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The use of Unmanned Aerial Application Systems (UAAS) has increased rapidly in

agriculture in recent years. Information regarding their spray performance, as

influenced by operational parameters, is important to understand for their

effective utilization. A study was conducted to assess the spray characteristics

of two commercial UAAS platforms (TTA M4E and DJI Agras T30) using three

different nozzle types, flight speeds, and application heights. Spray deposition

was recorded across the swath to assess and compare spray behavior under

these selected varying operational parameters. In-swath deposition uniformity

was evaluated using the coefficient of variation (CV) for different theoretical

effective swaths computed from single-pass spray patterns. The results indicated

a highly variable spray deposition with the majority of coverage concentrated

directly below the UAAS flight path. Coarser droplets produced by the AIXR (Air-

Induction Extended Range) and TTI (Turbo Teejet Induction) nozzles exhibited

greater coverage directly under the UAAS while finer droplets from the XR

(Extended Range) nozzle showed improved uniformity across wider swaths.

Coverage decreased with an increase in flight speed for both platforms.

Application height had no effect on spray coverage for the TTA M4E, but

coverage increased with height for the DJI Agras T30 within the tested range.

Both increased flight speed (5.0 and 6.7 m s-1 for the TTA M4E and DJI Agras T30,

respectively) and height (3.0 m for both the TTA M4E and DJI Agras T30) showed

increased uniformity. Among the tested parameters, only a few exhibited an

acceptable variability (CV≤25%) within the range of theoretical effective swaths.

The TTAM4E had a CV<25% for the flight speeds of 3.4 and 5.0m s-1, and a height

of 3.0 m at an effective swath of 2.0 m. In contrast, the 2.3 and 3.0 m heights, XR

and TTI nozzles, and 4.5 and 6.7 m s-1 speeds exhibited acceptable variability for

the DJI Agras T30 for an effective swath of 4.0 m. For both UAAS, none of the

tested parameters had an acceptable CV (≤25%) at the widest swath (4.0 and

9.0 m for the TTA M4E and DJI Agras T30, respectively) recommended by

the manufacturer.
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1 Introduction

The utilization of crop protection products, also known as

pesticides, has become essential in modern agriculture for growers

to effectively manage pest pressure and protect crop yield

throughout the season (Sinha et al., 2022). Pesticide use is

estimated to prevent losses in food production ranging from 50 to

80% globally and is vital to continue to meet an ever-increasing food

demand caused by a growing global population (Oerke, 2006; Lan

et al., 2017). Every year, an estimated 2.7 million tonnes (Mt) of

pesticides are used globally (Atwood and Paisley-Jones, 2017).

Conventional pesticide applications are most commonly

conducted by ground equipment through broadcast applications

(Gibbs et al., 2021). Approximately 28% of United States cropland is

also treated aerially with manned agricultural aircraft at least once

during the growing season as various factors including crop height,

topography, and weather challenges prevent growers from timely

pesticide applications with ground sprayers (Struttman and

Zawada, 2019). Recently, Unmanned Aerial Application Systems

(UAAS) have emerged as a popular application technology and

gained increased interest for aerial pesticide applications due to

their several potential benefits such as late-season applications in

tall crops, application in areas inaccessible to ground sprayers, and

reduced labor requirements in some cases by replacing backpack

sprayers (He, 2018). While the first test of unmanned aerial systems

for pesticide applications occurred in 1989 with a Yamaha

helicopter design; its use outside Japan was limited due to spray

tank size constraints and economic factors (Xiongkui et al., 2017).

Since then, modern UAAS have seen significant developments in

payload carrying capacity, battery life, nozzle configuration, and

platform design. Most of these improvements have been motivated

by a rising interest in the use of UAAS for precision crop

management (Teske et al., 2018).

Recent research on UAAS has been focused on evaluating their

application performance along with assessing the technology’s

benefits over traditional application methods. Hunter et al. (2019)

evaluated the utilization of unmanned aerial imaging and an UAAS

to create site-specific application maps resulting in a similar

operational efficiency to a broadcast application while treating

60% less area. Studies utilizing UAAS in orchard crops have

found similar deposition rates and uniform droplet size when

compared to manned-aerial applications (Giles and Billing, 2015;

Martinez-Guanter et al., 2020). One of the main advantages of

UAAS over other methods is propeller downwash which can propel

the spray particles faster and deeper into crop canopies (Richardson

et al., 2020). Studies evaluating spray deposition at different canopy

heights found more consistent and increased coverage for both high

and low foliage heights for two different UAAS platforms tested by

Martin et al. (2019) and Gibbs et al. (2021). Teske et al. (2018)

found that rotor downwash generated during flight can assist

particles downwards under critical flight speeds resulting in

higher coverage beneath the UAAS. However, rotor downwash

can also contribute to increased drift of spray particles under some

application conditions such as increased heights and flight speeds.

Nozzle type and position relative to the rotors can also affect spray

deposition within the swath as well as spray drift. Hunter et al.
Frontiers in Agronomy 02
(2019) reported that the nozzles producing finer droplets on UAAS

are more prone to off-target movement than nozzles that produce

coarser droplets. Similarly, drift risk evaluated byWang et al. (2021)

comparing different nozzle types found spray drift to be 81 to 95%

higher for hollow cone nozzles than air-induction nozzles.

Comparing different nozzle configurations between UAAS

platforms, Martin et al. (2019) found the widest effective swath

occurred with nozzles placed directly below the rotors.

Spray characteristics of one UAAS type can vary from another

due to differences in platform designs, size, nozzle types, and nozzle

configurations (Hunter et al., 2020; Sinha et al., 2022). These

differences between UAAS platforms make it challenging to

understand and optimize application parameters to improve

spray deposition and uniformity, especially under varying

environmental conditions (Faiçal et al., 2017; He, 2018). Lan et al.

(2017) reviewed the literature on five commercially available spray

systems, reporting that each platform had unique optimal

conditions to maximize spray deposition. Similarly, Martin et al.

