, the highest droplet density (154.82 drops/cm?) was observed at a 3 m flight height with 300
um droplets. However, at 74.8 L/ha, the highest density (167.82 drops/cm?) was achieved ata 5 m
flight height with 150 pm droplets. The spinning mode produced the highest droplet density,
ranging from 115.79 to 198.91 drops/cm?. At 37.4 L/ha, the highest density (186.64 drops/cm?)
occurred at 5 m with 150 um droplets. When the application volume was increased to 74.8 L/ha,
the highest recorded density (198.91 drops/cm?) was achieved at a 3 m with 150 um droplets.

3.3. Droplet diameter (Dv0.1, Dv0.5, and Dv0.9)

The droplet diameter was significantly influenced by operation mode, application volume,
flight height, and droplet size (p < 0.01), with multiple interaction effects observed among these
factors. Among the operation modes (Figure 10a), the standard mode exhibited the largest droplet
diameters across all percentiles (Dv0.1: 196.65 um, Dv0.5: 346.91 um, and Dv0.9: 513.43 um).

In contrast, the fruit tree and spinning modes produced smaller droplets, with no statistically

significant differences between them for the DvO0.1 percentile. For the Dv0.5 and Dv0.9
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percentiles, the spinning mode produced slightly, but still statistically significant bigger droplets
(238.32 um and 347.99 um respectively) compared to the fruit tree mode.

The droplet size (150 pm and 300 um) significantly influenced droplet distribution (Figure
10b). The larger droplet size (300 pm) produced greater droplet diameters across all percentiles
(DvO0.1: 165.49 pum, Dv0.5 284.72 pm, and Dv0.9: 417.62 um) compared to the 150 pm droplets
(Dv0.1: 148.90 pum, Dv0.5 258.94 um, and Dv0.9: 379.31 pum). Similarly, an increase in
application volume from 37.4 L/ha to 74.8 L/ha resulted in larger droplet diameters across all
percentiles (Figure 10c), suggesting that higher liquid volumes promote the formation of larger
droplets. Increasing flight height from 3 m to 5 m led to a reduction in droplet diameter across all
percentiles (Figure 10d). Specifically, Dv0.1 decreased from 162.20 to 152.10 pm, Dv0.5 from

180.48 to 263.18 um, and Dv0.9 from 408.93 to 388.00 um.
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Figure 10. Main effects of (a) operation mode, (b) application volume, (c¢) droplet size, and (d)
flight height on droplet diameter (Dv0.1, Dv0.5, and Dv0.9). Each bar represents the mean value,
and error bars indicate the standard deviation. The legend denotes the droplet diameter percentiles:
Dv0.1 (10% of volume is composed of droplets smaller than this size), Dv0.5 (median volume
diameter), and Dv0.9 (90% of volume is below this size). Similar lowercase letters indicate no
significant differences among treatment levels (p > 0.05), as determined by Tukey’s test.
Additionally, three-way interactions significantly influenced droplet diameter, including
operation mode, droplet size, and application volume (p < 0.01); operation mode, droplet size, and
flight height (p <0.01); and operation mode, application volume, and flight height (p <0.01). Table
7 presents the interaction effects of operation mode, application volume, and flight height on

droplet diameter.

Table 7. Effects of operation mode, application volume, and flight height on droplet diameter.

Operation Application volume Dv0.1 Dv0.5

mode (L/ha) Flight height (m) (um) (um) Dv0.9 (um)
3 138.05¢f 235.55¢ 342.02°¢
37.4
. 5 121.42¢8 204.11f 299.65f
Fruit tree
748 3 140.72¢f 239.43¢ 345.98°¢
' 5 143.694 241.96° 348.26°
374 3 127.65%  223.20¢f 333.98°
Spinni ' 5 136.83¢f 234.14°¢ 342.20°
1nnin
praniag s 3 15753 268.36¢ 386.16¢
' 5 133.88¢ft  227.50¢ 329.61°¢
37.4 3 195.71° 330.37° 487.90°
' 5 168.94¢ 296.22°¢ 456.43°¢
Standard
3 213.53% 385.91% 557.562
74.8

5 208.43%  375.16° 551.83?

Similar lowercase letters indicate no significant differences between application volumes or flight
heights within each operation mode and droplet size combination as determined by Tukey’s test (p
> 0.05).

At an application volume of 74.8 L/ha and a flight height of 3 m, the standard mode
produced the largest droplet diameter (DvO0.1: 213.53 pm, Dv0.5: 385.91 um, Dv0.9: 557.56 um).
In spinning mode, the highest values were recorded at a flight height of 3 m and 74.8 L/ha

application volume (DvO0.1: 157.53 um, Dv0.5: 268.36 pm, and Dv0.9: 386.16 pm. For the fruit
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tree mode, the highest droplet diameters were observed at a flight height of 5 m and an application
volume of 74.8 L/ha (Dv0.1: 143.69 um, Dv0.5: 241.96 um, and Dv0.9: 348.26 um.

Increasing the application volume from 37.4 L/ha to 74.8 L/ha resulted in an increase in
droplet diameter across all operation modes. For instance, in standard mode at 3 m flight height,
Dv0.1 increased from 195.71 um to 213.53 pm, Dv0.5 from 330.37 um to 385.91 um, and Dv0.9
from 487.90 um to 557.56 um. Similar trends were observed for fruit tree and spinning modes,
though with smaller droplet diameters. In contrast, increasing flight height from 3 m to 5 m
generally led to a reduction in droplet diameter across all operation modes. For example, in
standard mode at 74.8 L/ha, Dv0.1 decreased from 213.53 pm to 208.43 um, Dv0.5 from 385.91
pm to 375.16 um, and Dv0.9 from 557.56 pum to 551.83 um. Similar trends were observed in fruit
tree mode at 37.4 L/ha, where DvO0.1 decreased from 138.05 pm to 121.42 um, Dv0.5 from 235.55
pm to 204.11 um, and Dv0.9 from 342.02 pm to 299.65 um.

3.4. Relative span factor (RSF)

The RSF, an indicator of droplet size uniformity, was significantly influenced by operation
mode and application volume (p < 0.01), with additional two-way, three-way, and four-way
interactions (p < 0.05). These interactions highlight the influence of combined parameters on
droplet size uniformity, suggesting that RSF variability dependents not only on individual factors
but also on their interactions.

