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1. Introduction

The European Directive 2009/128/EC on the Sustainable Use of Pesticides recognizes
the use of Plant Protection Products (PPP) as having great impact on human health and the
environment [1]. The directive imposes several obligations, among which are the following:
to inform the general public of the overall impacts of the use of pesticides and end-users
on their safe handling and storage, as well as on the disposal of the empty packaging,
tank mixtures, and remnants; to promote research programs aimed at determining the
impacts of pesticide use; to pay particular attention to avoiding the pollution of surface and
groundwater, the aquatic environment being especially sensitive to pesticides; to prohibit
aerial spraying of pesticides due to its potential to cause significant adverse impacts,
in particular from spray drift; to set up systems training for distributors, advisors, and
professional users of pesticides; and to provide for systems for regular technical inspection
of pesticide application equipment already in use.

Given this framework and, however, taking into account the benefits of pesticides
when used rationally and carefully in increasing crop yields, improving food safety, quality
of life and longevity, energy use, and environmental degradation [2], researchers, chemical
companies, and sprayer manufacturers operate to make PPP application more sustainable,
making more selective active ingredients available and promoting alternative approaches
such as organic farming [3,4].

2. Main Aspects Involved in Pesticide Application in Agriculture

Effective and efficient application of PPP in agriculture is a very complex task involv-
ing a lot of aspects ranging from active substance properties (physical status, volatility,
selectivity, persistency) to climatic conditions (wind speed, air temperature, and relative
humidity), from target structure (canopy or ground, vegetative development, canopy ar-
rangement) to equipment features (state of maintenance, air assistance, proper calibration),
and from operator awareness (level of education, training, expertise in choosing the ap-
propriate operating parameters) to the reference legislative framework (ISO standards,
European Directives, national and local obligations).

All these aspects, and many others, have been studied by the scientific community
and are well referenced in the literature, and some of them have been treated by the authors
that contributed to this Special Issue (SI) on Pesticide Applications in Agricultural Systems.

When spraying liquid PPP, a key factor that affects most aspects of a phytosanitary
treatment is the drop size spectrum, because an optimal droplet spectrum ensures the
transfer of the required dose to the target; minimizes the off-target losses due to evaporation,
drift, and run-off; and reduces worker’s dermal and inhalation exposure. The first four
papers in this Special Issue focus on the importance of drop size spectrum on pesticide
applications.

The first article, authored by Longo et al., presents a laboratory low-cost test bench for
testing agricultural spray nozzles [5]. The paper provides a comprehensive description of
the test bench, its design, construction, advantages, and limitations during its functioning,
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as well as the results of some trials with an ATR80 orange hollow cone nozzle to test
the functionality of the whole system. The measurement method is inspired by the ISO
5682-1 [6] and is based on the image analysis of droplets trapped inside a layer of silicone
oil of suitable density and viscosity.

The second article in this Special Issue, authored by Grella et al., is strictly connected to
the first one. It deals with the designing of two pneumatic spouts for vineyard applications
capable of generating droplet size spectra in a wide range of options [7]. Through laboratory
trials simulating a real sprayer, the paper assesses the influence of hose insertion position,
liquid flow rate, and airflow speed on droplet size, homogeneity, and driftability. A
proper combination of these parameters allows for varying the spray quality from very
fine to coarse/very coarse, providing farmers with a wide range of options to match the
drift-reducing EU policy requirements when using pneumatic sprayers and the treatment
specifications for every spray application.

The third article in this Special Issue, authored by Ranjan et al., exploits the use of
modified micro-emitters, usually used in greenhouse irrigation systems, in fixed agrochem-
ical delivery systems composed of a network of micro-sprayers/nozzles distributed in an
apple orchard, replacing conventional hollow cone nozzles [8]. Ranjan et al. found that
all the usually assessed spray parameters, i.e., spray coverage, canopy deposition, spray
uniformity, and ground and aerial spray losses, were all affected by droplet spectrum and
worked better with the modified irrigation micro-emitters when compared to the hollow
cone nozzles. In addition, the installation cost was greatly reduced.

The fourth article in this Special Issue, authored by Wang et al., evaluates the handler’s
exposure to pesticides from stretcher-type power sprayers in orchards [9]. Spray drop
spectrum also plays a key role in operator dermal and inhalation exposure, together
with the task being performed, target features, canopy structure, the amount of pesticide
handled, the duration of the activity, the personal protective equipment used, the type of
equipment used and its status, and others [10]. Wang et al. found that inhalation exposure
was negligible compared with dermal exposure, and that hands were the most exposed
body part. Their results can be used as a reference for the handler’s safety in pesticide
management and mechanical orchard management.

The fifth paper in this Special Issue, authored by Rhoades and Stoddard, deals with the
environmental effects of pesticides on non-target organisms [11]. Specifically, the research
highlights a relationship between the spray application of a broad-spectrum insecticide
and its effects on the predator activity of spiders and mosquito populations after treatment.
Even if the pesticide dose was not lethal for spiders, their predator activity was reduced,
and the mosquito population rebounded quickly after spray application. The authors
propose further studies to assess the significance of the temporal association between
the loss-of-predator ecosystem function of spiders and the rapid population rebound of
mosquitos, as well as the adoption of other mosquito control methods, such as bacterial
larvicides capable of avoiding these potential problems.