(2019) and Sinha et al. (2022) reported varying spray characteristics

at similar application parameters for two different UAAS used in

their studies. The potential of UAAS to perform precision

application of pesticides could have a large economic impact on

pest management in agriculture (Woldt et al., 2018). However,

enabling such precision applications requires a thorough

investigation and understanding of the spray performance

(deposition, uniformity, and drift) of different UAAS to inform

best management practices for their effective utilization.

Additionally, UAAS design and capabilities are changing rapidly

on newer platforms, and even between different models from the

same manufacturer due to varying physical and operational

characteristics. This makes it more challenging to apply the

information learned from one platform to another and thus

necessitates examining the spray performance of each platform

under varying operational conditions to determine optimal

application parameters. The research presented here is an effort to

better understand the spray characteristics of two different

commercially available UAAS platforms at varying operational

parameters. The specific objectives of this study were to assess

and compare (1) spray deposition within the swath for single-pass

spray patterns and (2) uniformity of spray deposition for different

computed effective swaths (from single-pass patterns) across

varying nozzle types, application heights, and flight speeds for

two different UAAS platforms.
2 Materials and methods

2.1 Unmanned aerial application systems

Two commercially available UAAS platforms were used in this

study: the TTA M4E (Beijing TT Aviation Technology Co., Beijing,

China) and the DJI Agras T30 (SZ DJI Technology Co., Shenzhen,

China) which will be referred to as ‘M4E’ and ‘T30’ from here

forward for brevity. The M4E has a quadcopter arrangement, with a

tank capacity of 5 L. The T30 has a hexacopter arrangement, with a

tank capacity of 30 L. Both UAAS utilize nozzles for dispensing
frontiersin.org
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spray solution that are placed directly under the rotors (Figure 1).

The M4E has two nozzles placed directly under the rear 2 rotors,

while the T30 has 16 nozzles that are distributed across the 6 rotors

and attached with frame arms as seen in Figure 1B. The M4E UAAS

was controlled using a T12 12-channel radio controller connected

via Bluetooth to a tablet and the manufacturer-specified flight

application software. As noted in the M4E operator’s manual, the

manufacturer reports a horizontal accuracy of ±1.0 m and a vertical

accuracy of ±0.5 m. The T30 was controlled utilizing the DJI Smart

Controller Enterprise pre-installed with the DJI Agras flight

application software during testing. The controller was equipped

with an RTK receiver and connected to a GNSS mobile base station

(Model D-RTK 2, SZ DJI Technology Co., Shenzhen, China),

providing a manufacturer-reported horizontal and vertical

positioning accuracy of ±1 cm during all tests. For both UAAS,

the flight planning software allowed for pre-programmed flight

paths to be created and utilized during the testing. The detailed

specifications for each UAAS including platform weight, operating

payload weight, and recommended ranges for operational

parameters are provided in Table 1.
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2.2 Field testing and study treatments

Field tests were conducted at research farms located on the

University of Georgia campus in Tifton, GA on flat, open, and

uncropped sites in 2022 (31.4706°, -83.5287°) and 2023 (31.5197°,

-83.5491°). The application area within both fields consisted of a

minimum of 122 m length and 40 m width, and was bordered by

grass berms on all sides with minimal interference from trees or

other objects.

For each UAAS, the study treatments consisted of three nozzle

types to target different droplet sizes, three application heights to

attain varying swaths, and three flight speeds. Application heights

and flight speeds were selected based on the manufacturer’s

recommended range as outlined in each UAAS’ operator’s

manual. For both UAAS platforms, the three different nozzle

types used were TeeJet® XR (Extended Range), AIXR (Air-

Induction Extended Range), and TTI (Turbo TeeJet Induction)

(TeeJet Technologies, Glendale Heights, IL) to attain the droplet

sizes in the range of Fine to Medium, Coarse to Very Coarse, and

Extremely Coarse to Ultra Coarse (ASABE, 2020), respectively. All
BA

FIGURE 1

(A) TTA M4E and (B) DJI Agras T30 UAAS used for the spray performance studies conducted in 2022 and 2023, respectively.
TABLE 1 Specifications for the TTA M4E and the DJI Agras T30 UAAS.

Platform TTA M4E DJI T30

Platform Weight (empty) (kg) 7.0 26.4

Operating Payload (kg) 8.0 30.0

Dimensions (unfolded) (mm) 485 x 495 x 577 2858 x 2685 x 790

Number of Nozzles 2 16

Hovering Time (full) (min) >5.5 7.8

Recommended Spraying Heights (m) 2.0 – 4.0 1.5 – 3.0

Maximum Spraying Speed (m s-1) 10.0 7.0

Max Spraying Rate (L min-1) 2.2 8.0

Battery Capacity (mAh) 3000 29000
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nozzles used in these tests had a spray angle of 110° and the nozzle

orifice size differed between the UAAS based on the target

application rate.

The flight speeds and application heights varied between the two

UAAS due to different recommended ranges by the manufacturer. For

the M4E, the flight speeds were 2.5, 3.4, and 5.0 m s-1, and the

application heights were 2.0, 2.5, and 3.0 m above ground level (AGL).

The target swaths for the M4E followed a 1:1 ratio with the height as

suggested by the manufacturer. The M4E platform does not have rate

control capabilities, therefore flight speed variations resulted in different

application rates (L ha-1). The flight speeds of 2.5, 3.4, and 5.0 m s-1

resulted in an application rate of 37.4, 28.1, and 18.7 L ha-1,

respectively. To maintain the target application rate across different

application heights, nozzle size and flow rate (L min-1) were changed

accordingly to compensate for the change in flow rate due to the

increased swath with height. The nozzle orifice sizes used were 03, 04,

and 06 at the heights of 2.0, 2.5, and 3.0 m, providing flow rates of 2.3,

2.8, and 3.4 L min-1, respectively. The flow rate was verified utilizing a

SpotOn Sprayer Calibrator (SC-1, Gemplers, Janesville, WI) for each

nozzle before testing, and pump speed (pressure) was adjusted

accordingly to achieve the target rate (L ha-1).

