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Abstract: This study was designed to determine whether a remotely piloted aerial application system
(RPAAS) could be used in lieu of a backpack sprayer for post-emergence herbicide application.
Consequent to this objective, a spray mixture of tap water and fluorescent dye was applied on Palmer
amaranth and ivyleaf morningglory using an RPAAS at 18.7 and 37.4 L·ha−1 and a CO2-pressurized
backpack sprayer at a 140 L·ha−1 spray application rate. Spray efficiency (the proportion of applied
spray collected on an artificial sampler) for the RPAAS treatments was comparable to that for the
backpack sprayer. Fluorescent spray droplet density was significantly higher on the adaxial surface
for the backpack sprayer treatment than that for the RPAAS platforms. The percent of spray droplets
on the abaxial surface for the RPAAS aircraft at 37.4 L·ha−1 was 4-fold greater than that for the
backpack sprayer at 140 L·ha−1. The increased spray deposition on the abaxial leaf surfaces was
likely caused by rotor downwash and wind turbulence generated by the RPAAS which caused
leaf fluttering. This improved spray deposition may help increase the efficacy of contact herbicides.
Test results indicated that RPAASs may be used for herbicide application in lieu of conventional
backpack sprayers.

Keywords: UAV; UAS; RPAAS; aerial application; backpack sprayer; spray deposition; droplet
spectra; palmer amaranth; morningglory

1. Introduction

Weeds are one of the major limiting factors to the production of agricultural crops and cause
significant yield loss in crop farming systems throughout the world [1–3]. It is estimated that weeds
in corn and soybean alone would reduce yield by 50%, costing growers $43 billion in economic
loss annually in the United States and Canada according to a recent study conducted by the Weed
Science Society of America in conjunction with Kansas State University spanning over a seven-year
period [4–6]. In general, broadleaf weeds are more competitive than grasses and early germinating
weeds reduce yield more than weeds which emerge later in the growing season [7]. In many parts of
the world, weed control with herbicides has gained traction in lieu of tillage and it is purported to
improve environmental conditions including a reduction in soil erosion, fuel use and greenhouse gas
emissions [8].

Recently, the use of unmanned aerial application systems (UASs) or remotely piloted aerial
application systems (RPAASs) for field mapping, weed classification by species, plant stress detection,
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biomass and field nutrition estimation and application of pest control products in small-farm operations
and site-specific management of crop pests in difficult terrains not easily accessible to manned aircraft
has received increased attention around the globe [9–12]. RPAASs have the potential to occupy this
niche because of their ability to fly at low altitudes and to hover close to plant canopies at different
application heights and ground speeds with precision and safety. RPAASs are remotely piloted
telemetrically and can fly autonomously using preprogrammed georeferenced flight paths. In precision
agriculture, data on soil variability and crop characteristics to optimize field applications of seed,
fertilizer and irrigation can be collected by remote sensing [13–15]. Huang et al. [16] developed UAS
systems for digital imaging to identify glyphosate-resistant weeds and to determine crop injury from
dicamba herbicide. Göktoǧan et al. [17] used a rotary wing UAS to locate, classify and map alligator
weed and Salvinia in an inaccessible aquatic habitat. Using multispectral cameras, Castaldi et al. [18]
acquired aerial images of weed patches in maize fields and developed prescription maps for herbicide
application. Peña et al. [19] found strong correlation between on-ground weed coverage and that
estimated by aerial remote imagery captured by an UAV (r2 = 0.89). Moreover, Peña et al. [19] reported
that the determination of weed-free and low to moderate weed density areas would likely facilitate the
growers to reduce herbicide application in maize fields. Although several researchers have reported
that spray drones offer good potential for site-specific herbicide application in commercial farms or for
monitoring weed populations over much larger areas [20], hardly any data exist on the use of RPAAS
in controlling weeds. Exceptions to these reports was that of Ahmad et al. [21], who recently reported
that the operational parameters, 2 m application height and 2 m s−1 flight speed provided the highest
average herbicide spray deposition on weed canopy.

Backpack sprayers are the preferred method for applying herbicides in small-farm operations,
in small plot weed science research trials and in rangelands where selective application to patches of
invasive species is required [22,23]. Research data comparing applications of pest control products
made by backpack sprayers with spray drones are limited. Spray application rates for backpack
sprayers are usually between 94 and 318 L·ha−1 at 207 to 345 kPa pressure, with nozzle flow rates varying
between 0.4 and 0.8 L·min−1. The walking speed of the operator is usually held at 1.4 m·s−1 [22,24].
However, RPAAS vehicles are typically programmed to apply pesticides between 2 and 4 m application
height and 1 and 7 m·s−1 ground speed. The spray application rates usually vary between 19 and
38 L·ha−1 [25]. These key differences can affect spray pattern uniformity, droplet spectra and application
rates and efficacy of pest control products [22,26–28]. It is, therefore, essential to characterize and
compare spray deposition and droplet spectra characteristics produced by these two delivery systems
under field conditions. Such fundamental studies are required to assess whether RPAASs could be
used in lieu of backpack sprayers for herbicide applications.