The standard mode exhibited the highest RSF values under different conditions, indicating
a less uniform droplet distribution, particularly at a flight height of 5 m with a droplet size of 150
um and an application volume of 37.4 L/ha (RSF: 1.01). In contrast, the fruit tree and spinning
modes showed lower RSF values, with minimal variation between droplet sizes and flight heights

(Table 8).
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Table 8. Effects of operation mode, application volume, droplet size, and flight height on relative
span factor (RSF).

Application volume Droplet size

Operation mode (L/ha) Flight height (m) (m) RSF
3 150 0.90 bed
374 300 0.88 bed
5 150 1.01a
Standard 300 0.95 ab
3 150 0.89 bed
' 5 150 0.94 abed
300 0.91 bed
3 150 0.92 abed
300 0.87 bed
37.4
s 150 0.87 bed
' 300 0.90 bed
Fruit tree
3 150 0.86 cd
300 0.94 abcd
74.8
s 150 0.91 bed
300 0.86 d
3 150 0.93 abed
374 300 0.94 abc
' 5 150 0.88 bed
Spinnin 300 0.90 bed
P 3 150 0.90 bed
300 0.86 cd
74.8
s 150 0.86 cd
300 0.88 bed

Values with similar lowercase letters in the same column within operation mode indicate no
significant differences (p > 0.05) by Tukey’s test.

For the fruit tree mode, RSF values ranged between 0.86 and 0.94, indicating a more
uniform droplet size distribution compared to the standard mode, particularly at an application
volume of 74.8 L/ha with a droplet size of 300 um and a flight height of 5 m. Similarly, in spinning

mode, RSF values varied between 0.86 and 0.94, reflecting a more uniform droplet size
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distribution compared to the standard mode, with a trend indicating a decrease at 74.8 L/ha
application volume compared to 37.4 L/ha.
3.5. Spatial variability in spray distribution
Spray distribution plots were generated to evaluate the positional effects of different
operation modes on spray coverage within the simulated canopy structure (Figure 11). These plots
revealed significant spatial variability in spray distribution across the seven predefined positions -
center, southeast (SE), southwest (SW), south (S), northeast (NE), northwest (NW), and north (N)

— for the three operation modes (standard, spinning, and fruit tree).

Standard Mode Fruit Tree Mode Spinning Mode
N N

N

20.04% 19.78%

NW NE NwW NE
13.99% 9.05%
20.64% 39.47% 48.47%
12.18% 24.56% 14.78% 24.66%
19.19% SE sSwW 22.94% SE
S

S

s
12.18% Coverage  21.23% 4.79% Coverage  39.47% 14.73% Coverage  48.47%
] B ] - TTTI—

Figure 11. Spray distribution across different sampling locations within the canopy simulation
structure for three operation modes: standard mode, spinning mode, and fruit tree mode. Sampling
locations: SE: southeast, SW: southwest, S: south, NE: northeast, NW: northwest, and N: north.
Darker shading indicates higher spray coverage.

The standard mode demonstrated the most uniform spray distribution across all sampling
locations, despite delivering lower overall spray coverage compared to the other operation modes.

Among the positions, the northwest recorded the highest spray coverage (21.23%), followed by

the center (20.64%), north (20.04%), and south (19.19%) positions, which exhibited similar
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coverage levels. Peripheral positions, including southeast (12.18%), southwest (14.81%), and
northeast (13.99%) showed slightly lower spray coverage.

The fruit tree mode exhibited the highest spatial variability in spray coverage among the
three operation modes. The center and southeast positions recorded the highest spray coverage
(39.47% and 35.91%, respectively), while peripheral positions such as north (5.23%), northeast
(9.05%), and northwest (4.79%) received minimal coverage. The southwest (24.56%) and south
(22.94%) position exhibited moderate spray coverage.

The spinning mode achieved the highest overall spray coverage with a relatively balanced
distribution across the simulated canopy structure. The center position recorded the highest spray
coverage (48.47%), followed by consistent coverage across peripheral positions, including the
southeast (24.66%), northeast (23.76%), south (17.95%), southwest (14.78%), and northwest

(14.73%).

4. DISCUSSION

This study evaluated the effects of drone operational parameters (operation mode,
application volume, droplet size, and flight height) on spray coverage, droplet density, droplet
diameter, and droplet size uniformity in fruit tree orchard simulations. The results highlight the
significant main effects and two-way, three-way, and four-way interactions (p < 0.05) among these
factors, emphasizing the importance of optimizing these parameters to enhance pesticide
deposition efficiency, improve canopy coverage, and reduce chemical waste.

Among the operation parameters, the spinning mode emerged as the most effective,
achieving the highest average spray coverage (20.81%) and droplet density (172.44 drops/cm?),
along with uniform droplet distribution, and balanced spatial variability. Under optimal conditions

(74.8 L/ha application volume, 3 m flight height, and 300 pum droplet size), spinning mode
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achieved a maximum spray coverage of 37.80%. In peripheral positions, spray coverage ranged
from 14.73% (northwest) to 24.66% (southeast), while central position reached 48.47% of
coverage. In this mode, the drone combines spotting with rotational spraying. This rotary spraying
mechanism disperses droplet uniformly, resulting in a well-distributed spray pattern across the
simulated canopy structure (DJI, 2022; Shan et al., 2024b). These findings align with a prior study
that highlights the advantages of rotational application in achieving improved spatial distribution
due to their ability to generate consistent droplet patterns across varying angles (Byers et al., 2024).

The standard mode, while slightly less effective in terms of the overall coverage and
density compared to spinning mode, provided the most uniform spatial distribution, with spray
coverage ranging from 12.18% (southeast) to 21.23% (northwest). Under optimal conditions (74.8
L/ha application volume, 3 m flight height, and 150 pm droplet size), this mode achieved a
maximum spray coverage of 37.80%. The forward movement of the drone in the standard mode
extends the horizontal range of droplets, increasing coverage across a broader area (DJI, 2022;
Shan et al., 2024b). In addition, its continuous flight path likely contributed to its uniform
deposition, making it suitable for applications that require consistent coverage over large areas
(Shan et al., 2024b). In contrast, the fruit tree mode exhibited the lowest coverage (24.52%) under
optimal conditions (an application volume of 74.8 L/ha, a flight height of 5 m, and a droplet size
of 300 um), a significant spatial variability, with coverage concentrated at central (39.47%) and
southeast (35.91%) positions of the simulated canopy structure and reduced coverage at peripheral
locations, such as northwest (4.79%) and north (5.23%). This operation mode employs a spot
spraying pattern, where the drone remains relatively stationary, spraying only while hovering over
a target area, facilitating targeted droplet deposition in specific areas (Shan et al., 2024b). While

this operation mode concentrates droplets in a specific spot, it limits horizontal coverage and is
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less effective for evenly distributing the spray over larger areas (DJI, 2022; Shan et al., 2024b).
The rear placement of the drone’s atomizers led to reduced spray deposition in the front part of the
target area, contributing to the observed variability.