For the T30 testing, the flight speeds were 4.5, 5.6, and 6.7 m s-1,

and the application heights were 1.5. 2.3, and 3.0 AGL. All treatments

for the T30 were implemented using the target application rate of 18.7

L ha-1 and using nozzles of a 015 orifice size. Unlike the M4E, this

platform is equipped with rate control capabilities so the system
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automatically adjusted the flow rate (L min-1) accordingly for the

selected speed and height (swath) combination. The swath width was

set within the DJI Agras app on the flight controller and was adjusted

accordingly with each increase in height. Based on the manufacturer-

provided information for the T30, the application heights of 1.5, 2.3,

and 3.0 m were programmed to attain target swaths of 4.0, 6.5, and

9.0 m, respectively. Table 2 summarizes the different nozzle types,

application heights, and flight speeds used for each UAAS platform for

spray performance testing in this study.
2.3 Data collection

Application performance for both UAAS was assessed by

measuring spray deposition (percent coverage) and uniformity

(coefficient of variation, CV) at varying nozzle types, flight speeds,

and application heights. The data collection for spray coverage consisted

of 0.1 m × 2.4 m wooden boards placed perpendicular to and centered

under the flight path of the UAAS (Figure 2A). Water-sensitive paper

(WSP) (Syngenta, Crop Protection Inc., Greensboro, NC) (2.5 cm ×

7.6 cm) were placed at 0.3 m intervals on the wooden boards along the

entire length of the spray swath (Figure 2B). A total length of 14.6 m of

the wooden boards was used while the number of WSP placed within

the swath varied based on the target swath and ranged from 17 to 33

(4.9 to 9.8 m) between the two UAAS platforms. Water was used as a

spray solution in the tank for all tests. During testing, any deviations

from the pre-programmed flight path were noted. The beginning and

end of the flight passes for both platforms were at least 60 m from the

data collection area to prevent application variability caused by each

UAAS reaching the target speed or other factors.

During testing, the study treatments were implemented in a

manner where different levels of the selected treatment (nozzle type,

flight speed, or application height) were executed while keeping the

other two factors fixed throughout the testing. The experiments were

conducted in this manner as the main goal of this study was to evaluate
TABLE 2 Information on test parameters used for the TTA M4E and DJI
T30 UAAS during spray performance testing.

Test Parameter TTA M4E DJI T30

Nozzle Type XR, AIXR, TTI XR, AIXR, TTI

Height (m) 2.0, 2.5, 3.0 1.5, 2.3, 3.0

Speed (m s-1) 2.5, 3.4, 5.0 4.5, 5.6, 6.7
BA

FIGURE 2

Illustration of setup used for data collection: (A) water-sensitive paper placed at 0.3 m intervals across the swath, and (B) spray deposition on the
water-sensitive paper after the UAAS pass.
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the effect of each treatment (nozzle type, flight speed, and application

height) separately on spray deposition and uniformity rather than the

combined or interaction effects of the selected treatments on spray

performance. Additionally, since environmental conditions can vary

considerably during the day, this experimental design allowed us to

complete the testing and data collection for different levels of each

treatment within a two to three-hour period, in which the wind speed

and direction remained relatively consistent. The wind direction

remained within ±15° of the flight path of the UAAS for both

collection periods. All testing was conducted utilizing a single pass

(serving as a replication) of the UAAS with each treatment replicated

three times (Figure 3). Immediately after each pass, the WSP were

collected and stored in pre-labeled envelopes to prevent atmospheric

moisture contamination. WSP placement before and after each UAAS

pass was handled by two teams of two to three people to avoid any

potential contamination of the samples.

During the entire testing period, meteorological data including

the wind speed and direction, temperature, and relative humidity

were collected at 1.0-min intervals utilizing an on-site weather

station (6250 Vantage Vue, Davis Instruments, Hayward, CA).

The weather station was installed at a height of 1.8 m from the

ground and was located approximately 25.0 m away from the

application area. The testing and data collection for the M4E

occurred on 15 June 2022, and for the T30 on 19 April 2023. The

meteorological data averaged across the testing period for each

UAAS is presented in Table 3.
2.4 Data analysis

All WSP were analyzed using a DropScope instrument (SprayX,

São Paulo, Brazil) which provided the area covered by the spray
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droplets as coverage (%). Coverage was averaged over the three

replicates based on their location within the swath and was used to

generate a single-pass coverage pattern for each treatment. Mean

spray coverage and standard deviation were computed for the entire

swath as well as for different sections within the swath. For this, the

full swath for each UAAS was divided into three sub-sections (left,

center, and right) where the center swath section was defined as

equivalent to the wingspan of each UAAS, which corresponded to

1.35 and 2.75 m for the M4E and T30, respectively. Data outside of

this center section was subsequently sorted into the left and right

sections based on the application direction. To assess the uniformity

of spray deposition, the coefficient of variation (CV) values for a

range of theoretical effective swaths were computed utilizing

simulated UAAS passes following a progressive application

pattern. Effective swath is defined as the widest swath width in

which the CV is less than or equal to 25% (Woldt et al., 2018;

Martin et al., 2019; Sinha et al., 2022). All statistical analysis was

conducted utilizing JMP Pro 16.0 (SAS, Cary, NC). Considering the

experimental design used for data collection, the effect of each

treatment (nozzle type, speed, or height) was analyzed separately by

subjecting data for both the full and swath sections (center, left, and
FIGURE 3

Illustration of the data collection setup in the test area used for collecting spray deposition data for each UAAS.
TABLE 3 Meteorological conditions recorded during data collection.
Values reported are the mean ± standard deviation.