This research was designed to evaluate conventional ground and novel aerial spray technologies
for herbicide applications against weed populations. This study was conducted in a soybean
field pre-seeded with Palmer amaranth (Amaranthus palmeri S. Watson) and ivyleaf morningglory
(Ipomoea hederacea (L.) Jacq.), summer annual and most problematic weeds [29–31].

2. Materials and Methods

The field experiments were conducted at Texas A&M research farm near College Station, TX, USA
(30◦32′17′′ N; 96◦25′19′′ W). Four blocks, each 15 m wide × 12 m long, with 3 m between each
block, were established with a 5 m strip of land earmarked at random for each treatment (Figure 1).
The experimental units were assembled in a randomized complete block design with four replications
to overcome heterogeneity in field conditions, relative to weed density and edaphic conditions
between replicated blocks. Soybean was drill seeded at 320,000 seeds·ha−1 with 76 cm row spacing
on 15 May 2018. Weed seeds were broadcasted after soybean planting and were lightly incorporated
into the soil. Weed density and size were recorded before spray application. Palmer amaranth and
ivyleaf morningglory densities were 19 and 28 plants·m−2, respectively at the time of spray application.



Drones 2020, 4, 59 3 of 18

The widest areas of the leaf blades of Palmer amaranth were ca. 7 cm long and 4 cm wide, while those
of ivyleaf morning glory were ca. 9 cm long and 7 cm wide when the test was conducted.Drones 2020, 4, x FOR PEER REVIEW 3 of 20 

 
Figure 1. Field plot layout of the study on Palmer amaranth and ivyleaf morningglory. Backpack 
spray application was evaluated only for the 6 m × 5 m sections of the plots indicated in blue. 

Two spray treatments (18.7 and 37.4 L·ha−1) were applied with a RPAAS (model V6A, Homeland 
Surveillance and Electronics, Seattle, WA), and one treatment (140 L·ha−1) was applied with a custom-
made CO2 backpack sprayer (Figure 2A,B), respectively, show V6A aircraft and backpack sprayer). 
These treatments are described in the text for brevity as acronyms, RPAAS-2, RPAAS-4, and BP-15, 
each representing spray application rates of 2, 4 and 15 gallons per acre or 18.7, 37.4 and 140 L·ha−1, 
respectively. This study was conducted on 27 June 2018 (Study 1) and was repeated in time and space 
two weeks later on 11 July 2018 (Study 2). The details about the spray treatment setups, operating 
parameters for the backpack sprayer and the RPAAS aircraft, including spray pressure, spray rates, 
nozzle type and orifice, aircraft ground speed, walking speed for the backpack sprayer and 
application height are provided in Table 1. Initially, four TTI110-015 nozzles were installed on the 
RPAAS. However, due to the low pump capacity, a pressure of only 345 kPa was achievable. For the 
RPAAS, the outboard nozzles were positioned 0.41 m away from the inboard nozzles, which were 
0.82 m apart (Figure 3). Spray pattern testing was conducted with this setup according to the 
conventional pattern-testing technique described earlier [25]. Briefly, four spray passes were 
conducted with water and fluorescent dye and patterns from each of the passes were averaged to 
yield a representative spray pattern for the aircraft. The results showed a symmetrical pattern with 
an effective swath of 4.6 m (15 ft) (Figure 4). During the field study, only three of the four nozzles 
were operational (the left outboard nozzle was non-functional), likely due to the daylight visible dye 
used in the study for image analysis, which reduced system pressure. This pressure was not enough 
to open the check valves on all the nozzles. As a result, only three of the four nozzles were operational 
for Study 1, and a full spray pattern for each nozzle was not achieved. With an effective swath of 4.6 
m and a ground speed of 4 m·s−1 for three operational nozzles, the resulting spray application rate 
was 17.8 L·ha−1. Two of these passes would yield an application rate of 35.6 L·ha−1. For Study 2, only 
the two inboard nozzles were used to achieve a pressure of 414 kPa, which activated both nozzles 
and provided a full spray pattern for each nozzle. Spray pattern testing for this two-nozzle 
configuration was not conducted. 

Figure 1. Field plot layout of the study on Palmer amaranth and ivyleaf morningglory. Backpack spray
application was evaluated only for the 6 m × 5 m sections of the plots indicated in blue.

