
Frontiers in Agronomy

OPEN ACCESS

EDITED BY
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Introduction: Unmanned aerial vehicles (UAVs) have rapidly developed as

efficient plant protection machinery and are widely used for pesticide

application across complex terrains. However, optimal operating parameters

for UAV spraying in tobacco fields remain insufficiently defined across different

growth stages.

Methods: This study assessed the spraying performance of two UAV models,

T20P and T40, under multiple combinations of flight height, flight speed, and

spray volume. Experiments were conducted during the rosette stage, vigorous

growth stage, andmaturity stage of tobacco plants. Using amulti-index weighted

analysis method, the optimal combinations of operational parameters for

different tobacco growth stages were evaluated.

Results and Discussion: The results indicated that variations in operational

parameters significantly affected the deposition and distribution of droplets.

For T20P, the optimal parameters for the rosette stage were a flight speed of 3

m•s-1, a flight height of 2 m, and a spray volume of 50 L•ha-1. During the vigorous

growth stage, the optimal parameters were a flight height of 2.5 m, a flight speed

of 4 m•s-1, and a spray volume of 50 L•ha-1. For the maturity stage, the

parameters were a flight height of 2.5 m, a flight speed of 3 m•s-1, and a spray

volume of 50 L•ha-1. For T40, the optimal parameters for the rosette stage were a

flight height of 3 m, a flight speed of 3 m•s-1, and a spray volume of 50 L•ha-1.

During the vigorous growth stage, the parameters were a flight height of 3.5 m, a

flight speed of 4 m•s-1, and a spray volume of 50 L•ha-1. For the maturity stage,

the parameters were a flight height of 3.5 m, a flight speed of 3 m•s-¹, and a spray

volume of 50 L•ha-1. By applying these optimized parameters at the

corresponding growth stages, a balanced spray performance can be achieved,

thereby maximizing pesticide utilization. These findings provide a practical

reference for improving droplet deposition and enhancing the effectiveness of

UAV pesticide application in tobacco production.
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1 Introduction

Tobacco is a major economic crop cultivated worldwide,

contributing significantly to the economies of producing countries

(Zhao, 2022). As the leading producer, China cultivates

approximately 2.1 million tons of tobacco leaves annually,

representing nearly one-third of global production (Li et al.,

2025). However, tobacco plants are highly susceptible to various

diseases and pests throughout their growth cycle, including tobacco

mosaic virus, red star disease, green peach aphid (Myzus persicae),

and tobacco cutworm (Spodoptera litura) (Natikar and Balikai,

2017; Miao et al., 2025; Sun et al., 2025). These diseases and pests

significantly affect tobacco quality, making chemical agents essential

in tobacco production. The main spraying equipment used in

conventional farming is the manual air-pressure and battery-

powered knapsack sprayers (Chen et al., 2021). However, these

sprayers exhibit low efficiency, leading to substantial pesticide loss

while demanding high labor input, which increases operator

exposure risks (Rincón et al., 2017; Delavarpour et al., 2023).

There is an urgent need for a new, efficient, and safe application

method that minimizes harm to both humans and the environment

while addressing labor shortages.

Unmanned Aerial Vehicle (UAV) sprayers have undergone

rapid global advancements in recent years, particularly in China

and other Asian countries (Zhu et al., 2024). Renowned for their

operational safety, ease of deployment, high maneuverability,

superior efficiency, and adaptability to various terrains, UAVs are

increasingly replacing traditional backpack sprayers in agricultural

applications (Xue et al., 2016; Wang et al., 2019a; Pandiselvam et al.,

2024; Sreenivas et al., 2024). In China, both academic research and

practical applications of UAVs have been advancing rapidly. By

2020, nearly 100,000 crop protection UAVs had been deployed,

covering a spraying area of approximately 66 million hectares (Yan

et al., 2021). However, the application of UAVs in China’s tobacco

production is still in its infancy, and there is an urgent need for

reliable UAV application technology for pest and disease control in

the tobacco industry. At present, relatively mature UAV application

systems have been developed for grain crops such as rice and wheat

(Qin et al., 2016; Wang et al., 2019b). However, research on the

application of UAVs in tobacco cultivation remains limited. As a

high-value cash crop, tobacco exhibits distinct canopy structures

compared to grain crops, necessitating systematic optimization

tailored to different canopy types and growth stages.

Droplet distribution is a key parameter for evaluating the

operational efficiency of UAV pesticide application. During the

spraying process, inadequate attention to calibration adjustments,

parameter-specific characteristics, and UAV configuration settings

often diminishes the precision of droplet delivery to target areas.

This oversight can result in pesticide waste and a substantial

decrease in pest control effectiveness (Ribeiro et al., 2023). Critical

operation parameters, including flight speed, spray volume, and

flight height, significantly influence droplet deposition

characteristics and pest management outcomes (Li et al., 2021,
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2022; Dengeru et al., 2022). Empirical studies indicate height-