The influence of application volume and flight height were consistent across modes. Higher
application volume (74.8 L/ha) significantly enhanced spray coverage and droplet density. For
example, increasing the application volume from 37.4 L/ha to 74.8 L/ha improved droplet density
from 114.00 to 146.35 drops/cm? on average. This trend can be attributed to the increased liquid
available for deposition, which enhances coverage and droplet density (Paul et al., 2024; Yan et
al., 2023). Lower flight height (3 m) produced significantly greater coverage and droplet density,
likely due to reduced impact of drift, and evaporation (Byers et al., 2024; P. Chen et al., 2021).

The impact of droplet size was mode-dependent, reflecting the need for tailored parameter
configurations. Smaller droplets (150 pum) enhanced coverage and droplet density in the standard
and spinning modes, possibly due to their higher surface area-to-volume ratio, which improves
contact with target surfaces (P. Chen et al., 2020; Shan et al., 2021). Conversely, larger droplets
(300 pm) were more effective in the fruit tree mode, possibly due to the hovering mechanism
allowing better deposition of heavier droplets with reduced drift potential. The hovering operation,
combined with the vertical release of spray at fixed points, may have favored the gravitational
settling of larger droplets, reducing lateral dispersion and enhancing localized deposition. These
findings align with observations reported by (S. Chen et al., 2020), who demonstrated that
increased droplet size significantly improved deposition rates and penetration while effectively
reducing drift during drone spraying in rice canopies.

Droplet diameter (Dv0.1, Dv0.5, and Dv0.9) and RSF varied across modes, with standard

mode producing the largest droplets (e.g., Dv0.9: 593.66 um), which contributed to its higher RSF
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values and less uniform distribution. In contrast, the spinning and fruit tree modes generated
smaller and more uniform droplets (e.g., RSF: 0.86-0.94), indicating improved deposition
efficiency (Basilio et al., 2024; J. Chen et al., 2024; Mohanty & Raheman, 2024). Increasing
application volume (74.8 L/ha) and droplet size (300 um), and decreasing flight height (3 m)
consistently enlarged droplet diameter, resulting in less uniform droplets (Silva et al., 2024). These
findings reinforce the need to consider droplet uniformity when optimizing spray parameters for
specific agricultural applications.

Overall, this study highlights that no single drone operation mode is universally superior.
Instead, the selection of optimal parameters should be dictated by specific application goals, crop
canopy structure, and environmental conditions. The spinning mode, with its rotational spray and
superior coverage, is ideal for dense canopies requiring thorough coverage, using a 74.8 L/ha
application volume, 3 m flight height, and 300 pm droplet size. The fruit tree mode offers
advantages in droplet uniformity and targeted application in smaller orchards, using a 74.8 L/ha
volume, 5 m flight height, and 300 um droplets. While the standard mode’s consistent spatial
coverage is well-suited for achieving uniform coverage over large, open areas, particularly with a
74.8 L/ha application volume, 3 m flight height, and 150 um droplet size.

These findings support the growing body of research advocating for data-driven parameter
tuning in drone-based crop protection (Garcia-Munguia et al., 2024b; Raj et al., 2024), reinforcing

the potential of drones as adaptable tools in precision agriculture.

5. CONCLUSION
This study demonstrated the potential of optimizing drone spray parameters to enhance
pest management in fruit tree orchards. By systematically evaluating the effects of operation mode,

application volume, flight height, and droplet size on spray coverage, droplet density, droplet
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diameter, and droplet size uniformity, the findings highlight the importance of parameter-specific
configurations in maximizing spray efficacy. Among the operation modes tested, the spinning
mode emerged as the most versatile and effective, achieving superior spray coverage (up to
37.80%), high droplet density (198.91 drops/cm?), uniform droplet distribution, and balanced
spatial deposition. Its rotary application mechanism makes it ideal for dense canopies requiring
thorough coverage. In contrast, the fruit tree mode demonstrated strong potential for localized
deposition, particularly with larger droplets, making it a suitable option for precision applications
in small orchards. Although the standard mode achieved the lowest overall coverage and density,
it provided the most uniform spatial distribution, indicating its potential utility as scenarios
requiring consistent deposition over large, open areas. The study also identified key parameter
combinations critical for performance. Specifically, a higher application volume of 74.8 L/ha, a
flight height of 3 m for spinning and standard modes (5 m for the fruit tree mode), and a droplet
size of 150 um for standard and spinning modes (300 um for fruit tree mode) were optimal for
maximizing coverage. These results provide a framework for developing tailored drone spraying
strategies that improve coverage efficiency, minimize drift, and reduce chemical inputs. Although
this study was conducted using simulated canopy structures, the observed trends align with
reported field dynamics and offer a robust foundation for real-world applications. Future studies
should focus on validating these configurations under field conditions. Emerging advances in
drone technology, such as adaptive spray systems, hold significant promises for further enhancing

precision, efficiency, and sustainability of pesticide applications in modern agriculture practices.
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Chapter I11
Evaluation of drone operational parameters for improved spray coverage and droplet
distribution in a peach orchard

Abstract

Peach orchards face significant challenges in managing pests and diseases, which can reduce yield
and fruit quality. While conventional air-blast sprayers have been widely used, they often result in
excessive pesticide discharge, contributing to high costs and environmental contamination.
Unmanned aerial vehicles (drones) have emerged as a promising alternative for pesticide
application, offering improved precision and sustainability. This study evaluated the effects of
different drone spraying treatments (fruit tree, spinning, and standard), canopy layers, and
sampling locations on spray coverage, droplet density, droplet diameter, and droplet size
uniformity in a peach orchard. Optimized operational parameters for application volume, flight
height, and droplet size were used, and drone spraying results were compared with those of a
conventional air-blast sprayer. The results demonstrated that the fruit tree treatment achieved the
highest spray coverage (6.55%) and droplet density (90.09 drops/cm?), outperforming both the
spinning (3.74% and 54.59 drops/cm?) and standard treatments (1.19% and 6.68 drops/cm?). The
air-blast sprayer demonstrated superior overall spray coverage (58.77%) and droplet density
(193.11 drops/cm?), but the drone treatments, particularly the fruit tree and spinning, exhibited
potential for targeted applications with reduced chemical waste. Sampling location had significant
effects on spray deposition, with the south-facing sections of trees receiving the highest droplet
density in drone applications. Notably, canopy layer had no significant effect on spray deposition,

suggesting efficient spray penetration due to drone-generated airflow. This study highlights the
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potential of drones as a sustainable and efficient alternative to conventional sprayers, providing

insights into future drone design optimization for improved orchard management.