Meteorological
Parameters

TTA M4E DJI Agras T30

Wind Speed (m s-1) 1.40 ± 0.73 1.26 ± 1.01

Wind Direction ENE ESE

Temperature (°C) 34.96 ± 1.76 27.49 ± 3.41

Relative Humidity (%) 56.2 ± 6.91 32.76 ± 10.97
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right) to an ANOVA (a=0.05). Treatment means for significant

effects were separated using the Student’s t-test (p ≤ 0.05).
3 Results and discussion

3.1 Single-pass spray pattern analysis

The spray coverage patterns from single-pass testing at

varying nozzle types, application speeds, and heights are

provided in Figures 4–6 [(A) M4E and (B) T30], respectively.

While the specific effect of each treatment on spray coverage

within the swath is discussed in subsequent sections, some

common trends among the spray patterns allowed general

characteristics to be discussed here. For both UAAS and across

all application parameters, spray coverage followed a typical ‘bell-

shaped’ curve characterized by the majority of the spray

deposition being concentrated towards the center of the swath

and a rapid decrease in coverage towards the outer ends of the

swath. The central coverage peak was more distinct with rapidly

decreasing coverage towards the outer swath for the M4E than the

T30 but was also influenced by the operational parameters tested

in the study for both UAAS. In general, the magnitude of spray

coverage for the M4E (4.2 - 19.6%) was considerably greater than

the coverage obtained for the T30 (0.9 - 2.2%). The measured

spray swath for the M4E (4.9 m swath) was significantly narrower

than the T30 (4.9 – 9.8 m swath). These coverage and swath

variations among the UAAS were mainly due to the considerable

differences between the two UAAS platforms including their size,

number of nozzles, nozzle placement, number of rotors, and rotor

downwash. Across all tested parameters for both UAAS, large

standard deviation values (up to 5.3 and 27.5% for the T30 and

M4E respectively, represented by error bars in Figures 4–6) were

observed at each sampling point indicating a high variability in

spray coverage between the replications. This type of variability

between spray passes is common during UAAS applications and

was also observed and reported by other researchers (Martin et al.,

2019; Sinha et al., 2022). Prevalent meteorological conditions

during applications can also have an influence on spray

deposition within the swath, especially due to wind speed and

direction. This is more evident in spray patterns for the T30

(Figures 4B, 5B, 6B) where spray deposition was favored slightly

towards the left of the swath due to a westward wind during the

day of testing. This effect of wind speed and/or direction was not

observed in the spray patterns for M4E (Figures 4A, 5A, 6A). This

can also be one of the reasons that the spray patterns for the M4E

seemed to be more symmetrical with most of the coverage

differences primarily within the center swath, whereas for the

T30, the differences in spray coverage can also be noticed within

the left and right swath sections along with the center swath. For

results discussed here and in the subsequent sections, the center

swath section corresponds to the middle 1.35 and 2.75 m of the

swath for the M4E and T30, respectively whereas anything outside

of that represents the left and right swath sections.
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3.2 Effect of nozzle type on
spray deposition

Nozzle type had a significant effect on spray coverage within

individual swath sections (center, left, and right; p<0.05, for both

the M4E and T30) but showed no effect when considering the entire

swath (p=0.3707 and p=0.8652 for the M4E and T30, respectively).

This is an important observation to consider as it emphasizes that

only using spray coverage averaged across the whole swath,

especially for single-pass patterns, is not sufficient for assessing

UAAS performance as it fails to provide information about the

effect of treatments at different locations or sections within the

swath. For both the M4E and T30, the TTI nozzle provided greater

coverage than the XR nozzle in the center swath (Table 4); however,

the opposite trend existed towards the outer swath sections where

the XR nozzle exhibited greater coverage. This is also evident in

spray patterns in Figures 4A, B (M4E and T30, respectively) and can

be possibly attributed to the susceptibility of the finer spray particles

produced by the XR nozzle to disperse across the whole swath

whereas the coarser spray droplets from the TTI nozzle have a

higher tendency to deposit directly under the UAAS, within the

center swath. For aerial applications, the finer spray particles are

also more susceptible to off-target deposition or evaporation than

coarser droplets (Younis, 1973; Bird et al., 1996; Martin et al., 2019).

Downwash from UAAS is another factor that can influence both in-

swath deposition and off-target movement based on the size of the

droplets and the prevalent environmental conditions during

application (Teske et al., 2018).

The coverage results for the AIXR nozzle varied between the

UAAS types. For the M4E, the AIXR nozzle provided comparable

coverage to the TTI nozzle in the center of the swath and the XR

nozzle in the outer swath sections. For the T30, the AIXR nozzle

exhibited similar coverage to both the XR and TTI nozzles in the

outer swath sections whereas it was similar only to the XR nozzle

only in the center swath. This data suggests that the AIXR nozzle

may be a better option for applications with the M4E as it provides

improved coverage across the whole swath than the XR or TTI

nozzles. Regardless of the nozzle type, the large standard deviation

values (relative to the coverage values; Table 4) for both UAAS

indicate high variability in spray deposition within the

swath sections.

Few recent studies have investigated the effect of nozzle type on

UAAS performance. While differences in UAAS types, number of

nozzles, spray coverage assessment, and reporting method may not

enable a direct comparison with the findings of the present study,

general trends in spray coverage across the nozzle types can still be

analyzed. Hunter et al. (2019) reported a significant interaction of

nozzle type with application rate for DJI’s MG-1 where the XR

nozzle provided greater coverage than the AIXR and TTI nozzles at

a rate of 151 L ha-1 but found no difference in coverage between

these nozzle types at the application rates between 22 and 50 L ha-1.

These results were similar to the findings of the present study where

all tests for both UAAS were conducted at application rates of <46.7

L ha-1 and showed no effect of nozzle type on mean coverage when
frontiersin.org
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B

A

FIGURE 4

Spray coverage across the swath for the (A) M4E and (B) T30 UAAS for the three different nozzle types (XR, AIXR, and TTI) tested in this study. 0 m
coincides with the flight path of the UAAS.
TABLE 4 Effect of nozzle type on spray coverage within the full and different sections of the swath for each UAAS.