Two spray treatments (18.7 and 37.4 L·ha−1) were applied with a RPAAS (model V6A, Homeland
Surveillance and Electronics, Seattle, WA), and one treatment (140 L·ha−1) was applied with a
custom-made CO2 backpack sprayer (Figure 2A,B), respectively, show V6A aircraft and backpack
sprayer). These treatments are described in the text for brevity as acronyms, RPAAS-2, RPAAS-4,
and BP-15, each representing spray application rates of 2, 4 and 15 gallons per acre or 18.7, 37.4 and
140 L·ha−1, respectively. This study was conducted on 27 June 2018 (Study 1) and was repeated in time
and space two weeks later on 11 July 2018 (Study 2). The details about the spray treatment setups,
operating parameters for the backpack sprayer and the RPAAS aircraft, including spray pressure,
spray rates, nozzle type and orifice, aircraft ground speed, walking speed for the backpack sprayer
and application height are provided in Table 1. Initially, four TTI110-015 nozzles were installed on the
RPAAS. However, due to the low pump capacity, a pressure of only 345 kPa was achievable. For the
RPAAS, the outboard nozzles were positioned 0.41 m away from the inboard nozzles, which were 0.82 m
apart (Figure 3). Spray pattern testing was conducted with this setup according to the conventional
pattern-testing technique described earlier [25]. Briefly, four spray passes were conducted with water
and fluorescent dye and patterns from each of the passes were averaged to yield a representative
spray pattern for the aircraft. The results showed a symmetrical pattern with an effective swath of
4.6 m (15 ft) (Figure 4). During the field study, only three of the four nozzles were operational (the left
outboard nozzle was non-functional), likely due to the daylight visible dye used in the study for image
analysis, which reduced system pressure. This pressure was not enough to open the check valves on
all the nozzles. As a result, only three of the four nozzles were operational for Study 1, and a full spray
pattern for each nozzle was not achieved. With an effective swath of 4.6 m and a ground speed of
4 m·s−1 for three operational nozzles, the resulting spray application rate was 17.8 L·ha−1. Two of these
passes would yield an application rate of 35.6 L·ha−1. For Study 2, only the two inboard nozzles were
used to achieve a pressure of 414 kPa, which activated both nozzles and provided a full spray pattern
for each nozzle. Spray pattern testing for this two-nozzle configuration was not conducted.
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Table 1. Spray application setups for the backpack sprayer and the RPAAS aircraft in Study 1 and
Study 2.

Treatment Application
Rate (L·ha−1)

Nozzle Orifice # of
Nozzles

Nozzle
Spacing

(cm)

Flow
Rate/Nozzle

(L·m−1)

Pressure
(kPa)

Speed
(m·s−1)

Height
(m)

RPAAS-2 18.7 TTI 110-015 a 4 b * 0.65 345 4 3
RPAAS-4 37.4 TTI 110-015 a 4 b * 0.65 345 4 c 3

BP-15 140 TTI 110-015 a 4 51 0.56 276 1.25 0.51
a TeeJet Technologies, Wheaton, Ill. b In Study 1, only three nozzles were operational for the RPAAS aircraft because
of lack of adequate pressure due to large nozzle orifice size. In Study 2, the number of nozzles was reduced
to two, which provided a full nozzle spray pattern at 414 kPa. The two nozzles used were the inboard nozzles
which remained in their original positions. c This treatment was flown twice at this speed to achieve double the
application rate. * Please see Figure 2.
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Figure 4. Pattern test results for RPAAS with the four-nozzle configuration. The top graph shows the
pattern of individual passes. The bottom graph shows the average of the four passes. The table on the
right shows the coefficient of variation (CV) at different swath widths. An effective swath of 4.6 m
(15 ft) was chosen because it was the largest swath width with a CV < 15%.
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The spray solution was comprised of a daylight visible fluorescent dye (Tintex Rocket Red, TX-13,
DayGlo Color Corporation, Cleveland, OH, USA) at 10% v/v mixed with tap water. The fluorescent dye
was used to quantify spray droplets on Palmer amaranth and morningglory leaves using the digital
imaging technique documented previously [32,33].

2.1. Sampling of Spray Deposition

Water-sensitive paper (WSP) samplers (26 mm × 76 mm) (Spraying Systems, Wheaton, Ill.) were
paper clipped to a metal plate (100 mm × 100 mm) and placed on a 0.3 m × 0.3 m wooden board.
WSPs were oriented towards the upwind side of the metal plate to keep them flat and secured.
There were four artificial samplers placed in each backpack treatment plot and five samplers in each
RPAAS treatment plot. WSP samplers were diagonally placed in the test plots with the first sampling
location 2 m in from the edge of each plot and subsequent locations 2 m farther down and 1 row over
from the previous location.