1. INTRODUCTION

Peach (Prunus persica (L.) Batsch) is a deciduous fruit tree belonging to the Rosaceae
family (subfamily Amygdaloideae) (Manganaris et al., 2022). In 2023, it was the sixth most-
produced fruit worldwide (Manganaris et al., 2022; USDA, 2023). China led global production
with 17,516,500 tons, followed by Spain (1,381,780 tons), Turkey (1,076,852 tons), Italy
(1,033,840 tons), and the United States (U.S.) (665,910 tons) (FAOSTAT, 2025). Despite its
economic and agricultural significance, U.S. peach production has declined by more than 30%
over the past decade (FAOSTAT, 2023), with per capita consumption decreasing from 3.31 kg in
2012 to 1.97 kg in 2022 (Ritchie et al., 2023). One factor contributing to this decline is the high
susceptibility of peaches to pests and diseases, which significantly reduce yield and fruit quality
(Luo et al., 2022). For example, in Georgia U.S., peach diseases resulted in economic losses
exceeding $5 million in 2018, with $3.9 million attributed to disease control costs (Brannen, 2018).

Pesticides application is essential for maintaining peach yield and quality (Meng et al.,
2020). Conventional air-blast sprayers, widely used in peach orchards and other specialty crop
production, have been a key tool in pest and disease management by ensuring efficient pesticide
application (Boatwright et al., 2020). However, these sprayers present significant challenges,
including excessive pesticide discharge, which increases costs and contributes to environmental
contamination (Wei, Xue, et al., 2023).

Unmanned aerial vehicle (drones) have emerged as a promising alternative for pesticide
application in orchards, offering advantages over air-blast sprayers in terms of efficiency,

precision, and sustainability (Gao et al., 2020; Garcia-Munguia et al., 2024a; Lopes et al., 2023;
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Mahmud et al., 2021). Unlike conventional sprayers, drones enable targeted pesticide delivery,
reducing chemical usage and minimizing human exposure to hazardous substances (Arakawa &
Kamio, 2023; S. Guo et al., 2022; Meng et al., 2020; Yan et al., 2023). These advantages
contribute to reduced pesticide waste, improved water conservation, time savings, and lower
operational costs, making drones a sustainable and cost-effective solution for modern orchard
management (Sahni et al., 2024; Wei, Li, et al., 2023). Studies have demonstrated that drones can
achieve comparable pesticide application efficacy to air-blast and high-pressure sprayers, as
reported by (Arakawa & Kamio, 2023). Similarly, (Li et al., 2021) found that while ground sprayers
provided higher overall coverage on almond trees, drones achieved superior coverage in the upper
canopy, highlighting their potential as a complementary approach to traditional ground-based
application methods.

Effective pesticide application depends on achieving optimal droplet deposition (S. Guo et
al., 2019; Muhammad et al., 2019; Srinivasarao et al., 2021). For efficient pest control, droplets
must reach and penetrate the leaf surface (Song et al., 2022). However, a significant proportion of
sprayed droplets often fail to reach the target, resulting in pesticide waste, reduced effectiveness,
and increased environmental contamination risks (S. Guo et al., 2019; Meng et al., 2020). Several
factors influence spray performance, including flight height (Qin et al., 2018; Tang et al., 2018),
spray volume (G. Wang, Lan, Qi, et al., 2019), and droplet size (S. Chen et al., 2020). Recent
advancements in drone spraying technology have introduced operation modes specifically
designed for fruit trees, although these modes remain largely unexplored (Garcia-Munguia et al.,
2024a; Shan et al., 2024b). Achieving uniform spray distribution over tree canopies continues to

be challenging, with spray performance in the lower layers of the canopy often being suboptimal
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(Tang et al., 2018). Therefore, optimizing drone operational parameters is essential for achieving
uniform and effective pesticide deposition.

This study aimed to evaluate the effects of optimized drone operational parameters for
application volume, flight height, and droplet size (as determined in Chapter II) across three
operation modes (fruit tree, spinning, and standard) on spray coverage, droplet density, droplet
diameter, and droplet size uniformity in a peach orchard. The drone performance was compared to
that of a conventional air-blast sprayer. Additionally, spatial variability in spray distribution was
assessed by analyzing spray coverage and droplet density across different canopy layers (upper,

middle, and lower) and sampling locations (center, north, east, south, and west) within peach trees.

2. MATERIALS AND METHODS
2.1. Experimental site
Field experiments were conducted at the Chilton Horticulture Substation in Clanton, AL
(32°54'45"N, 86°40'06"W) on September 10, 2024. The study area covered 0.42 ha, with a plant-
to-plant and row-to-row spacing of 5 m and 7 m, respectively. The selected trees had an average
height of 2.6 m and a canopy width of 6 m.
Meteorological data, including wind speed (m/s), temperature (°C), and relative humidity
(%), were recorded every 10 s using a Kestrel 5500 weather meter (Kestrel Instruments, Boothwyn,
PA, USA), mounted on a tripod at a height of 1.8 m. Weather conditions were averaged across all
treatments and are summarized in Table 9.

Table 9. Meteorological conditions during the application day.

Parameter 10-September
Temperature (°C) 25.55+1.03%
Relative humidity (%) 69.41 £ 6.22
Wind speed (m/s) 0.76 £ 0.54

# Results are presented as mean =+ standard error.
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All experiments were performed under wind speeds below 2 m/s and wind angles within +
15°, in accordance with the ASAE S386.2 standard (American Society of Agricultural Engineers,
1988).