dependent effects, demonstrating that coverage of the bottom

layer of the rice canopy increases within specific operational

ranges (0.8–1.5 m in height and 3–5 m·s-1 in speed) as elevation

and velocity rise (Qin et al., 2016). Increased flight speed (5.0 and

6.7 m·s-1 for the TTA M4E and DJI Agras T30, respectively),

combined with greater height (3.0 m for both UAVs), have been

shown to enhance droplet distribution uniformity (Byers et al.,

2024). High flight speeds (3 m·s-1) enhanced spray deposition on

the canopy and reduced spray loss. However, low spray volume

(53.0 L·ha-1) was insufficient to achieve adequate droplet deposition

density (Biglia et al., 2022). Menechini et al. compared the effects of

various spray volumes (7.5, 13.5, 20, and 30.3 L·ha-1) on maize

disease control using fungicides and found that a spray volume of

30.3 L·ha-1 resulted in the highest coverage rate (Menechini et al.,

2017). Shi et al. examined the influence of UAV operating

parameters on droplet deposition within the tobacco canopy

across different growth stages. Results indicate that flight altitude

significantly affects droplet deposition at all growth stages, while

spray volume significantly influences droplet coverage during the

rosette stage and maturity stage (Shi et al., 2024). These findings

highlight that optimizing UAV operational parameters is essential

for improving application efficiency. However, existing research on

UAV spraying in tobacco production lacks systematic optimization

across different growth stages and UAV models.

This study aimed to examine the droplet deposition levels of

two UAVs under varying operation parameters, including flight

height, spray volume, and flight speed, and to elucidate their

relationship with deposition performance. Flight experiments

were conducted across three growth stages of tobacco (rosette,

vigorous growth, and maturity) to compare droplet deposition

indicators (deposition and coverage) between two types of UAV

spraying. A comprehensive multi-indicator analysis was then

conducted to determine the optimal operation parameters for

each UAV type at each stage of tobacco growth.
2 Materials and methods

2.1 Experimental sites and crop

Field experiments were conducted at a tobacco cultivation site in

Xuchang City, Henan Province, China (33°49′25″N, 113°41′38″E).
The location featured flat terrain and uniform tobacco growth,

making it ideal for pesticide application trials using UAVs. The

experiments used Yunyan 87, a major tobacco variety in China,

transplanted on April 20, 2022. The plants were spaced at 1.2m

between rows and 0.55m within rows, resulting in a planting density

of 15,500 plants per hectare. Flight experiments were conducted on

May 15, June 20, and August 2, 2022, corresponding to the rosette,

vigorous growth, and maturity stages of tobacco, respectively. The

average tobacco heights at these stages were 28.7 ± 4.8 cm (rosette),

78.2 ± 5.6 cm (vigorous growth), and 108.6 ± 7.5 cm (maturity).
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2.2 Spray equipment and chemicals

Two commercial UAVs, the T20P and T40 (DJI Technology

Co., Ltd., Shenzhen, China), were utilized in this study. The T40

spraying system features two centrifugal nozzles (LX8060SZ) and a

40-liter pesticide tank, while the T20P spraying system includes two

centrifugal nozzles (LX8060SZ) and a 20-liter pesticide tank. The

specific parameters of both UAVs are presented in Table 1. An

aqueous solution containing 0.05% Allura Red (85% purity; Beijing

Boao Toda Technology Co., Ltd., Beijing, China) was employed as a

tracer to assess droplet deposition in this study.
2.3 Basic operational process of UAVs

To ensure the accuracy of the outdoor wind field tests, all

experiments were conducted under ambient wind conditions not

exceeding 1.0 m·s-1. During testing, the UAVs followed a
Frontiers in Agronomy 03
predetermined flight path and operated autonomously within the

designated test area, flying directly above the tobacco rows with a

spray width of 4.0 m. A YG-BX portable meteorological station

(Chenyun Technology Co., Ltd., Wuhan, China) continuously

monitored meteorological parameters throughout the UAV

operations. Flight data were deemed valid and recorded only when

wind speed and direction along individual flight paths remained

within acceptable thresholds. Meteorological sensors were positioned

1.8 m above ground level and placed 25.0 m from the experimental

area to minimize airflow interference from UAV operations. For all

valid flight records, temperature, relative humidity, and wind speed

ranged from 26 to 30 °C, 30% to 57%, and 0.3 to 0.9 m·s-1, respectively.
2.4 Experimental design

To determine the optimal UAV operating parameters for

different stages of tobacco growth, field experiments were
TABLE 2 Treatments for the effect of operation parameters of T20P and T40 on the deposition performance.

Treatment
(T20P)

Flight
height (m)

Flight speed
(m·s-1)

Spray volume
(L·ha-1)

Treatment
(T40)

Flight
height (m)

Flight speed
(m·s-1)

Spray volume
(L·ha-1)

T1 2 3 17 T28 3 3 17

T2 2 3 33 T29 3 3 33

T3 2 3 50 T30 3 3 50

T4 2 4 17 T31 3 4 17

T5 2 4 33 T32 3 4 33

T6 2 4 50 T33 3 4 50

T7 2 5 17 T34 3 5 17

T8 2 5 33 T35 3 5 33

T9 2 5 50 T36 3 5 50

T10 2.5 3 17 T37 3.5 3 17

(Continued)
TABLE 1 The main parameters of T20P and T40 unmanned aerial vehicles.

Parameters T20P T40

Total weight (kg) 32 50

Dimensions (arms and propellers unfolded, m) 2.8 × 3.2 × 0.6 2.8 × 3.2 × 0.8

Tank volume (L) 20 40

Maximum power (W) 4000 W/rotor 4000 W/rotor

Number of rotors 4 8

Type of nozzles LX8060SZ LX8060SZ

Number of nozzles 2 2

Particle diameter (mm) 50-300 50-300

Maximum effective swath width (m) 7 11

Type of water pump magnetic drive impeller pump magnetic drive impeller pump

Max flow rate of water pump (L·min-1) 6 6
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conducted during the rosette, vigorous growth, and maturity stages.