After five minutes of drying time, WSPs were placed inside film negative sleeves. The spray
droplets (Figure 5) captured on them were analyzed in the laboratory by the DropletScan™
scanner-based software system [34]. The droplet spectra parameters examined were Dv0.1, Dv0.5,
Dv0.9, droplet density (droplets/cm2), percent area coverage and spray efficiency (proportion of
spray relative to the target application rate). Dv0.1 is the droplet diameter (µm), where 10% of the
spray volume is contained in droplets smaller than this value. Similarly, Dv0.5 and Dv0.9 are droplet
diameters, where 50% and 90% of the spray volumes, respectively, are contained in droplets smaller
than these values.

Drones 2020, 4, x FOR PEER REVIEW 7 of 20 

The spray solution was comprised of a daylight visible fluorescent dye (Tintex Rocket Red, TX-
13, DayGlo Color Corporation, Cleveland, OH, USA) at 10% v/v mixed with tap water. The 
fluorescent dye was used to quantify spray droplets on Palmer amaranth and morningglory leaves 
using the digital imaging technique documented previously [32,33]. 

2.1. Sampling of Spray Deposition 

Water-sensitive paper (WSP) samplers (26 mm × 76 mm) (Spraying Systems, Wheaton, Ill.) were 
paper clipped to a metal plate (100 mm × 100 mm) and placed on a 0.3 m × 0.3 m wooden board. WSPs 
were oriented towards the upwind side of the metal plate to keep them flat and secured. There were 
four artificial samplers placed in each backpack treatment plot and five samplers in each RPAAS 
treatment plot. WSP samplers were diagonally placed in the test plots with the first sampling location 
2 m in from the edge of each plot and subsequent locations 2 m farther down and 1 row over from 
the previous location. 

After five minutes of drying time, WSPs were placed inside film negative sleeves. The spray 
droplets (Figure 5) captured on them were analyzed in the laboratory by the DropletScan™ scanner-
based software system [34]. The droplet spectra parameters examined were Dv0.1, Dv0.5, Dv0.9, droplet 
density (droplets/cm2), percent area coverage and spray efficiency (proportion of spray relative to the 
target application rate). Dv0.1 is the droplet diameter (µm), where 10% of the spray volume is contained 
in droplets smaller than this value. Similarly, Dv0.5 and Dv0.9 are droplet diameters, where 50% and 90% 
of the spray volumes, respectively, are contained in droplets smaller than these values. 

 
Figure 5. Spray droplet images captured on WSP samplers in each of the three treatments. The RPAAS 
at 18.7 L·ha−1, RPAAS-4 at 37.4 L·ha−1 and Backpack Sprayer at 140 L·ha−1. 

  

RPAAS-18.7 L·ha-1 RPAAS-37.4 L·ha-1 

BP-140 L·ha-1 
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2.2. Fluorescent Imaging

Five leaves of Palmer amaranth and morningglory were collected from each replicated block close
to where the wooden boards containing the WSP samplers were placed. A total of 20 leaf samples of each
weed species were collected from each treatment for the RPAAS platform. However, four leaves of each
species were collected for the BP-15 treatment, with a total of 16 leaf samples per species per treatment.
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Leaves were imaged in the laboratory using a digital single-lens reflex camera (Model Alpha 7R,
Sony Corp., Tokyo, Japan), secured to an adjustable camera stand. The camera was equipped with a
macro lens (Close-up + 4 Polaroid) and UV filter (49 mm) to help zoom in and obtain a closer view of the
droplets, while maintaining high spatial resolution (ca. 30 µm). Each leaf was placed on an integrated
platform at the base of the camera stand where the abaxial and adaxial surfaces of the leaves were
imaged. A blue LED light at a wavelength of 470 nm (StellarNet Inc., Tampa, FL, USA) illuminated
the droplets during the imaging process. After imaging, the photographs of both the top and bottom
leaf surfaces were processed using ImageJ, a public domain, Java-based image processing software.
The image processing procedure used in the study was similar to that described earlier by Martin [32].
However, some modifications were made to accommodate the larger droplet spectrum produced by
the TT110-015 nozzles used in the study. Lab color space was used to detect the droplets, with the red
threshold color chosen to align with the Rocket Red color of the fluorescent dye. In Lab color space,
the ‘L’, ‘a’ and ‘b’ minimum and maximum values were set to 55 and 255, 179 and 205, and 52 and 115,
respectively. Spray droplet particles were determined by setting the minimum and maximum pixel
area size of the droplets between 10 and 4000 pixels. Circularity values were set between 0.00 and 1.0
to include all of the droplets, regardless of shape. The Show: Outlines option displayed the outlines of
the individual droplets and the images were saved for the top and the bottom leaf surfaces. Figure 6
illustrates the enhanced (Figure 6A), selected (Figure 6B) and computer drawings (Figure 6C) of the
image of spray droplets on the top surface of a Palmer amaranth leaf as an example.
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droplets (C).