UAAS Nozzle

Full Swath Left Swath Center Swath Right Swath

Cover-
age* (%)

Std. Dev.
(%)

Cover-
age* (%)

Std. Dev.
(%)

Cover-
age* (%)

Std. Dev.
(%)

Cover-
age* (%)

Std. Dev.
(%)

M4E XR 2.4 3.2 1.1 a 1.4 8.1 b 1.7 1.1 a 1.1

AIXR 2.8 3.9 1.0 ab 1.9 9.4 a 1.7 0.9 a 1.3

TTI 2.5 4.7 0.5 b 1.0 10.3 a 5.0 0.4 b 0.7

T30 XR 0.7 0.5 0.5 x 0.3 1.5 y 0.2 0.3 x 0.4

AIXR 0.6 0.7 0.4 xy 0.3 1.8 y 0.5 0.2 xy 0.2

TTI 0.6 0.7 0.3 y 0.4 1.9 x 0.3 0.2 y 0.3
F
rontiers in A
gronomy
 07
The center swath for the M4E and T30 represents the middle 1.35 and 2.75 m length of the swath, respectively, and anything outside that represents the left and right sections. * Values followed by
the same letter within the same column for each UAAS are not significantly different from each other (p>0.05).
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assessed across the entire swath. However, the AIXR nozzle (coarser

droplets) did provide greater coverage when assessed separately

within different swath sections. Similarly, Wang et al. (2019)

reported greater spray coverage for a coarse nozzle type (LU120–

02, -03) at the two tested rates of 16.8 and 28.1 L ha-1 utilizing a

single-rotor UAAS while the fine nozzle type (LU120–01) produced

the highest deposition at a rate of 9.0 L ha-1.
3.3 Effect of flight speed on
spray deposition

Unlike nozzle type, the effect of application speed on spray

coverage varied between the M4E and T30, though relatively large

standard deviation values (0.2 - 6.0%, Table 5) for both UAAS again
Frontiers in Agronomy 08
indicate high coverage variability within the full and individual

swath sections. For the M4E, the spray coverage was significantly

affected by application speed within the full swath (p<0.0001), left

(p=0.0031), and center (p<0.0001) swath sections. An inverse

relationship between spray coverage and flight speed was noticed

towards the center of the swath, where coverage was highest for the

lowest flight speed and vice-versa (Figure 5A). The spray coverage

reduced substantially from 14 to 3.7% with an increase in

application speed from 2.5 to 5.0 m s-1. Due to the majority of

the coverage concentrated in a large central peak, this effect of

application speed also translated to spray coverage assessed across

the entire swath. For both the left and right swath sections, the

lowest application speed (2.5 m s-1) again provided greater coverage

than the highest speed (5.0 m s-1). This reduction in spray coverage

with increasing speed for M4E can be attributed to the lack of rate
B

A

FIGURE 5

Spray coverage across the swath for the (A) M4E and (B) T30 UAAS for the three different application speeds tested for each UAAS. 0 m coincides
with the flight path of the UAAS.
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control capabilities which means that as application speed

increased, the flow rate (L min-1) remained constant (at each

height), thereby resulting in a lower applied rate (L ha-1) and thus

reduced spray deposition.

In contrast to theM4E, flight speed had a significant effect on spray

coverage for the T30 only in the center swath (p=0.0027) and was non-

significant (p>0.05) for all other swath sections. Within the center

swath, the application speeds of 4.5 and 5.6 m s-1 demonstrated greater

coverage than the highest speed of 6.7 m s-1 (Table 5; Figure 5B). The

spray coverage ranged from 0.2 to 0.5% in the outer swath sections, and

from 0.6 to 0.7% for the full swath regardless of the application speed.

While the T30 is equipped with rate control capabilities, (i.e. it can

adjust the flow rate in real-time as speed changes) the reduced coverage

observed at 6.7 m s-1 is notable and may be a result of decreased

propeller downwash, reducing spray flux landing within the swath.

Teske et al. (2018) suggested that operating near or above a critical

speed unique to each platform can instead cause rotor outwash that

keeps droplets airborne, resulting in excessive off-target movement and

reduced deposition in the swath.

Other studies that evaluated the effect of speed on UAAS spray

coverage have reported similar findings to those recorded in this study.

Several researchers utilizing a DJI MG-1 and a HSE V6A UAAS (both

without rate control capabilities) found that the lowest tested flight

speed of 1.0 m s-1 resulted in the highest coverage across the tested

speeds of 1.0 to 7.0 m s-1 (Woldt et al., 2018; Martin et al., 2019; Hunter

et al., 2020; Sinha et al., 2022). Martin et al. (2019) reported no

difference in coverage among the flight speeds of 3.0, 5.0, and 7.0 m s-1

for the MG-1 and V6A while Woldt et al. (2018) found that speeds

greater than 3.0 m s-1 decreased spray deposition for the V6A UAAS,

however, this effect did not occur for theMG-1. Increasing flight speeds

(ranging from 0.3 – 1.0 m s-1) has been shown to reduce coverage and

droplet uniformity in a wind tunnel study conducted by Lv et al. (2019)

utilizing a UAAS simulation device.
3.4 Effect of application height on
spray deposition

Similar to the flight speed, the effect of application height on

spray coverage varied between the M4E and T30; however, the
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variability within individual swath sections was still considerably

high as indicated by large standard deviation values for each UAAS

(Table 6). For the M4E, application height affected spray coverage

within the left (p=0.0404) and right (p=0.0025) swath sections but

not in the center or full swath (p>0.05). The spray patterns in

Figure 6A also show no considerable differences in spray coverage

among the application heights, except at certain locations within the

swath. The mean spray coverage ranged from 8.8 to 9.7% within the

center section and from 2.5 to 2.6% across the full swath. In the

outer swath sections, the application height of 3.0 m (approx. 1.0%

coverage) resulted in a slightly improved coverage than the lower

heights of 2.0 and 2.5 m (0.7 – 0.8%). Generally, spray swath is

expected to increase with application height up to a certain limit.

However, this increase in coverage within the outer swath sections

at the 3.0 m height could be related to greater deposition of particles

within the comparatively wider swath than at lower heights.