Based on the T20P and T40 characteristics, both were designed with

27 treatments (Table 2). All treatments were applied during the

rosette stage of tobacco. During the vigorous growth and maturity

stages, several treatments that showed poor spray performance in the
Frontiers in Agronomy 04
earlier phase were excluded from further evaluation. All treatments

were conducted within the same plot, measuring 30 m in length and

20 m in width, with a total area of approximately 600 m².

Water-sensitive paper (WSP; 26 × 76 mm; Syngenta Crop

Protection AG, Basel, Switzerland) was utilized to evaluate
TABLE 2 Continued

Treatment
(T20P)

Flight
height (m)

Flight speed
(m·s-1)

Spray volume
(L·ha-1)

Treatment
(T40)

Flight
height (m)

Flight speed
(m·s-1)

Spray volume
(L·ha-1)

T11 2.5 3 33 T38 3.5 3 33

T12 2.5 3 50 T39 3.5 3 50

T13 2.5 4 17 T40 3.5 4 17

T14 2.5 4 33 T41 3.5 4 33

T15 2.5 4 50 T42 3.5 4 50

T16 2.5 5 17 T43 3.5 5 17

T17 2.5 5 33 T44 3.5 5 33

T18 2.5 5 50 T45 3.5 5 50

T19 3 3 17 T46 4 3 17

T20 3 3 33 T47 4 3 33

T21 3 3 50 T48 4 3 50

T22 3 4 17 T49 4 4 17

T23 3 4 33 T50 4 4 33

T24 3 4 50 T51 4 4 50

T25 3 5 17 T52 4 5 17

T26 3 5 33 T53 4 5 33

T27 3 5 50 T54 4 5 50
FIGURE 1

Experimental setup. (A) Arrangement of sampling points; (B) Arrangement of water-sensitive paper.
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droplet deposition. Along the vertical direction of the UAV flight

path, three parallel sampling strips, each 14 meters in length and

containing 15 sampling points, were established (Figure 1A). At

each sampling point, sampling rods were inserted, and the WSPs,

along with filter papers, were secured using double-headed clamps.

The height of the clamps was adjusted to position the WSPs within

the upper, middle, and lower canopy layers of tobacco plants

(Figure 1B). During the rosette stage, because the plants were

relatively short, droplet distribution was assessed only in the

upper canopy. The sampler was positioned 30 cm above the ridge

surface at the upper part of the tobacco plant. In the vigorous

growth stage, samplers were placed at the upper, middle, and lower

parts of the plants, corresponding to heights of 80 cm, 60 cm, and 30

cm above the ridge, respectively. During the maturity stage, the

upper leaves become excessively large and dense, hindering droplet

penetration into the lower canopy. Therefore, only droplet

deposition in the upper canopy was assessed, with the sampler

placed 120 cm above the ridge surface in the upper portion of the

plant. After each flight, enough time was allowed for the droplets

deposited on the WSP to dry (∼ 10 min). The WSPs were then

promptly collected, sealed in self-sealing bags, and transported to

the laboratory for deposition analysis.
2.5 Characterization of the spray
deposition

2.5.1 Sampling of spray deposition
The WSPs were scanned using a G645 scanner (Shanghai

Microtek Technology Co., Ltd., Shanghai, China) to produce 600

dpi grayscale images. These images were subsequently processed

with DepositScan software (USDA, Wooster, OH, USA) to quantify

droplet deposition parameters, including coverage, density, and

size. For the analysis of filter paper, 20.0 mL of deionized water

was added to each resealable bag containing the filter paper, and the

samples were agitated at 200 rpm for 5 minutes using a TS-1000

orbital shaker (KylinBell Lab Instruments Co., Ltd., Haimen, China)

to ensure complete dissolution of the tracers. The tracer

concentration was determined by measuring absorbance at 514

nm with a Varioskan Flash multifunctional fluorescence

spectrophotometer (Bio-Rad, Hercules, CA, USA). Spray

deposition per unit area was then calculated based on the

absorbance values using Equation 1 (Lou et al., 2018).

bdep =
(rsmpl − rblk) · Fcal · Vdil

rspray · Acol
(1)

The bdep is the spray deposition in mL·cm-2; rsmpl is the

fluorescence meter reading of the eluent; rblk is the fluorescence

meter reading of the blank sampler; Fcal is the relationship

coefficient between the fluorescence meter reading and the tracer

concentration; Vdil is the volume of the diluted tracer solution from

the collector in L; rspray is the tracer concentration in the spray

liquid in g·L-1; Acol is the projected area of the collector for capturing

spray deposition in cm2.
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2.5.2 Droplet distribution uniformity
The uniformity of droplet distribution directly influences the

spatial distribution of pesticide droplets. In this study, differences in

droplet deposition on the tobacco canopy were evaluated using the

coefficient of variation (CV) as an indicator of droplet distribution

uniformity. A smaller CV value indicates better uniformity of droplet

deposition. The computational equations are Equation 2 and 3 (Li et al.,

2022):

CV =
SD
X

� 100% (2)

SD =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
on

i=1(Xi − X)2

n − 1

s
(3)

Where SD is the standard deviation; X means the average data

of droplet; Xi is the data of droplet per square centimeter of WSP; n

is the total number of WSP pieces in each UAV treatment.

2.5.3 Spray penetration
During the vigorous growth stage of tobacco, we evaluated mist

droplet distribution across the upper, middle, and lower canopy

layers. The penetration efficiency of mist droplets within different

canopy layers was calculated using Equation 4 to assess the

uniformity of UAV droplet distribution.