Thus, the fluorescent imaging provided data on the number of droplets found in each sample of
leaves collected. Spray droplet density (droplets/cm2) on the adaxial and abaxial surfaces of the weed
foliage was calculated using the area of each leaf determined by a leaf area meter (Model 3100, Li-Cor,
Lincoln, NE, USA). Because the droplet density data were highly variable, the percentage of spray
droplets on the adaxial and abaxial surfaces of the leaves was calculated for each sample collected
from the designated locations in each treated block to compare the treatments using a common format.

2.3. Data Analysis

Spray deposits, as a percentage of the target application rate, were highly variable and comprised
of values ranging from 0 to 100%. Because of the high variability of the data, they were transformed
to arcsine

√
p, where p = original variates in proportions [35]. The spray droplet density of the

fluorescent imaging data was transformed to log (x + 1), where x = the original variate. When the
mean is positively correlated with the variance, the logarithmic transformation is likely to remedy
the situation, and make the variance independent of the mean [36]. Figure 7 shows the functional
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relationship between the variance and the mean, with an R2 of 0.9033 (p < 0.0001; df = 14) and a highly
significant slope coefficient (b = 70.7; t = 11.4; p < 0.0001), which indicates that the data do not meet
the assumptions of the analysis of variance. The adequacy of the transformation in stabilizing the
variance was achieved following transformation by calculating the correlation coefficient between the
two parameters (Figure 8) as suggested by several researchers [36–39]. The coefficient of determination
between the two parameters was 0.11, with a non-significant slope coefficient (b = 0.37; t = 1.32; p > 0.21).
The transformed fluorescent droplet density data were used for statistical analysis. All other data were
analyzed without transformation. The analysis of variance of the data was conducted using the Proc
GLIMMIX procedure (SAS) and least square means were separated using the lines option at p < 0.05
when sample size was equal [40]. The replicated block effects were not significant for any of the data
discussed in this study.
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Figure 8. Relationship between the transformed variance and transformed mean of spray droplet
density of the fluorescent imaging data in log (x + 1) transformed scale, where x is the original variate.

3. Results

Meteorological data for each test/replication combination are presented in Table 2. Mean temperature
and relative humidity remained relatively constant. Wind speed was variable; however, the angular
deviation of the wind from row orientation was well within 40◦ used for studies designed to mitigate
spray drift [41]. Moreover, each test plot was separated by 5 m from each other as shown in Figure 1 to
mitigate the effect of cross winds that can move spray deposits between plots.

Table 2. Meteorological data during the test periods.

Temperature (C) Relative Humidity
(%)

Wind Speed
(km/h)

Wind Direction
(◦) Crosswind a

Test 1
31.7–33.2 59–67 (8.8–13.9) 175–200 15–40◦

Test 2
33.7–34.5 55.1–57.8 (7.2–10.2) 174–200 15–41◦

a Angular deviation of the wind from row orientation (215◦).

3.1. Spray Droplet Spectra on WSPs

The spray droplet characteristics revealed from the WSP samplers (Dv0.1 and Dv0.5) were not
significantly different between treatments in Study 1 (Table 3). However, the Dv0.9 of the deposits
was higher for the backpack sprayer than those for the RPAAS aircraft, as would be expected since
the backpack sprayer was operated at a lower pressure. The spray droplet spectra (Dv0.1, Dv0.5

and Dv0.9) were not significantly different between treatments in Study 2, likely due to the small
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sample size collected. Numerically, the backpack sprayer again yielded a larger droplet spectrum.
The spray droplet density (drops/cm2) and % area coverage were higher for the high-volume treatment
(140 L·ha−1) applied with the backpack sprayer than those for the low-volume treatments (18.7 and
37.4 L·ha−1) applied with the RPAAS platform in both Study 1 and Study 2 (Tables 3 and 4).

Table 3. Spray droplet spectra parameters sampled by WSP collectors in Study 1 a.

Treatment Dv0.1 (µm) Dv0.5 (µm) Dv0.9 (µm) Droplet Density
(Drops/cm2) Coverage (%)

RPAAS-2 253.6 a 517.4 a 617.5 b 24.4 b 3.5 b
RPAAS-4 286.6 a 482.1 a 625.2 b 26.5 b 6.0 b

BP-15 342.8 a 651.8 a 839.4 a 49.2 a 18.6 a
F2,53 1.55 ns 2.57 ns 3.48 * 6.24 ** 24.1 **

p 0.22 0.09 0.04 0.0037 0.0001
a Least square means were separated using the lines option at p = 5%. Means followed by the same lower-case letter
are not significantly different. ns = Not significant. *, ** significant and highly significant, respectively. “a” and “b”
represent means separation.