2.2. Spray equipment

2.2.1. Drone sprayer

The drone sprayer used in this study was the DJI Agras T40 (SZ DJI Technology Co.,
Shenzhen, China), an eight-motor coaxial multi-rotor drone (Figure 12). The drone weighs 50 kg,
has a 40 L tank capacity, and dimensions of 2.8 m x 3.15 m x 0.78 m (L x W x H). It can achieve
a maximum speed of 36 km/h and provides an effective spray width of 11 m when flying at a speed
of 7 m/s and an altitude of 2.5 m. The DJI T40 is equipped with a dual-atomized spray system that
produces droplets ranging from 50 to 500 um, with each nozzle supporting a maximum flow rate

of 6 L/min (DJI, 2022).

Figure 12. DJI Agras T40 drone sprayer used in the spraying experiments.

For enhanced precision, the DJI Agras T40 was paired with a GNSS mobile base station
(Model D-RTK 2), achieving horizontal and vertical accuracies within £10 cm. The drone was also
equipped with omnidirectional radar and a terrain-following system, enabling operation on inclines

of up to 30°. Flight control and spray management were conducted using the DJI Agras intelligent
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remote controller, which is integrated with flight planning software. Orthomosaics of the
experimental area were generated using DJI Terra software (SZ DJI Technology Co., Shenzhen,
China) ensuring precise flight path planning.

The drone was operated in three operation modes (standard, fruit tree, and spinning) using
optimized parameters for application volume, flight height, and droplet size, as determined in
Chapter II. In standard mode, the drone followed a continuous flight path, applying the spray
solution at a volume rate of 74.8 L/ha with a droplet size of 150 um, and a flight height of 3 m. In
fruit tree mode, the drone hovered at the center of each target area, activated its nozzles, and
sprayed the solution at a volume rate of 74.8 L/ha with a droplet size of 300 um, and a flight height
of 5 m before proceeding to the next target. The spinning mode involved the drone hovering at the
center of the target area, rotating around its axis while spraying the solution at a volume rate of
74.8 L/ha with a droplet size of 300 um, and a flight height of 3 m before moving to the next target.

2.2.2. Air-blast sprayer

The conventional sprayer used in this study was the Jacto Arbus 2000 air-blast sprayer. It
has a 2000 L tank capacity, a maximum flow rate of 75 L/min, and an operational speed of up to 6
km/h (Jacto Inc, 2011). The air-blast sprayer weighs 700 kg and has dimensions of 4.45 m x1.75
m x1.85 m (L x W x H). In this spraying treatment, the solution was applied at a volume rate of
467.7 L/ha at 5 km/h along a continuous path. The sprayer initially targeted the left side of the
selected trees at a constant rate and then returned along an adjacent path to treat the right side of
the same trees.

2.3. Experimental design
A three-factorial experimental design with four replicates was used to evaluate the effects

of spraying treatment (fruit tree, spinning, standard, and air-blast sprayer), canopy layer (upper,
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middle, and lower), and sampling location (center, north, east, south, and west) on spray coverage,
droplet density, droplet diameter, and droplet size uniformity.

Four peach trees of similar size and canopy shape were selected for each spraying
treatment, with each tree serving as a replication. The canopy of each tree was vertically divided
into three layers: upper (2.6 m), middle (1.8 m), and lower (1 m) (Figure 13a). Within each layer,
sampling was conducted at five locations: center, north, east, south, and west sides of the canopy
(Figure 13b). A leaf was randomly selected within each sampling zone, and Kromekote White
Paper (KWP) cards (The Paper Mill Store, Neenah, WI, USA) were strategically placed, resulting
in a total of 15 KWP cards per tree. A buffer zone of at least 10 m was maintained between
replications to minimize spray drift effects (Figure 13c). This layout ensured accurate and
independent spray deposition measurements.

Spray deposition performance was evaluated using a water-based solution containing 20

mL/L of Vision Pink™ dye (GarrCo Products, Converse, IN, USA).
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Figure 13. Experimental layout and Kromekote White Paper (KWP) card placement (yellow)
within the peach tree canopy. (a) Side view illustrating canopy layers (upper, middle, and lower).
b) Top view showing KWP card placement at five canopy locations (center, north, east, south, and
west). ¢) Experimental layout illustrating selected trees and buffer zones. Abbreviations: N — north,
S —south, W — west, E — east, T1 — fruit tree spraying treatment, T2 — spinning spraying treatment,
T3 — standard spraying treatment, and T4 — air-blast spraying treatment.

2.4. Data collection and processing
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After the spraying application, KWP cards were collected from the trees, stored in pre-
labeled adhesive note blocks, and sealed in plastic bags with silica pouches to prevent moisture
contamination. The KWP cards were scanned at a resolution of 1200 dpi using an Epson Perfection
V3911 flatbed scanner (Epson America Inc., Long Beach, CA, USA). The scanned images were
processed using AccuStain software (Version 0.32, developed by Matt Gill, University of Illinois
at Urbana-Champaign, USA), using default settings for cast-coat papers to calculate key spray
deposition metrics. Spray coverage (%) was calculated as the ratio of the spray deposit area (stain-
covered area) to the total area analyzed on the KWP cards (Gill, 2024). Droplet density (drops/cm?)
was determined by counting the number of droplets deposited per unit area on the cards. Droplet
diameter (um) was analyzed at three points: Dv0.1, the diameter at which 10% of the spray volume
consists of droplets smaller than Dv0.1; Dv0.5 (volume median diameter), the midpoint where
50% of the spray volume is composed of droplets smaller than Dv0.5, and 50% of droplets larger
than Dv0.5; and Dv0.9, the diameter at which 90% of the spray volume consists of droplets smaller
than Dv0.9. Droplet size uniformity was determined using the relative span factor (RSF),

calculated according to equation (1) (Gill, 2024) .

Dv0.9-Dv0.1 .
RSF = o Equation (2)

2.5. Statistical analysis
Data was analyzed using a generalized linear mixed model, implemented with the PROC
GLIMMIX procedure in SAS software (version 9.04.01M7P08062020). Drone spraying
treatment, canopy layer, sampling location, and their interactions were used as fixed effects on
spray coverage, droplet density, droplet size uniformity (RSF), and droplet diameter (Dv0.1,
Dv0.5, and Dv0.9). Similarly, spraying treatment (drone and air-blast), canopy layer, sampling

location, and their interactions were considered fixed effects on spray coverage and droplet
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density. An analysis of variance was conducted to determine the significance of the main effects
and their interactions. When the analysis of variance indicated significant effects (p < 0.05), least-
square mean comparisons were performed using Tukey’s test with an adjusted p-value of 0.05.
Additionally, an orthogonal contrast analysis was performed to statistically compare the
performance of the drone spraying treatments with the air-blast sprayer.