DP =
Db

Ds + Dm
� 100 (4)

In the Equation, DP (%) represents the percentage value used to

determine the penetration of UAV sprayer droplets; Ds, Dm and Db

represent the upper, middle, and lower canopy droplet deposition

(mL·cm-2), respectively. The higher the DP value, the better the

canopy penetration effect.

2.5.4 Comparative analysis of overall spray
effectiveness of sprays

A multi-index analysis method was employed to comprehensively

evaluate the spraying effect. Based on the relative influence of each

index, different weighting coefficients were assigned. Droplet

uniformity was converted into a reciprocal form and subsequently

normalized before applying weighted calculations. Each index was

assigned a maximum score of 100 points, which were then weighted

and summed. The calculation of the comprehensive value (Equation 5)

and the allocation of indicator weights were performed following the

methodology proposed by Shi et al (Shi et al., 2024):

Comprehensive = w1 �
DD

DDmax
� 100 + w2 �

DC
DCmax

� 100

+ w3 �
CV

CVmax
� 100 + w4 �

DP
DPmax

� 100 (5)

Among these indicators, “comprehensive” denotes the overall

spraying effect, “DD” represents droplet deposition, “DC” indicates

coverage, “CV” reflects uniformity, and “DP” refers to penetration.

The subscript “max” indicates the maximum attainable value for
frontiersin.org
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each indicator. During the rosette and maturity stages, droplet

penetration (DP) was excluded from consideration because it has

minimal influence on spray effectiveness at these growth stages.

Deposition and coverage are assigned slightly higher weights than

uniformity to reflect their relatively greater importance in achieving

effective pesticide deposition and coverage at these stages.

Therefore, the weighting coefficients w1, w2, and w3 were set to

0.35, 0.35, and 0.30, respectively. In contrast, during the vigorous

growth stage of tobacco, all four indicators are considered, each

assigned an equal weight of 0.25.
2.6 Statistical analysis

All statistical analyses were performed using SPSS Statistics 19

(IBM Corp., Armonk, NY, USA), and all figures were created with
Frontiers in Agronomy 06
Origin 2022 (Origin Lab Corp., Northampton, MA, USA). The

Shapiro-Wilk test was applied to evaluate whether the sedimentary

data followed a normal distribution. The effects of flight height,

flight speed, and spray volume on droplet deposition were analyzed

using one-way analysis of variance (ANOVA). Post hoc multiple

comparisons were conducted with Duncan’s test, and statistical

significance was set at a = 0.05.
3 Results

3.1 Droplet distribution of T20P during the
rosette stage of tobacco

Given the limited size of seedlings during the tobacco rosette

stage, only the performance of upper-layer deposition was
FIGURE 2

Deposition and coverage of droplets within the canopy of tobacco leaves under different operation parameters for the two UAVs: (A, F) rosette
stage, (B–D, G–I) vigorous growth stage, (E, J) maturity stage. Data are expressed as mean ± SD.
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evaluated. The deposition characteristics of T20P under various

parameter configurations at this stage are illustrated in Figure 2.

Table 3 shows the results of the analysis of variance for each

treatment. Flight height significantly affected droplet deposition

and coverage on the tobacco canopy (p < 0.01). When the flight

height increased from 2 m to 3 m, the average droplet deposition on

the tobacco canopy decreased from 0.33 mL·cm-2 to 0.25 mL·cm-2.

During the rosette stage, tobacco plants are relatively short, and

their low canopy height facilitates droplet deposition. The average

coverage was highest at a flight height of 2.5 m, at 8.04%. At the

same time, the spray volume had a significant effect on droplet

coverage (p < 0.01). When the spray volume increased from 17 L·ha-

1 to 50 L·ha-1, the average droplet coverage increased from 4.03% to

9.92%. Flight height exerted the greatest influence on droplet

deposition uniformity (F = 1.391). At a flight height of 2.5 m,

droplet distribution was the most uniform, with an average

coefficient of variation (CV) of 22.80%.
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3.2 Droplet distribution of T40 during the
rosette stage of tobacco

The droplet deposition on tobacco at the rosette stage under

different operation parameters of the T40 is presented in

(Figure 2F), while the analysis of variance results is provided in

Table 4. Spray volume had a significant effect on droplet deposition

and coverage on the tobacco canopy (p < 0.05). As the spray volume

increased from 17 L·ha-1 to 50 L·ha-1, the average droplet deposition

on the tobacco canopy rose from 0.14 mL·cm-² to 0.31 mL·cm-², and

the average droplet coverage increased from 3.35% to 7.64%.

Increased spray volume enhances droplet deposition and

coverage. Among all operational parameters, flight speed exerts

the greatest influence on droplet uniformity (F = 3.174). At a flight

speed of 4 m·s⁻¹, droplet distribution is most uniform,

corresponding to the lowest average CV of only 24.16%.
3.3 Droplet distribution of T20P during the
vigorous growth stage of tobacco

We observed that, at a spray volume of 17 L·ha⁻¹ during the

rosette stage, droplet deposition and coverage were relatively low.