Table 4. Spray droplet parameters sampled by WSP collectors in Study 2 a.

Treatment Dv0.1 (µm) Dv0.5 (µm) Dv0.9 (µm) Droplet Density
(Drops/cm2) Coverage (%)

RPAAS-2 246.5 a 490.9 a 644.0 a 16.9 b 4.9 b
RPAAS-4 263.3 a 540.4 a 706.6 a 38.7 b 10.3 b

BP-15 276.7 a 574.3 a 768.8 a 51.1 a 19.8 a
F2,53 0.29 ns 0.75 ns 0.98 ns 5.72 ** 7.84 **

p 0.75 0.48 0.38 0.0056 0.001
a Least square means were separated using the lines option at p = 5%. Means followed by the same lower-case letter
are not significantly different. ns = Not significant. ** significant and highly significant, respectively.

The spray application efficiency, which is the percent of spray deposits collected on artificial
samplers relative to the theoretical application rate, in Study 1 and Study 2 is shown in Figures 9
and 10, respectively. The spray application efficiency for each treatment was the same for Study 1
(F = 1.94; p > 0.15; df = 2,49) as it was for Study 2 (F = 0.73; p > 0.48; df = 2,53).
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3.2. Fluorescent Droplets on Weed Leaves

Droplet density, determined by fluorescent imaging on adaxial and abaxial surfaces of Palmer
amaranth and ivyleaf morningglory leaves for the RPAAS platforms and the backpack sprayer in
Studies 1 and 2, are shown in Tables 5 and 6, respectively. Transformed means are presented in original
scale to maintain clarity. Droplet density varied between treatments and leaf surfaces for both Palmer
amaranth and morningglory in Studies 1 and 2. Interactions between the treatments and the leaf
surfaces were observed for both studies and for both weed species. Droplet density on the adaxial
leaf surfaces of Palmer amaranth and morningglory leaves was higher for the BP-15 treatment than
those for the RPAAS platforms in Studies 1 and 2. The abaxial leaf surfaces of both weed species
had greater droplet density with RPAAS-4 compared to RPAAS-2 treatment and that the RPAAS-4
treatment resulted in greater droplet density on the abaxial leaf surfaces of morningglory than the
BP-15 treatment. Droplet density test results for Study 2 were similar to Study 1 (Table 6).

Table 5. Fluorescent imaging of spray droplet density (drops/cm2) on the top and the bottom surface of
weed leaves in Study 1.

Treatment
Palmer Amaranth Morningglory

Top Bottom Top Bottom

RPAAS-2 13.09 b 0.83 d 9.98 b 0.94 d
RPAAS-4 15.55 b 3.86 c 8.99 b 3.42 c

BP-15 36.45 a 3.12 c 29.77 a 0.90 d
Treatment (T) F = 14.4; p < 0.0001; df = 2,102 F = 7.4; p > 0.0009; df = 2,106

Surface (S) F = 85.6; p < 0.0001; df = 1,102 F = 123.5; p < 0.0001; df = 1,106
T × S F = 4.3; p > 0.016; df = 2,102 F = 4.3; p > 0.016; df = 2,106

Droplet density data were transformed to log (x + 1). Original means within each column followed by the same
lower-case letters are not significantly different (p = 5%).

Table 6. Fluorescent imaging of spray droplet density (drops/cm2) on the top and the bottom surface of
weed leaves in Study 2.

Treatment
Palmer Amaranth Morningglory

Top Bottom Top Bottom

RPAAS-2 22.30 b 1.75 d 14.08 b 2.43 d
RPAAS-4 42.14 b 5.80 c 21.48 b 5.44 c

BP-15 63.83 a 3.28 cd 51.76 a 1.86 d
Treatment (T) F = 4.1; p > 0.02; df = 2,94 F = 4.9; p > 0.0094; df = 2,106

Surface (S) F = 268.9; p < 0.0001; df = 1,94 F = 189.7; p < 0.0001; df = 1,106
T × S F = 3.9; p > 0.02; df = 2,94 F = 16.3; p > 0.0001; df = 2,106

Data were transformed to log (x + 1). Original means within each column followed by the same lower-case letters
are not significantly different (p = 5%).