Increased application heights also allow more time for the spray

flux to disperse across the swath before landing, resulting in more

uniform coverage (Sinha et al., 2022). Contrarily, higher application

heights also increase the potential for spray drift which can reduce

deposition within the swath. Propeller downwash is also influenced

by application height as it is more prominent and advantageous at

lower heights. Teske et al. (2018) suggested that changes in spray

release height can alter the transition from downwash generated by

the UAAS to outwash, which can force spray flux upwards before

reaching the ground, resulting in increased airborne drift and

decreased deposition uniformity.

For the T30, application height had a significant effect on spray

coverage within the left (p<0.0001) and center (p<0.0001) swath

sections, and across the full swath (p<0.0001), but not within the

right swath (p=0.0952). Within the swath sections with significant

differences in coverage, the spray coverage increased with an

increase in application height, with the greatest deposition

occurring at the height of 3.0 m followed by the 2.3 and 1.5 m.

This trend of increasing coverage with application height can also

be observed from spray patterns in Figure 6B. Along with higher

coverage, an increase in swath with application height was also

observed, which was expected and can again be noticed in

Figure 6B. Technically, the rate controller on the T30 is adjusting

the flow rate (L min-1) accordingly between different swaths
TABLE 5 Effect of flight speed on spray deposition within the full and different sections of the swath sections for each UAAS.

UAAS Speed
(m s-1)

Full Swath Left Swath Center Swath Right Swath

Cover-
age* (%)

Std. Dev.
(%)

Cover-
age* (%)

Std. Dev.
(%)

Cover-
age* (%)

Std. Dev.
(%)

Cover-
age* (%)

Std. Dev.
(%)

M4E 2.5 3.9 a 6.0 1.1 a 1.6 14.0 a 5.2 1.0 1.4

3.4 2.6 b 3.5 1.0 a 1.5 8.6 b 2.0 0.9 1.0

5.0 1.3 c 1.5 0.6 b 1.0 3.7 c 0.5 0.7 0.8

T30 4.5 0.7 0.7 0.4 0.4 1.8 x 0.3 0.3 0.3

5.6 0.7 0.7 0.5 0.3 1.8 x 0.4 0.2 0.2

6.7 0.6 0.6 0.4 0.3 1.5 y 0.2 0.3 0.4
The center swath for the M4E and T30 represents the middle 1.35 and 2.75 m length of the swath, respectively, and anything outside that represents the left and right sections. * Values followed by
the same letter within the same column for each UAAS are not significantly different from each other (p>0.05).
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TABLE 6 Effect of application height on spray deposition within the full and different sections of the spray swath.

UAAS Height
(m)

Full Swath Left Swath Center Swath Right Swath

Cover-
age* (%)

Std. Dev.
(%)

Cover-
age* (%)

Std. Dev.
(%)

Cover-
age* (%)

Std. Dev.
(%)

Cover-
age* (%)

Std. Dev.
(%)

M4E 2.0 2.5 3.7 0.8 b 1.3 8.8 2.9 0.7 b 1.0

2.5 2.6 4.0 0.8 b 1.3 9.7 2.7 0.7 b 0.8

3.0 2.6 3.8 1.0 a 1.6 9.3 2.5 1.0 a 1.2

T30 1.5 0.5 z 0.5 0.3 z 0.2 1.1 z 0.4 0.2 0.2

2.3 0.6 y 0.7 0.4 y 0.4 1.7 y 0.3 0.3 0.4

3.0 0.7 x 0.9 0.5 x 0.5 2.3 x 0.2 0.3 0.4
F
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The center swath for the M4E and T30 represents the middle 1.35 and 2.75 m length of the swath, respectively, and anything outside that represents the left and right sections. * Values followed by
the same letter within the same column for each UAAS are not significantly different from each other (p>0.05).
B

A

FIGURE 6

Spray coverage across the swath for the (A) M4E and (B) T30 UAAS for the three application heights tested for each UAAS platform. 0 m coincides
with the flight path of the UAAS.
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(programmed in the controller and based on application heights) to

maintain the target application rate (L ha-1) but the results attained

here for spray coverage suggest otherwise. Assuming the UAAS

maintained a similar application rate of 18.7 L ha-1 between the

different swaths tested in this study, the increase in flow rate with

height also resulted in increased spray deposition within the swath,

which was not expected. This suggests that the increased flow rate

(L min-1) for the increase in height does not result in a linear

increase in deposition as is expected with ground sprayers, but

instead the additional spray flux may continue to land primarily

within the central swath as seen in Figure 6B. However, it should

also be noted that these coverage differences among application

heights are small (0.1 – 0.6%) and could be possibly influenced by

other operational factors as well.

Reports on the effect of height on spray deposition from previous

research varied mainly due to differences in the UAAS platforms

utilized in these studies. Martin et al. (2019) found no significant effect

of application height (2.0, 3.0, and 4.0 m) for the DJIMG-1; however, it

was significant for the V6A in which the 3.0 m application height

provided the highest coverage. Lou et al. (2018) reported greater

coverage and improved uniformity at a 2.0 m application height

compared to a 1.5 m height utilizing the XAG’s P20 UAAS. In

another study evaluating application heights of 1.5, 2.0, and 2.5 m

with the MG-1, the 2.0 m application height resulted in the highest

spray coverage (Nordin et al., 2021). For pesticide applications with

UAAS, selecting an optimal application height is important to

maximize spray deposition within the swath while reducing spray

drift potential. Higher application heights weaken the effect of propeller

downwash on spray flux, resulting in increased susceptibility to

crosswinds, spray drift (Changling et al., 2017), and reduced canopy

penetration, while lower application heights can result in decreased

coverage and deposition uniformity due to an increased outwash force

pushing the spray flux away from the swath (Lou et al., 2018).
3.5 Effective swath and spray
deposition uniformity

The CV values for spray coverage for different theoretical

swaths (grouped by all tested operational parameters) for the

M4E and T30 are presented in Figures 7A, B, respectively.