Consequently, this treatment was omitted during the vigorous

growth stage. The distribution of droplets within the tobacco

canopy under different operation parameters of the T20P during

the vigorous growth stage is shown in (Figures 2B–D), and the

results of the analysis of variance (ANOVA) are presented in

Table 5. The average droplet deposition in the upper canopy

ranged from 0.140 to 0.725 mL·cm-². ANOVA results indicated

that flight speed significantly affected droplet deposition in the

upper canopy (p < 0.01). Flight speed was negatively correlated with

droplet deposition: when the flight speed was 3 m·s-1, the average

deposition in the upper canopy was 0.54 mL·cm-², whereas at 5 m·s-

1, the average deposition decreased to 0.27 mL·cm-². The average

droplet deposition in the middle canopy ranged from 0.098 to 0.434

mL·cm-². Analysis of variance indicated that spray volume

significantly affected droplet deposition in the middle canopy (p <

0.05). When the spray volume increased from 33 L·ha-1 to 50 L·ha-1,

the average deposition in the middle canopy increased by 45%. In

the lower canopy, average droplet deposition ranged from 0.065 to

0.237 mL·cm-². Analysis of variance showed that flight height

significantly influenced droplet deposition in the lower canopy (p
TABLE 4 ANOVA results for droplet distribution characteristics in the
rosette stage (T40).

Factors df

Deposition Coverage Uniformity

F P F P F P

Flight height 2 0.346 0.711 0.771 0.474 0.528 0.597

Flight speed 2 0.613 0.550 1.021 0.375 3.174 0.060

Spray
volume

2 5.358 0.012* 12.545 <0.001** 0.438 0.650
p means the significance level of the factor affecting the result. *Statistical significance level:
*P < 0.05, **P < 0.01.
TABLE 3 ANOVA results for droplet distribution characteristics in the
rosette stage (T20P).

Factors df

Deposition Coverage Uniformity

F P F P F P

Flight height 2 8.759 0.001** 11.331 <0.001** 1.391 0.268

Flight speed 2 1.023 0.375 0.932 0.407 0.536 0.592

Spray
volume

2 1.386 0.269 3.774 0.038* 0.150 0.862
pmeans the significance level of the factor affecting the result. *Statistical significance level: *P
< 0.05, **P < 0.01.
TABLE 5 ANOVA results for droplet distribution characteristics in the vigorous growth stage (T20P).

Factors df

Deposition Coverage Uniformity

Upper layer Middle layer Lower layer Upper layer Middle layer Lower layer Upper layer Middle layer Lower layer

F P F P F P F P F P F P F P F P F P

Flight height 2 3.122 0.073 2.978 0.081 4.344 0.032* 4.075 0.039* 2.798 0.093 6.928 0.007** 0.683 0.520 1.421 0.272 1.895 0.185

Flight speed 2 7.817 0.005** 1.594 0.236 0.761 0.485 2.139 0.152 0.661 0.531 0.246 0.785 0.627 0.548 1.836 0.194 1.374 0.283

Spray
volume

1 1.222 0.285 4.942 0.041* 6.835 0.019* 2.602 0.126 7.973 0.012* 4.175 0.058 <0.001 0.993 0.562 0.464 0.105 0.750
fr
ontiers
p means the significance level of the factor affecting the result. *Statistical significance level: *P < 0.05, **P < 0.01.
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< 0.05), with the highest average deposition occurring at a flight

height of 2 m. Spray volume also had a significant effect (p < 0.05).

Increasing the spray volume from 33 L·ha-1 to 50 L·ha-1 increased

the average droplet deposition in the lower canopy from 0.10

mL·cm-² to 0.15 mL·cm-².

The results of the analysis of variance showed that flight height

significantly affected the coverage of droplets in the upper and lower

canopy layers (p < 0.05). At a flight height of 2.5 m, the average

coverage of droplets in the upper and lower canopy layers was 7.09%

and 3.26%, respectively, which was higher than the average coverage at

flight heights of 2 m and 3 m. The spray volume significantly affected

the coverage of droplets in the middle canopy layer (p < 0.05). When

the spray volume increased from 33 L·ha-1 to 50 L·ha-1, the average

coverage of droplets in the middle canopy increased from 2.98%

to 4.60%. None of the operating parameters significantly affected

droplet uniformity (Table 5). Flight height had the strongest

influence on droplet distribution in both the upper (F = 0.683) and

lower canopy (F = 1.895). At a flight height of 3 m, the upper canopy

exhibited the lowest average CV, at 38.20%. In contrast, at a flight

height of 2 m, the lower canopy showed the lowest average CV, at

29.02%. These results suggest that increasing flight height reduces

downwash airflow intensity, thereby improving droplet uniformity in

the upper canopy. Conversely, reducing height enhances downwash

airflow disturbance within the lower canopy, promoting more uniform

droplet deposition in the lower layer. Flight speed had the greatest

influence on droplet uniformity in the middle canopy layer (F = 1.836).
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At a flight velocity of 4 m·s⁻¹, the average CV in the middle canopy

layer was the lowest, at 32.41%.

By analyzing droplet distribution in different canopies, the

impact of operational parameters on droplet penetration can be

assessed. During the vigorous growth stage of tobacco, droplet

penetration under different T20P parameter settings is presented in

Figure 3. As shown, higher spray volumes corresponded to stronger

droplet penetration. Overall, at a flight speed of 4 m·s-1, droplets

exhibited relatively greater penetration. The highest penetration

efficiency was observed at a flight height of 2.5 m, a flight speed of 4

m·s-1, and a spray volume of 50 L·ha-1.
3.4 Droplet distribution of T40 during the
vigorous growth stage of tobacco

The droplet deposition in different canopy layers during the

vigorous growth stage of tobacco under various operational

parameters of T40 is presented in (Figures 2G–I), while the

results of the ANOVA are shown in Table 6. The average droplet

deposition in the upper canopy ranged from 0.086 to 0.471 mL·cm-².