Tables 7 and 8 describe the percent of spray droplets deposited in the adaxial and abaxial leaf
surfaces of weed foliage in Study 1 and Study 2, respectively. In Study 1, the proportion of spray
droplets on Palmer amaranth was significantly higher on the abaxial leaf surface when the spray rate
was 37.4 L·ha−1 (20.76%) than when the spray rate was 18.7 L·ha−1 (9.30%) for the RPAAS platform.
Likewise, the proportion of spray droplets on morningglory was significantly higher on the abaxial leaf
surface when the spray rate was 37.4 L·ha−1 (30.25%) than when the spray rate was 18.7 L·ha−1 (9.50%).
In Study 2, similar results were evident. The proportion of spray droplets on the abaxial leaf surface
for the Palmer amaranth was 20.93% vs. 6.28%, while that for the morningglory was 27.54% vs. 12.47%
for the 37.4 and 18.7 L·ha−1 spray rates, respectively. The BP-15 treatment resulted in deposition of
only 6% of the total droplets on abaxial surface (average of both weeds) in both studies. The RPAAS-4
treatment in both studies deposited approximately 25% of the total droplets on abaxial surface (average
of both weeds), which was four times than that of BP-15 treatment (Tables 7 and 8).
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Table 7. Fluorescent imaging of percent of spray droplets in the top and the bottom surface of weed
leaves in Study 1.

Treatment
Palmer Amaranth Morningglory

Top Bottom Top Bottom

RPAAS-2 90.70 a 9.30 d 90.50 a 9.50 d
RPAAS-4 79.24 b 20.76 c 69.75 b 30.25 c

BP-15 91.34 a 8.66 d 96.52 a 3.48 d
Treatment (T) F = 0.0; p > 1.0; df = 2,102 F = 0.1; p > 1.0; df = 2,98

Surface (S) F = 493.2; p < 0.00001; df = 1,102 F = 416.0; p < 0.00001; df = 1,98
T × S F = 5.7; p < 0.0045; df = 2,102 F = 21.7; p < 0.0001; df = 2,98

Means within each column followed by the same lower-case letters are not significantly different (p = 5%).

Table 8. Fluorescent imaging of percent of spray droplets in the top and the bottom surface of weed
leaves in Study 2.

Treatment
Palmer Amaranth Morningglory

Top Bottom Top Bottom

RPAAS-2 93.72 a 6.28 d 87.53 a 12.47 d
RPAAS-4 79.07 b 20.93 c 72.46 b 27.54 c

BP-15 92.91 a 7.09 d 94.89 a 5.11 d
Treatment (T) F = 0.0; p > 1.0; df = 2,106 F = 0.0; p > 1.0; df = 2,106

Surface (S) F = 635.2; p < 0.00001; df = 1,106 F = 632.5; p < 0.0001; df = 1,106
T × S F = 10.1; p < 0.0045; df = 2,106 F = 22.5; p < 0.0001; df = 2,106

Means within each column followed by the same lower-case letters are not significantly different (p = 5%).

4. Discussion

4.1. Spray Droplet Spectra

The percent of applied spray on WSPs did not significantly differ among treatments in either of
the two studies. The total percent spray deposits on WSP samplers (mean ± SEM) were 31.7 ± 5.3,
40.3 ± 8.1 and 33.0 ± 2.3 for RPAAS-2, RPAAS-4, and the backpack treatments, respectively, in Study 1.
The total spray deposits (mean± SEM) were 42.4 ± 8.9, 59.8 ± 12.2 and 36.7± 9.1 for RPAAS-2, RPAAS-4,
and the backpack treatments, respectively, in Study 2. Although these values were numerically
different, statistical differences between treatments were not realized likely due to small sample size.
However, test results indicate that although all of the spray application systems were equally effective
in the delivery of spray deposits as sampled on artificial collectors, none of the systems were able to
produce 100% of the targeted spray rates.

Our data agree with Wang et al. [42], who reported that the amount of imidacloprid (µg/cm2)
deposited on wheat did not vary between an RPAAS and a conventional backpack sprayer. In another
study on wheat, Wang et al. found that with higher spray volume (>18.8 L·ha−1) and with coarser
nozzles, deposition of tebuconazole fungicide with a spray drone was similar to that of a conventional
backpack sprayer, but the deposition was depressed at the lower spray application rate (<9.0 L·h−1) with
fine nozzles. Hill and Inaba [43] studied the deposition of deltamethrin and permethrin formulations on
WSP samplers and found a significant linear relationship between µg of the chemicals/WSP and spray
droplets per cm2 with similar size droplet spectra. This indicates that droplet density from non-active
spray applications should be a good indicator of active formulation spray deposits. Test results
reported by Hill and Inaba and Wen et al. [44] indicate that the spray quality assessments with WSPs
are reliable when using conventional hydraulic spray nozzles.