An overspray index was calculated to compare spray coverage across treatments, following
the method described by Y. Chen et al. (2013). Overspray was defined as any instance where spray

coverage exceeded 30%. The index was calculated using the following equation (2):

Ip = €=30 Equation (3)

"~ 100-30
where () represents the overspray index and C is the spray coverage observed on a given card.
This index standardizes coverage relative to the 30% threshold, resulting in values that range from

—0.4 (corresponding to 0% coverage) to 1.0 (corresponding to 100% coverage).

3. Results
3.1. Spray coverage and droplet density
Drone spraying treatments, sampling location, and their interaction had statistically
significant effects on spray coverage and droplet density (p < 0.01). However, canopy layer and
its interaction with drone spraying treatments and sampling location did not significantly affect
spray coverage and droplet density (p > 0.05). Among the drone spraying treatments, the fruit tree
achieved the highest spray coverage at 6.55%, significantly outperforming the spinning (3.74%)

and the standard (1.19%) (Figure 14a).
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Figure 14. Effect of drone spraying treatments on (a) spray coverage and (b) droplet density. Error
bars represent standard deviations. Similar lowercase letters indicate no significant differences
among drone spraying treatments (p > 0.05), as determined by Tukey’s test.

3.2. Droplet diameter (Dv01, Dv0.5, Dv0.9) and relative span factor (RSF)

The main effect of drone spraying treatment was statistically significant for Dv0.5 (p <
0.01), Dv0.9 (p < 0.05), and RSF (p < 0.01). Additionally, sampling location significantly
influenced droplet diameter (Dv01, Dv0.5, Dv0.9) (p < 0.01), while the interaction between drone
spraying treatments and sampling location was significant only for Dv0.1 (p <0.05). Canopy layer
and its interaction with drone spraying treatments and sampling location did not significantly affect
droplet diameter (Dv01, Dv0.5, Dv0.9) and RSF (p > 0.05).

For droplet diameter (Figure 15a), no significant differences were observed among the
drone spraying treatments for Dv(.1. However, for Dv0.5, both the fruit tree and spinning
treatments produced the largest droplets (183.19 um and 186.49 um, respectively). In contrast, the
standard treatment generated significantly smaller droplets, with an average Dv0.5 of 143.74 um.
Similarly, for Dv0.9, there were no significant difference between the fruit tree treatment (264.29
pm) and the spinning treatment (264.04 pm), while the standard treatment produced the

significantly smaller droplets (220.33 pum).
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Figure 15. Effect of drone spraying treatments on (a) droplet diameter and (b) relative span factor
(RSF). Similar lowercase letters indicate no significant differences among drone spraying
treatments at each droplet diameter or RSF value (p > 0.05), as determined by Tukey’s test. Error
bars represent standard deviations.

Regarding droplet size uniformity, the RSF values for the fruit tree treatment (0.86) and
spinning treatment (0.84) were not significantly different (Figure 15b). However, the standard
treatment had a significantly lower RSF value of 0.70.

3.3. Spatial variability in spray distribution
Table 10 presents the effects of sampling location (center, east, west, south, and north)

under different drone spray treatments on spray coverage within the peach tree canopy.

Table 10. Interaction effect of drone spraying treatment and sampling location on spray coverage
within the peach tree canopy.

Drone spraying treatment Sampling location Spray coverage (%)
South 16.52 a
East 8.00b
Fruit tree Center 4.95 be
West 2.68 ¢
North 0.53 ¢
South 11.86a
o East 271D
Spinning Center 385D
West 0.10b
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North 0.17b

South 1.20 a

East 1.04 a

Standard Center 0.86 a
West I.11a

North 2.07 a

Drone spraying treatment vs sampling location
p-value ok
Similar lowercase letters indicate no significant differences in spray coverage between the
sampling location within each drone spraying treatment, as determined by Tukey’s test. Level of
significance (p-value): **, significant at p < 0.01.

For the fruit tree treatment, the highest spray coverage was observed in the south sampling
location, with a coverage of 16.52%, followed by the east (8.00%), center (4.95%), west (2.68%),
and north (0.53%) locations, which showed the lowest coverage. In the spinning treatment, the
south location again exhibited the highest spray coverage (11.86%), which was significantly higher
than the east (2.71%), center (3.85%), west (0.10%), and north (0.17%) locations. No significant
differences were observed among the spray coverage at the east, center, west, and north locations.
The standard treatment showed a uniform distribution of spray coverage across all sampling
locations, with no significant differences in spray coverage between the locations. The south
location had the highest spray coverage (1.20%), followed closely by the west (1.11%), north
(2.07%), east (1.04%), and center (0.86%).

Spray distribution plots were generated to evaluate the positional effects of sampling
location (center, east, west, south, and north) under the different drone spray treatments on droplet

density (Figure 16) within the peach tree canopy.
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Figure 16. Droplet density distribution across different sampling locations within the peach tree
canopy for three drone spraying treatments: standard, spinning, and fruit tree. Sampling locations:
E: east, W: west, S: south, and N: north. Darker shading indicates higher droplet densities.

The fruit tree treatment demonstrated the highest overall droplet density, with the south
position exhibiting the greatest droplet density (219.57 drops/cm?), followed by the east (101.94
drops/cm?) and center (71.42 drops/cm?) locations. Lower droplet densities were observed in the
west (43.24 drops/cm?) and north (18.23 drops/cm?) locations.

The spinning treatment resulted in moderate droplet densities, with the south location again
recording the highest deposition (155.95 drops/cm?), followed by the center (60.43 drops/cm?) and
east (47.01 drops/cm?) locations. The lowest droplet densities were observed in the north (6.29
drops/cm?) and west (3.22 drops/cm?) locations.

The standard treatment produced the lowest overall droplet density but exhibited a more
uniform distribution. The north and east locations had slightly higher droplet densities (9.52
drops/cm? and 7.66 drops/cm?, respectively), whereas the south, west, and center locations

recorded lower densities (7.05 drops/cm?, 6.19 drops/cm?, and 2.95 drops/cm?, respectively).

3.4. Drone vs air-blast sprayer
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Spraying treatments (drone and air-blast sprayer), sampling location, and their interactions
had statistically significant effects on droplet density (p < 0.01). However, canopy layer and its
interaction with spraying treatment and sampling location did not significantly affect droplet
density (p > 0.05).