ANOVA results indicated that flight height significantly affected

droplet deposition in the upper canopy (p < 0.01), with a negative

correlation observed between flight height and deposition. At a

flight height of 3 m, the average deposition in the upper canopy was

0.32 mL·cm-², whereas at 4 m, it decreased to 0.11 mL·cm-². In the
FIGURE 3

Penetration efficiency of tobacco canopy for different treatments (T20P).
TABLE 6 ANOVA results for droplet distribution characteristics in the vigorous growth stage (T40).

Factors df

Deposition Coverage Uniformity

Upper layer Middle layer Lower layer Upper layer Middle layer Lower layer Upper layer Middle layer Lower layer

F P F P F P F P F P F P F P F P F P

Flight height 2 7.605 0.005** 3.224 0.068 3.003
0.080

4.567 0.028* 2.658 0.103 3.035 0.078 1.350 0.289 3.581 0.054 2.134 0.153

Flight speed 2 0.128 0.881 0.495 0.619 0.453 0.644 0.223 0.803 0.308 0.740 0.103 0.902 1.028 0.382 0.137 0.873 1.949 0.177

Spray volume 1 3.339 0.084 3.111 0.097 5.897 0.027* 7.863 0.013* 8.048 0.012* 5.498 0.032* 1.526 0.235 2.527 0.131 3.219 0.092
fr
ontiers
p means the significance level of the factor affecting the result. *Statistical significance level: *P < 0.05, **P < 0.01.
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middle canopy, average droplet deposition ranged from 0.048 to

0.325 mL·cm-². ANOVA results indicate that flight height has a

greater effect on the average droplet deposition in the upper canopy

layer (F = 3.224). A lower flight height leads to greater average

deposition. The average droplet deposition in the lower canopy

ranged from 0.030 to 0.156 mL·cm-². Analysis of variance indicated

that spray volume had a significant effect on droplet deposition in

the lower canopy (p < 0.05). When the spray volume increased from

33 L·ha-1 to 50 L·ha-1, the average droplet deposition in the tobacco

canopy increased from 0.06 mL·cm-² to 0.10 mL·cm-².

The analysis of variance indicated that flight height significantly

influenced droplet coverage in the upper canopy (p < 0.05), with

higher flight heights resulting in lower coverage. At a flight height of

3 m, the average droplet coverage in the upper canopy was 5.96%,

which exceeded the average coverage observed at flight heights of

3.5 m and 4 m. Spray volume also had a significant effect on droplet

coverage across the upper, middle, and lower canopies (p < 0.05).

When the spray volume increased from 33 L·ha-1 to 50 L·ha-1,

average droplet coverage in the upper canopy increased from 2.76%

to 5.34%, in the middle canopy from 1.99% to 3.65%, and in the

lower canopy from 1.43% to 2.32%. ANOVA results showed that

spray volume had the greatest effect on droplet distribution

uniformity in both the upper canopy (F = 1.526) and lower

canopy (F = 3.219). At a spray volume of 50 L·ha⁻¹, the average

CV values for both layers were minimal, at 45.52% and 34.22%,

respectively. As the spray volume increases, droplet size becomes

larger, which reduces drift and simultaneously provides greater

kinetic energy to penetrate the canopy, thereby enhancing

deposition coverage and uniformity in the lower canopy layers.

Flight height primarily influenced droplet uniformity in the middle

canopy (F = 3.581). At a flight height of 3.5m, the average CV for

the middle canopy was minimal at 31.31%.

The penetration of droplets under different parameter

treatments during the vigorous growth stage of tobacco is

presented in Figure 4. As shown, higher spray volumes resulted in

stronger droplet penetration. Overall, at a flight speed of 4 m·s-1,

droplets exhibited relatively greater penetration. The highest
Frontiers in Agronomy 09
penetration efficiency was observed at a flight height of 3.5 m, a

flight speed of 4 m·s-1, and a spray volume of 50 L·ha-1.
3.5 Droplet distribution of T20P during the
maturity stage of tobacco

We observed that when applying a spray volume of 33 L·ha⁻¹
during the vigorous growth stage, the droplet deposition and coverage

were relatively low. Therefore, we further excluded the corresponding

treatment during the maturity stage. Droplet deposition on the tobacco

canopy under different operating parameters of T20P is shown in

(Figure 2E). The average droplet deposition on the canopy ranged from

0.184 to 0.983 mL·cm-². The results of the analysis of variance are

presented in Table 7. At this stage, flight speed exerted the greatest

influence on droplet deposition within the tobacco canopy (F = 2.508).

The highest average deposition was observed at a flight speed of 3m·s-1,

reaching 0.70 mL·cm-². Flight speed also significantly influenced droplet

coverage on the tobacco canopy (p < 0.05). At a flight speed of 3 m·s-1,

the average droplet coverage was 11.02%, whereas at 5 m·s-1, it

decreased to 4.30%. Flight height has the greatest impact on droplet

uniformity (F = 0.803). At a flight height of 2 m, the droplet

distribution is most uniform, with an average CV of 17.12%. The

low flight height may have reduced droplet drift, thereby

improving uniformity.
3.6 Droplet distribution of T40 during the
maturity stage of tobacco

(Figure 2J) shows droplet deposition on tobacco during the

maturity stage under different operating parameters of T40. The

average droplet deposition on the canopy ranged from 0.197 to

0.748 mL·cm-². The results of the analysis of variance are presented

in Table 8. Flight height significantly influenced droplet deposition on

the tobacco canopy (p < 0.05). At a flight height of 3.5 m, the average

droplet deposition was 0.57 mL·cm-², higher than the average
FIGURE 4

Penetration efficiency of tobacco canopy for different treatments (T40).
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deposition at flight heights of 3 m and 4 m. Flight height also had a

greater effect on the droplet coverage of the tobacco canopy (F = 3.670).