Despite the difference in operational parameters between the RPAAS platforms and the backpack
sprayer, no significant difference in Dv0.5 between the RPAAS and the backpack treatments were
observed. The operational parameters used in this study were closer to those used by Qin et al. [45],
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who reported testing a UAV flown at 3.5 m height and 4 m/s ground speed with a fungicide over a
wheat canopy and compared that to a backpack sprayer operated at 0.5 m height and 0.8 to 1.0 m s−1

ground speed. Although the spray volume (140 L·ha−1) applied with the backpack sprayer was 3.7
to 7.5 times greater than those of the RPAAS treatments, droplet size was not affected by the carrier
volume. In a laboratory study, Creech et al. [26] evaluated the effects of nozzle type, orifice size,
herbicide active ingredients, pressure, and carrier volume on the droplet spectra of the spray, and found
that when averaged across all the experimental variables, the herbicide carrier volume had the least
effect on Dv0.5 spray droplets. When the carrier volume increased from 47 to 187 L·ha−1, Dv0.5 increased
only by 5%, indicating that the droplet size of the herbicides tested was not highly dependent on spray
volume. Even though the 37.6 L·ha−1 application rate was achieved by making two passes over the
research plots, there is no expectation that this should change the resulting droplet spectrum.

4.2. Fluorescent Droplets on Weed Leaves

Data reported herein indicate that the backpack sprayer with a 140 L·ha−1 spray volume produced
only 6% of the total number of applied spray droplets on the abaxial surface, while the RPAAS aircraft
with a 37.4 L·ha−1 spray volume produced a 4-fold increase in the number of spray droplets on the
abaxial surface. Thus, it is likely that this would help improve the efficacy of contact herbicides against
weed foliage, because it increases the probability of a spray droplet occupying an active site on the under
surface of the leaf. These data suggest that leaf fluttering caused by rotor downwash likely caused this
increased spray deposition on the abaxial surfaces of Palmer amaranth and morningglory leaves.

The results reported here corroborate research data which indicate that downwash and wind
turbulence created by rotor blades of RPAAS aircraft assist in droplet deposition and canopy
penetration [46–52]. For instance, Qing et al. [48] studied the movement of spray plumes in the
laboratory at different rotor speeds, using an 8-rotor RPAAS and found that the spray angle of the
nozzles was reduced with an increase in the speed of the downwash flow and spray droplets tended
to move towards the direction of the rotors. The reduction in nozzle spray angle is known to be
highly correlated with an increase in air velocity past a nozzle. Songchao et al. [53] used a single rotor
unmanned helicopter to study downwash distribution using a computational fluid dynamics model
and found that the downwash covered an area equivalent to the rotor radius of 3.0 m in size with a
boundary velocity of 0.5 m·s−1. This appears to indicate that the downwash effect extends beyond the
immediate vicinity of the aircraft. Yang et al. [54] reported that the downwash airflow of the RPAAS
rotor caused a pressure differential between the upper and lower surfaces of the leaf producing a torque
and thus enabling the spray droplets to penetrate as much as 4-fold to the bottom surface of the leaf.

5. Conclusions

The spray application efficiency described as the percent of spray deposits collected on an artificial
sampler for the RPAAS systems at the 18.7 and 37.4 L·ha−1 spray rates was comparable to that for the
backpack sprayer at a 140.0 L·ha−1 spray rate. The spray droplets, Dv0.5, deposited on an artificial
collector were statistically similar for both backpack and RPAAS treatments, although these spray
platforms were operated at different heights and ground speeds. Test results suggest that if the nozzles
were kept similar for the remotely piloted aerial and the conventional ground spray application
systems, operational protocols (application height and ground speed) may not significantly influence
the spray droplet spectra characteristics. Higher-volume treatment (140 L·ha−1) applied with the
backpack sprayer resulted in greater fluorescent droplet density on the adaxial leaf surface compared
to the lower-volume RPAAS treatments. However, the highest spray rate RPAAS platform (37.4 L·ha−1)
resulted in the deposition of the largest proportion of droplets on the abaxial surface of weed foliage,
relative to the total number of depositing droplets. This suggests that the rotor downwash and wind
turbulence created by the RPAAS aircraft when operated at a ground speed of 4.0 m·s−1 to achieve
37.4 L·ha−1 spray application rate likely helped flip leaves over and enabled spray deposition onto the
lower surface of weed canopy. It is important to note that the spray application rate (37.4 L·ha−1) was
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achieved by flying the aircraft twice over the test plots at 4 m·s−1 and this could have likely helped to
increase spray deposition on the abaxial surfaces of weed leaves. However, if the 37.4 L·ha−1 spray
application rate was achieved with a single pass of the aircraft, it would have required a 2 m s−1 ground
speed, and the slower ground speed would have increased the residence time of the aircraft over the
weed canopy, thus increasing the downwash effect of the rotors. Whether or not a single pass of the
aircraft with a delivery volume at 37.4 L·ha−1 would similarly increase under-leaf surface deposition
remains conjectural and should be investigated. Test results suggest that RPAAS systems may be used
for herbicide applications against post-emergence weeds in lieu of conventional backpack sprayers.
Data reported here indicate that further research should be conducted to evaluate herbicidal efficacy of
spray applications from the RPAAS platforms compared to backpack sprayers.
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