Figure 17(a) illustrates the droplet density obtained from the air-blast sprayer and drone
spraying treatments (fruit tree, spinning, and standard). The air-blast sprayer exhibited the highest
droplet density, averaging 193.11 drops/cm?, with values ranging from 0.27 to 490.16 drops/cm?.
The fruit tree treatment recorded the second-highest droplet density, averaging 90.90 drops/cm?,
with a range of 0 to 456.98 drops/cm?, followed by the spinning treatment, which had an average
of 54.59 drops/cm? and ranged from 0.19 to 421.82 drops/cm?. The standard treatment resulted in

the lowest droplet density, averaging 6.33 drops/cm?, with values ranging from 0 to 38.98

drops/cm?.

(a) (b)

193-11.a Fruit Tree Mode  Spinning Mode ~ Standard Mode Air blast

Droplet Density (drops/cm?)

Fruit Tree Spinning Standard Air blast
Spraying Treatments

Figure 17. (a) Droplet density distribution and (b) representative images of Kromekote White
Paper (KWP) cards showing spray coverage patterns for drone spraying treatments (fruit tree,
spinning, and standard) and a conventional air-blast sprayer. Box plots represent the distribution
of droplet density, with the median represented by the horizontal line within each box, and
whiskers indicating the data range.
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Spraying treatments (drone and air-blast sprayer), sampling location, and canopy layer had
statistically significant effects on spray coverage (p < 0.01). Additionally, the interactions between
spraying treatments and sampling location, as well as between spraying treatments and canopy
layer, significantly affected spray coverage (p < 0.01). Figure 6b illustrates the spray coverage
patterns on KWP cards for each spraying treatment. The air-blast sprayer demonstrated the highest
coverage (58.77 %), with a dense and uniform distribution of spray droplets across the KWP card
surface. The fruit tree treatment exhibited substantial coverage (6.55 %), though slightly less
uniform than the air-blast treatment, with well-distributed droplets across the card. The spinning
treatment resulted in moderate spray coverage (3.74 %), with noticeable gaps and a more dispersed
droplet pattern. In contrast, the standard treatment displayed the lowest coverage (1.19 %), with
sparse droplet deposition and inconsistent distribution.

The bar graph (Fig 18) presents the mean overspray index for the three drone operation
modes in comparison to the air-blast sprayer. The air-blast treatment had the highest overspray
index at 0.41, which was significantly greater than all drone-based treatments. Among the drone
modes, there were no statistically significant differences in overspray index. The Fruit Tree mode
had a mean overspray index of —0.33, the Spinning mode averaged —0.38, and the Standard mode

achieved the lowest value at —0.41.
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Figure 18. Bar graph comparing the overspray index between drone operation modes (fruit tree,
spinning, and standard) and a convention air-blast sprayer. Similar lowercase letters indicate no
significant differences among treatments (p > 0.05), as determined by Tukey’s test. Error bars

represent standard error.

A contrast analysis was performed to compare spray coverage between each drone spraying
treatments and the conventional air blast sprayer (Table 11). The results revealed a significant
difference (p < 0.0001) between the air-blast sprayer and all three drone spraying treatments.

Table 11. Contrast analysis between drone spraying treatments and the conventional air-blast
sprayer.

Treatment F value p-value
Air blast vs Fruit tree 52.22 <0.0001
Air blast vs Spinning 55.04 <0.0001
Air blast vs Standard 57.58 <0.0001

4. DISCUSSION
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The results of this study provide insights into the performance of different drone spraying
treatments compared to conventional air-blast sprayers in peach orchards. Significant differences
were observed in spray coverage, droplet density, droplet diameter, and droplet size uniformity
across the different drone spraying treatments and sampling locations. However, canopy layer had
no significant effect on spray deposition parameters, suggesting that the downwash airflow
generated by the drone rotors may have facilitated spray penetration through the canopy (Q. Guo
et al., 2020). This indicates that drones could provide efficient pesticide application across the
vertical tree structure.

Among the drone spraying treatments, the fruit tree was the most efficient, achieving the
highest spray coverage (6.55 %) and droplet density (90.09 drops/cm?), followed by the spinning
(3.74% coverage and 54.59 drops/cm?) and the standard (1.19% coverage and 6.68 drops/cm?).
These results indicate that the fruit tree treatment, which involves hovering over the target area,
facilitates more efficient and targeted spray application, with higher spray coverage and droplet
density compared to the other two drone spraying treatments. This prolonged time over the target,
combined with the propeller’s airflow, may enhanced canopy penetration (Q. Guo et al., 2020; Li
etal., 2021; Shan et al., 2024b). However, the fruit tree treatment exhibited high spatial variability,
primarily due to the rear placement of atomizers (DJI, 2022), which resulted in significantly higher
spray deposits in the south (219.57 drops/cm?), east (101.94 drops/cm?), and center (71.42
drops/cm?) regions of the canopy compared to other directions.

The spinning treatment provided moderately higher coverage and droplet density than the
standard treatment. These results are consistent with Arakawa & Kamio (2023), who demonstrated
that the spinning spot spray mode outperformed continuous straight-flight spraying. In addition,

the spinning treatment, while producing lower droplet densities overall compared to fruit tree
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treatment, still demonstrated a higher droplet density in the south location (155.95 drops/cm?)
compared to other locations.

The shorter time over the target when using the standard treatment likely led to reduced
spray coverage compared to the other treatments, which use a spot-spray system that extends flight
time and increases time over the target (Arakawa & Kamio, 2023). Interestingly, this treatment
achieved the most uniform spray application, with minimal spatial variability across all sampling
locations. This uniformity is likely a result of its continuous straight flight path, which produces a
forward momentum that evenly distributes droplets. However, its overall droplet density was much
lower compared to the fruit tree and spinning treatment, indicating its less effective spray
applications. The standard treatment may therefore be better suited for large-scale applications
where spray uniformity is prioritized over higher coverage or penetration (Shan et al., 2024b).