At a flight height of 3.5 m, the average droplet coverage was 9.94%,

exceeding the average coverage at flight heights of 3 m and 4 m. Flight

speed significantly affected droplet uniformity (p < 0.05). At a flight

speed of 3 m·s⁻¹, the average CV in the middle canopy layer was the

lowest, at 17.76%. Because mature tobacco leaves are larger, a lower

flight speed increases the UAV’s residence time over the target area and

reduces the turbulence of the downwash airflow, thereby improving

droplet uniformity.
3.7 Optimize operation parameters

A weighted comprehensive evaluation method was employed to

assess the spraying performance under different operational

parameters, using deposition, coverage, uniformity, and

penetration as evaluation criteria. The comprehensive score,

calculated by weighting these four indicators, reflects the overall

spraying effectiveness, with higher values (0–100) indicating better

performance. Figure 5 illustrates the trend of the comprehensive

score with changes in each operational parameter.

(Figure 5A) shows the trend of the comprehensive value of T20P

during the rosette stage. As flight height and flight speed increase, the

comprehensive value tends to decrease, whereas higher spray volumes

correspond to higher comprehensive values. Based on the analysis, the

optimal combination of operational parameters for T20P during the

tobacco rosette stage is a flight height of 2 m, a flight speed of 3 m·s-1,

and a spray volume of 50 L·ha-1. (Figure 5B) shows the trend of the

comprehensive value of T20P during the vigorous growth stage. When

the flight height is 2.5 m and the flight speed is 4 m·s-1, the average

comprehensive value is highest. Spray volume is positively correlated

with the comprehensive value, which reaches its maximum at 50 L·ha-1.

Accordingly, the optimal combination of operational parameters for

T20P during the tobacco vigorous growth stage is a flight height of 2.5

m, a flight speed of 4 m·s-1, and a spray volume of 50 L·ha-1. (Figure 5C)
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shows the trend of the comprehensive value of T20P during the

maturity stage. At a flight height of 2.5 m and a flight speed of 3 m·s-

1, the average comprehensive value was highest. According to the

analysis, the optimal combination of operational parameters for T20P

during the vigorous growth stage of tobacco was a flight height of 2.5 m,

a flight speed of 3 m·s-1, and a spray volume of 50 L·ha-1. (Figure 5D)

shows the trend in the comprehensive value of T40 during the rosette

stage. The average comprehensive value was highest at a flight height of

3.5 m. As flight speed decreased and spray volume increased, the

comprehensive value showed an increasing trend. According to

the analysis, the optimal combination of operational parameters for

T40 during the rosette stage of tobacco was a flight height of 3.5 m, a

flight speed of 3 m·s-1, and a spray volume of 50 L·ha-1. (Figure 5E)

shows the trend of the comprehensive value of T40 during the vigorous

growth stage. At a flight height of 3.5 m and a flight speed of 4 m·s-1, the

average comprehensive value was the highest. Increasing the spray

volume led to a corresponding increase in the comprehensive value.

Based on these results, the optimal combination of operational

parameters for T40 during the vigorous growth stage of tobacco was

a flight height of 3.5 m, a flight speed of 4 m·s-1, and a spray volume of

50 L·ha-1. (Figure 5F) shows the trend of the comprehensive value of

T40 during the maturity stage. At a flight height of 3.5 m and a flight

speed of 3m·s-1, the average comprehensive value was the highest. Based

on the analysis, the optimal combination of operational parameters for

T40 during the tobacco maturity stage was a flight height of 3.5 m, a

flight speed of 3 m·s-1, and a spray volume of 50 L·ha-1.
4 Discussion

Currently, data on optimal operation parameters for most

UAVs remain limited, and operators primarily rely on

manufacturer-provided operational ranges (e.g., flight height,

spray volume, and flight speed) (Byers et al., 2024). The efficiency

of pesticide application via UAVs is strongly influenced by

operation parameters, while crop height and leaf area index (LAI)

vary across different species. Therefore, adjusting operation

parameters based on specific application scenarios is crucial for

improving control efficacy (Sun et al., 2022).

This study employed two types of UAVs to conduct spraying

experiments in tobacco fields and systematically evaluated the effects of

operational parameters on droplet deposition within the tobacco

canopy. By considering four key indicators—droplet deposition,

coverage, uniformity, and penetration—we identified the optimal

operational parameters for UAVs at different stages of tobacco

growth. The results indicate that operation parameters significantly

affect droplet deposition distribution. During the vigorous growth and

maturity stages, spraying performance reaches its maximum at medium

flight heights (Figure 5). Excessively high flight heights can cause wide

spray spans and droplet drift, resulting in fewer droplets reaching the

lower or inner parts of the tobacco plants. Conversely, excessively low

flight heights produce narrow spray spans; although the strong

downwash airflow generated by the rotors reduces droplet drift, leaf

disturbance impedes droplet adhesion, leading to a substantial reduction

in deposition (Xue et al., 2014; Lou et al., 2018). During the rosette stage,
TABLE 7 ANOVA results for droplet distribution characteristics in the
maturity stage (T20P).