For the M4E, all tested application parameters exhibited large

variability within the swath, with CV values ranging from 9.8 to 148.2%

for effective swaths ranging from 1.8 to 4.9 m (Figure 7A). The spray

swath for the M4E as listed by the manufacturer (TT Aviation

Technologies, Beijing, China) is 2.0 - 4.0 m, dependent on the

application height (2.0 – 4.0 m). As expected, the CV increases with

an increase in theoretical effective swath across all operational

parameters, with the lowest CV values occurring at the narrower

swaths. When considering the manufacturer-recommended swath of

2.0 to 4.0 m, only a few of the tested application parameters exhibited

an acceptable CV value of ≤25%. Among the nozzle types, both the XR

and AIXR nozzles had CV values in the range of 15.6 to 21.1% at an

effective swath of 2.0 m. Similarly, the application speed of 3.4 and

5.0 m s-1, and the application height of 3.0 m demonstrated CV values

ranging from 9.8 to 22.7% at an effective swath of 2.0 m. However,
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none of the tested parameters had CV values ≤25% when considering

the widest manufacturer-listed effective swath of 4.0 m. In fact, 2.4 m

was the widest effective swath with an acceptable CV of 15.4% and was

observed for the application speed of 5.0 m s-1. Overall, this data

suggests that for the M4E, fine to medium spray droplets (XR and

AIXR nozzles) along with a higher flight speed (5.0 m s-1) and

application height (3.0 m) resulted in the minimum spray deposition

variability within the swath while larger spray droplets (TTI nozzle),

slower flight speed (2.5 m s-1) and the lowest application height (2.0 m)

increased in-swath variability.

In contrast to the M4E, the spray deposition variability within

the swath for the T30 was relatively lower across all application

parameters. The CV values ranged from 8.3 to 114.4% across the

computed effective swaths of 3.7 to 9.1 m (Figure 7B). Once again,

the general trend observed was that the uniformity within the swath

(CV values) decreased with an increase in swath and vice-versa. The

spray swath for the T30 reported by the manufacturer (SZ DJI

Technology Co., Shenzhen, China) is 4.0 - 9.0 m at the application

height of 1.5 - 3.0 m from the ground or target crop. Among all

tested parameters, the XR and TTI nozzles, flight speeds of 4.5 and

6.7 m s-1, and application heights of 2.3 and 3.0 m exhibited CV

values ≤25% when considering an effective swath of 4.0 m.

However, as observed for the M4E, none of the operational

parameters had an acceptable CV value when considering the

manufacturer-listed widest effective swath of 9.0 m. The widest

effective swath with an acceptable variability (CV≤25%) was

observed to be ~5.5 m for the XR nozzle. In general, the in-swath

deposition variability for the T30 was highest when using coarser

spray droplets (AIXR and TTI nozzles) and flying at a lower altitude

(1.5 m). Interestingly, in-swath variability was low for both the

slowest and the fastest flight speeds (4.5 and 6.7 m s-1) used in this

study for effective swaths below ~4.9 m.

Comparing trends across both UAAS platforms, the in-swath

deposition variability was observed to be minimal when using XR

nozzles (finer droplets), operating at increased flight speeds, and

higher application heights. These results were similar to the findings

of Sinha et al. (2022) where the authors also reported minimum

spray deposition variability within the swath for finer droplet

nozzles, increased flight speeds, and increased heights for the

UAAS (MG-1 and V6A) used in their study. For both the M4E

and T30, the widest effective swath with an acceptable in-swath

variability (CV≤25%) was also considerably narrower than the

widest manufacturer-listed swaths of 4.0 and 9.0 m (M4E and

T30, respectively). Few of the tested application parameters

demonstrated acceptable variability within the swath at the

narrower spray swaths reported by the UAAS manufacturers (2.0

and 4.0 m for M4E and T30, respectively). Since each UAAS

platform has its unique spray characteristics, the results obtained

here emphasize the importance of using proper calibration

procedures to determine an effective swath and the corresponding

operational parameters that provide uniform spray distribution

within that swath.

The ASABE standard S386.2 (ASABE, 2018) outlines the

procedure to evaluate spray patterns for aerial applications and to

define an effective swath without specifying an acceptable CV for

aerial applications. This standard is used widely to evaluate spray
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pattern uniformity of aerial applications with manned aircraft. A

CV range of 20 to 30% is widely utilized in existing literature;

however, these studies have consistently found limited application

parameter combinations that result in acceptable deposition

variability (Dongyan et al., 2015; Martin et al., 2019; Sinha et al.,

2022). While several efforts are underway to modify the current

standards to include spray pattern analysis of applications with

UAAS, significant differences in spray characteristics between

manned and UAAS applications may necessitate the development

of a new standard and/or procedures that define different acceptable

parameters for aerial applications with UAAS.
3.6 Discussion and implications

The availability of new UAAS platforms and their utilization for

pesticide applications in agriculture is increasing rapidly. Therefore,
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research investigations including the current and other recent

studies (Hunter et al., 2019; Martin et al., 2019; Gibbs et al., 2021;

Sinha et al., 2022) are important to better understand the spray

performance of different UAAS platforms under varying

conditions, and generate scientific information that can encourage

the sensible and effective use of this technology. Currently,

appropriate performance data on most new UAAS platforms is

limited and their usage by applicators is based primarily on the

operational ranges (such as height, speed, and swath) provided by

the manufacturers. Additionally, most pesticide applications with

UAAS today occur with an intent to maximize field efficiency i.e.,

applying low rates to cover more area and maximize the efficiency of

each tank load. Consequently, most UAAS applications are being

conducted at the widest possible swaths, using maximum operating

speeds and higher application heights. However, the results

obtained in this study for both the M4E and T30 (which was one

of the most widely used platforms during the time period this study
B

A

FIGURE 7

Coefficient of variability (CV, %) at varying effective swaths for the (A) M4E and (B) T30 UAAS under different operational parameters tested for each
UAAS. Black dashed, horizontal line denotes the 25% acceptable CV.
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was conducted) suggest that spray performance (in-swath