The drone spraying treatments also significantly influenced droplet diameter, with the fruit
tree and spinning treatments producing larger droplets (183.19 um and 186.49 pum, respectively)
compared to the standard treatment (143.74 pm). Larger droplets are generally more effective in
reducing drift and ensuring better coverage on the target surface, which is essential for maximizing
pest control while minimizing environmental contamination (Privitera et al., 2023; Srinivasarao et
al., 2021). These results suggest that the fruit tree and spinning treatments, with their larger droplet
sizes, may offer improved control of pesticide application over the standard treatment, which
produced finer droplets that are more susceptible to drift and evaporation (Nogueira Martins et al.,
2021; Privitera et al., 2023). Droplet size uniformity, measured using the RSF, also varied across
the treatments. Both the fruit tree and spinning treatments exhibited similar RSF values (0.86 and

0.84, respectively), while the standard treatment had a significantly lower RSF (0.70), suggesting
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less variability in droplet size, which may suggest a improve in the consistency of pesticide
deposition (Basilio et al., 2024; Mohanty & Raheman, 2024).

In comparison with the conventional air-blast sprayer, the drone spraying treatments
showed significant differences in spray coverage and droplet density, with all drone treatments
performing less effectively than the air-blast sprayer in terms of coverage and density. The air-
blast sprayer, known for its high-volume rate application (467.7 L/ha), produced the highest
droplet density and spray coverage, achieving a dense and uniform distribution across the target
area, however the air-blast also demonstrated substantial overspray compared to all drone modes,
consistently achieving a higher coverage than the 30% threshold. These results are consistent with
Li et al. (2021), who reported similar differences between drone and conventional air-blast
spraying methods. However, the drone spraying treatments, known for their low-volume rate
application (74.8 L/ha), still demonstrated promising potential, especially the fruit tree and
spinning treatments, which demonstrated high droplet density and coverage compared to the
standard treatment. While higher droplet densities are generally associated with improved pest
control effectiveness (Zhu et al., 2011), it is crucial to consider the recommended droplet density
for specific pesticide applications. For example, pre-emergence herbicides and insecticides require
20-30 drops/cm?, contact post-emergence herbicides require 30-40 drops/cm?, and fungicides
require 40-70 drops/cm? (Ghafoor et al., 2022; G. Wang, Lan, Yuan, et al., 2019; Zhu et al., 2011).
The fruit tree and spinning treatments align well with these recommendations, making them
optimal choices for such applications, whereas the standard treatments fall below the minimum
requirement for pre-emergence herbicides and insecticides, limiting its practical use. In contrast,
the air-blast sprayer exceeded the recommended droplet density for all pesticide types, which may

result in excessive chemical usage and potential wastage. Therefore, the significant differences
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between drone spraying treatments and the air-blast sprayer highlight the potential for drones to

serve as an efficient and more environmentally sustainable alternative (Jiang et al., 2022).

5. CONCLUSION

This study comprehensively evaluated the effects of different drone spraying treatments (fruit
tree, spinning, and standard), canopy layers, and sampling locations on spray coverage, droplet
density, droplet diameter, and droplet size uniformity, using optimized operational parameters for
application volume, flight height, and droplet size in a peach orchard. Additionally, the results
obtained by drone spraying treatments were compared to that of a conventional air-blast sprayer,
focusing on spray coverage and droplet density. The results demonstrated that drone spraying
treatments significantly influenced spray coverage and droplet density, with the fruit tree treatment
achieving the highest spray deposition among the drone treatments. However, the air-blast sprayer
exhibited the highest overall spray coverage (58.77 %) and droplet density (193.11 drops/cm?),
emphasizing its efficiency in delivering uniform spray applications but using high-volume
applications. The spinning treatment provided moderate spray coverage (3.74 %) and droplet
density (54.59 drops/cm?), while the standard treatment was the least effective in all measured
parameters, but excelled in spatial uniformity, making it suitable for large-scale applications
prioritizing even spray distribution. A key finding of this study was that canopy layer had no
significant effect on spray deposition, suggesting that the downward airflow generated by the drone
rotors facilitated spray penetration across the canopy. Additionally, significant interactions
between spraying treatments and sampling locations indicated that spatial variability plays a
crucial role in spray deposition, with the south-facing sections of trees receiving the highest droplet
density in drone applications. While drones did not surpass air-blast sprayers in overall spray

deposition, the fruit tree and spinning treatments demonstrated potential as a viable alternative for
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applications requiring specific droplet density thresholds, such as fungicides and herbicides,
offering precise and targeted application with reduced chemical waste. The excessive chemical
usage of the air-blast sprayer raises concerns about wastage and environmental impact, especially
given that it exceeded recommended droplet densities for pesticide applications, which could result
in unnecessary chemical runoff and waste. These findings contribute to the growing body of
research on drone-based precision agriculture, highlighting their potential role in sustainable and
efficient orchard management. Future research should focus on optimizing drone designs, such as
atomizer placement, to minimize spatial variability and enhance spray efficiency. Additionally,
further field trials across diverse crops and environmental conditions are necessary to validate
these findings and refine application protocols for broader agricultural use, particularly in

applications that prioritize more targeted chemical use with minimal waste.
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Chapter 4

Conclusion

This study highlights the potential of unmanned aerial vehicles as a transformative tool in
modern pesticide application, offering a sustainable and precise alternative to conventional
methods. Through systematic evaluation of drone operational parameters, including application
volume, flight height, droplet size, and operation mode, this research demonstrated that spray

performance can be significantly improved by optimizing these parameters.

In simulated orchard trials, the spinning mode of the DJI Agras T40 achieved the highest
spray coverage and droplet density, while the standard mode ensured the most uniform spatial
distribution. In field trials within a peach orchard, the fruit tree mode outperformed other drone
modes in both spray coverage and droplet deposition, although conventional air-blast sprayers still
delivered the highest absolute coverage. Notably, drone applications showed greater precision,
reduced water waste, and effective canopy penetration, with no significant differences in

deposition across canopy layers, likely due to the rotor-induced downwash airflow.

While traditional sprayers remain effective, particularly in achieving high-volume
coverage, their efficiency comes at the cost of over spraying and environmental impact. In contrast,
drone spraying treatments, especially the fruit tree and spinning modes, demonstrated considerable
promise for targeted applications. These findings emphasize the importance of selecting operation
modes and configurations based on crop type, canopy structure, management priorities and

environmental conditions.

Altogether, this research supports the integration of drones into orchard pest management

programs and provides insights into optimizing drone based spray systems. Future work should
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explore the economic viability of drone adoption, long-term pest control efficacy, and broader
applications across diverse orchard systems. With further technological refinement and field
validation, UAVs can play a central role in advancing precision agriculture and reducing the

environmental footprint of crop protection practices.
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