Factors df

Deposition Coverage Uniformity

F P F P F P

Flight height 2 2.171 0.195 0.329 0.732 0.803 0.491

Flight speed 2 2.508 0.162 9.173 0.015* 0.584 0.587
TABLE 8 ANOVA results for droplet distribution characteristics s in the
maturity stage (T40).

Factors df

Deposition Coverage Uniformity

F P F P F P

Flight height 2 5.271 0.048* 3.670 0.091 0.170 0.848

Flight speed 2 1.104 0.391 2.338 0.177 5.618 0.042*
p means the significance level of the factor affecting the result. *Statistical significance level:
*P < 0.05, **P < 0.01.
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the lowest flight height produces the most effective spraying effects. This

is likely because tobacco plants are relatively short at this stage, allowing

a lower flight height to enhance droplet distribution. Flight height also

influences droplet uniformity. Lower flight heights produce strong

downward rotational airflow, which induces substantial leaf

movement and improves droplet deposition uniformity in the lower

canopy. In contrast, higher flight heights weaken the airflow, enhancing

uniformity in the upper canopy but reducing penetration (Lou et al.,

2018). Flight height significantly affects droplet deposition and coverage

of the T20P during the rosette stage and the upper canopy in the
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vigorous growth stage, as well as the T40 in the upper canopy during

both the vigorous growth stage and maturity. Both UAVs exhibit

optimal spraying performance at medium-to-low flight heights. The

T20P, with four rotors, generates a strong, concentrated downwash

airflow above the plants at medium-to-low flight heights, enhancing

droplet deposition and penetration. In contrast, the T40, equipped with

eight rotors, produces a more uniform downwash airflow with a wider

diffusion range, resulting in higher canopy coverage and more stable

droplet distribution at medium-to-low flight heights. Future research

should investigate the effects of downwash on droplet penetration and
FIGURE 5

Range analysis of overall spray efficacy. (A, D) the rosette stage, (B, E) the vigorous growth stage, (C, F) the maturity stage.
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canopy deposition to optimize UAV spray parameters, thereby

achieving more uniform and efficient pesticide coverage.

Flight speed influences the dwell time of UAVs above the crop

canopy, which in turn determines the deposition efficiency of

pesticide droplets. We observed that higher flight speeds reduce

droplet deposition. During the rosette and maturity stages, lower

flight speeds resulted in better droplet deposition, whereas during

the vigorous growth stage, medium flight speeds were optimal.

Flight speed significantly affects droplet deposition on the upper

canopy of T20P during the vigorous growth stage and significantly

impacts coverage during the maturity stage. It also significantly

affects droplet uniformity on T40 during the maturity stage.

Although low flight speeds increase droplet deposition on the

upper canopy of T20P, they reduce droplet deposition and

uniformity on the lower canopy. In contrast, higher flight speeds

increase air turbulence, which promotes more uniform droplet

distribution (Xing et al., 2024). Therefore, to ensure operational

efficiency, it is crucial to balance flight speed and spray effectiveness

across different canopy layers. Systematic optimization of flight

parameters is essential for achieving uniform droplet coverage

across diverse canopy structures. At the maturity stage, tobacco

leaves have relatively large surface areas, and low-flight-speed UAV

spraying offers greater stability, higher accuracy, and reduced drift.

During this stage, the low-speed T20P and T40 exhibit superior

coverage and uniformity (Abd. Kharim et al., 2019).

Previous studies have shown that larger spray volumes enhance

droplet coverage and deposition (Subramanian et al., 2021; Hu et al.,

2022). In this study, a larger spray volume significantly increased droplet

deposition and coverage while enhancing droplet penetration. Larger

spray volumes can generate liquid flow that is not fully atomized by the

nozzles and is further broken down by air resistance, producing

relatively larger droplets. These larger droplets exhibit better

penetration, enabling them to reach lower regions of the plants (Chen

et al., 2022; Zhan et al., 2022;Wu et al., 2025). Spray volume significantly

impacts the spraying performance of bothUAVs across different growth

stages, with higher volumes consistently yielding superior droplet

deposition and coverage. The larger droplets produced by high spray

volumes substantially reduce drift losses, thereby enhancing droplet

deposition and coverage (Qin et al., 2016; Delavarpour et al., 2023).
5 Conclusion

In summary, this study evaluated the effects of UAV operational

parameters on droplet deposition and distribution and identified the

optimal parameters for different stages of tobacco growth through

comprehensive multi-index analysis. For T20P, the optimal parameters

during the rosette stage were a flight speed of 3 m·s-1, a flight height of 2

m, and a spray volume of 50 L·ha-1. During the vigorous growth stage,

the optimal parameters were a flight height of 2.5 m, a flight speed of 4

m·s-1, and a spray volume of 50 L·ha-1. For the maturity stage, the

optimal parameters were a flight height of 2.5 m, a flight speed of 3 m·s-

1, and a spray volume of 50 L·ha-1. For T40, the optimal parameters

during the rosette stage were a flight height of 3 m, a flight speed of 3

m·s-1, and a spray volume of 50 L·ha-1. During the vigorous growth
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stage, the optimal parameters were a flight height of 3.5 m, a flight

speed of 4 m·s-1, and a spray volume of 50 L·ha-1. During the maturity

stage, the optimal parameters were a flight height of 3.5 m, a flight

speed of 3 m·s-1, and a spray volume of 50 L·ha-1. The results indicate

that operational parameters significantly affect droplet deposition and

coverage within the tobacco canopy. These findings provide a scientific

basis for the efficient prevention and control of pests and diseases at

various stages of tobacco growth using UAVs.
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