deposition and uniformity) is highly inconsistent and variable

across the range of operational parameters recommended by the

manufacturers. For both UAAS used in this study, the increased

application height of 3.0 m resulted in comparable or more uniform

deposition than lower altitudes, and also overall greater coverage for

the T30. While application heights >3.0 m were not tested in the

present study, it can be assumed that application height will cease to

improve deposition at a certain upper limit. Application height has

also been identified as one of the primary factors influencing the

drift potential of spray droplets (Lou et al., 2018). In this study, for

both UAAS platforms, the maximum flight speeds (5.0 and 6.7 m s-1

for the M4E and T30, respectively) were also tested and the results

suggested reduced coverage within the center of the swath

compared to the two lower speeds. Interestingly, the higher flight

speeds for both the M4E and T30 also exhibited improved

deposition uniformity within various computed effective spray

swaths. While the reduced deposition at increased speeds for the

M4E was expected due to the lack of rate control capabilities, these

findings for T30 were not anticipated. These findings suggest an

increased potential for inadequate application deposition and

efficacy at these parameters, and warrant further investigation

into operational parameters to maximize the potential of

this technology.

Increased deposition and uniformity within the swath are

desired and considered optimal for UAAS applications. However,

increased deposition does not necessarily result in improved

uniformity within the swath, which was noticed for both the M4E

and T30 in the present study. Therefore, when evaluating the spray

performance of UAAS, both in-swath coverage and uniformity need

to be considered for the selection of optimal parameters along with

considering other environmental factors. A majority of UAAS

platforms (models available with nozzles) come equipped with

smaller orifice (usually 015) XR nozzles. For both the M4E and

T30 in this study, the finer droplets produced by the XR nozzles

showed comparable spray deposition and uniformity across wider

effective swaths when compared to other nozzle types (AIXR and

TTI). However, previous UAAS studies also suggest the greatest

drift potential of finer droplets as compared to coarser droplets

(Wang et al., 2021). Both the AIXR and TTI nozzles showed

comparable coverage to the XR nozzle but within reduced swaths.

These findings indicate that the proper nozzle selection on these

UAAS to achieve acceptable deposition and uniformity can vary

based on prevalent environmental conditions. While XR nozzles

can be used at wider swaths in low-wind application conditions,

AIXR or TTI nozzles may be better suited at narrower swaths for

applications where there is an increased potential for spray drift.

Additionally, the low-volume applications that are common with

UAAS applications can also have an impact on the efficacy of

contact (non-systemic) pesticides that often require greater and

uniform deposition for effective pest control. In conjunction with

lower application rates, improper selection of flight parameters can

also lead to ‘streaking’ where a high dose of product is applied at

certain locations within the swath while other sections do not

receive an adequate amount of pesticide product. If not managed

properly, streaking could have serious implications on effective pest
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control and should be prevented through preliminary swath testing

to determine optimal application parameters unique to each UAAS

model and the application type.
3.7 Future research

Similar to the T30 UAAS used in the present study, most new

UAAS platforms are equipped with a rate control technology and are

expected to adjust flow rate accordingly with changes in speed and

swath. However, the accuracy and capabilities of these rate control

systems on UAAS, especially at maximum speeds and increased

swaths, have not been investigated. Both increased application

heights and flight speeds influence propeller downwash and its

ability to propel spray flux towards the ground or into crop

canopies; therefore, the impact of varying flight heights and speeds

on downwash, and it’s subsequent effect on spray performance

should be evaluated as well. Additionally, newer UAAS platforms

warrant field evaluations of each UAAS under varying environmental

conditions to establish operational parameters optimal for unique

application conditions. By extension, the assessment of in-swath

deposition with adjacent consecutive passes can provide better

insight into the actual variability and impact of environmental

conditions on spray performance in real-world application

conditions and thus needs to be conducted.

Compared to ground applications, most pesticide applications

with UAAS occur using low application rates ranging from 18.7 to

46.8 L ha-1. At these low-volume applications, field testing with

actual products needs to be conducted to determine if the pesticide

efficacy is adequate to effectively and economically manage pest

pressures in different crops. Furthermore, several studies have

suggested differences in the spray behavior of nozzle types at

varying application rates (Hunter et al., 2019; Wang et al., 2019).

Thus, future research should also evaluate the spray performance of

different nozzle types across varying application rates. Several newer

UAAS models such as the XAG P100 and DJI Agras T40 are

equipped with rotatory atomizers to generate spray droplets instead

of traditional hydraulic nozzles. The spray performance of rotary

atomizers and their potential benefits over conventional nozzles on

UAAS during pesticide applications is currently limited and needs

to be investigated.
4 Conclusions

The spray performance, in terms of spray deposition and

uniformity within the swath, was assessed for two commercial

UAAS platforms (TTA M4E and DJI Agras T30) using different

nozzle types, flight speeds, and application heights. The following

conclusions can be drawn from the results obtained in this study:
• Spray deposition was highly variable across the swath for

both UAAS with a majority of the coverage concentrated

towards the center of the swath and significantly decreased

coverage towards the outer swath sections. This trend was

observed across all tested parameters.
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Fron
• The XR nozzle exhibited lower coverage than the AIXR and

TTI nozzles for the M4E, and the TTI nozzle for the T30 in

the center of the swath. However, the XR nozzle showed

greater deposition uniformity across wider effective swaths

than the AIXR and TTI nozzles for both UAAS platforms.

• Spray coverage decreased with an increase in flight speed

but demonstrated improved in-swath deposition

uniformity for both UAAS platforms.

• Application height had no effect on spray coverage for the

M4E but showed improvement in coverage at higher

altitudes for the T30. The highest application height

(3.0 m) also provided more uniform deposition within the

swath for both UAAS platforms.

• For each UAAS platform, only a few operational parameters

exhibited desired spray uniformity (CV≤25%) when

considering the manufacturer-recommended swath

ranges. The widest effective swath with acceptable

variability for both UAAS platforms was considerably

narrower than the manufacturer-reported swath.
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