The last paper, authored by Facchinetti et al., is an example of how artificial intelligence
can be used in precision spraying to reduce the volume sprayed and, subsequently, decrease
the environmental impact of pesticides [12]. In the paper, the authors present the design
of a prototype “rover” capable of adjusting the spraying parameters according to the
target features, which are detected in real time by means of a 3D camera. Compared to
the commonly distributed mixture volume in greenhouse fresh-cut salads, the prototype
was able to reduce the amount of product sprayed by up to 55%, still assuring excellent
crop coverage.

3. Future Perspectives on Pesticide Application in Agriculture

A continuous evolution is influencing spraying techniques to make pesticide applica-
tion more sustainable; the monitoring of spray drift, using sensors to detect the target, the
mapping of crop parameters, and developing variable rate sprayers are all aspects analyzed
by researchers and sprayer manufacturers to implement sustainable precision farming
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systems. The availability of a huge amount of data coming from several sources (satellites,
drones, ground) on all variables that can affect PPP distribution (climatic conditions, crop
features, and the positioning and control of the sprayer) would result in the better targeted
use of all available pest control measures. Therefore, as stated by the 2009/128/EC Di-
rective, “it would contribute to a further reduction of the risks to human health and the
environment and the dependency on the use of pesticides”.
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Featured Application: A low-cost test bench to evaluate spray quality of agricultural nozzles was

designed and built. The system allows for testing nozzles under effective work conditions at

different pressure and flow rate values.

Abstract: Droplet size distribution is probably the most important feature of a spray as it affects all
aspects of a phytosanitary treatment, i.e., biological, environmental, and safety aspects. This study
describes a low-cost laboratory test bench able to analyze agricultural spray nozzles under realistic
conditions. The design of the equipment was mainly based on the ISO 5682-1 standard. It has a couple
of 3 m long rails, along which the nozzle under test moves while spraying, controlled by a closed-loop
position and speed controller. The drops were captured with three Petri dishes containing silicone oil,
photographed by means of a digital single-lens reflex (DSLR) camera, and then analyzed with the
ImageJ software in order to measure the usual spray parameters: the volumetric diameters, the Sauter
mean diameter, and the number mean diameter. Spray trials and tuning of the system parameters
were managed by means of a purposely designed user interface running on a Windows 10 PC. Some
tests were carried out by using an Albuz ATR80 orange hollow cone nozzle at the working pressures
of 0.3, 0.5, 1.0, and 1.5 MPa. The results about spray quality agree with the factory information, and
the whole system, even if some aspects still need improvements, has proven reliable.

Keywords: nozzle testing apparatus; pesticide; drop pulverization; drop size distribution;
image analysis

1. Introduction

Spraying plant protection products (PPPs) is recognized as one of the agricultural activities most
impacting on human health and the environment, also at the regulatory level [1]. Effects of PPPs on
human health involve operators, farm workers and bystanders, consumers, professionals, and the
general population, whereas those on the environment involve water, soil and atmosphere quality, and
nontarget organisms such as vertebrates, useful arthropods, and other invertebrates. Therefore, on one
hand researchers and manufacturers operate to get PPP application more sustainable according to the
precision agriculture principles and on the other to promote nonchemical approaches.

Precision agriculture requires treating huge amount of data coming from several sources
and sensors [2–7], from which to obtain prescription maps to be used with innovative spraying
systems [8–16]. In addition, approaches for a more reasonable and sustainable use of PPPs include
integrated pest management and organic farm [1,17–23], which allow for a reduction in the amount of
chemical pesticides used.

Worker’s exposure and environmental effects of pesticides are affected by various variables,
among which include active substances, adjuvants, formulation, type of equipment used and its status,

Appl. Sci. 2020, 10, 5221; doi:10.3390/app10155221 www.mdpi.com/journal/applsci5
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task being performed, target features, canopy structure, amount of pesticide handled, packaging,
environmental conditions, duration of activity, personal protective equipment used, and others. A key
factor is the spray spectrum, evaluated in terms of droplet size distribution [24–29], because an optimal
droplet spectrum ensures the transfer of the required dose to the target, minimizes the off-target losses
due to evaporation, drift, and run-off, and reduces dermal and inhalation worker exposure [30–37].

According to Schick [38], drops can be sampled for measurement purposes via spatial or
flux techniques, and both methods affect the results. Spatial technique presupposes sampling
instantaneously a number of drops occupying a given volume, whereas flux technique presupposes
the examination of individual drops passing during an interval of time through the cross-section of a
sampling region. The first method is sensitive to the number of particles in each class size and per unit
volume, whereas the second to the particle flux.

Drop size analyzers available on the market that implement the spatial sampling technique
include the optical imaging (OI) and the laser diffraction (LD) analyzers. Both systems are nonintrusive
and do not influence the spray behavior during the measurement. The flux sampling technique is
implemented by optical array probes (OAPs) and phase doppler particle analyzers (PDPAs). Both
systems are nonintrusive also, are single particle counters, and allow for measuring drop size and
velocity contemporarily.

Other methods, both intrusive and nonintrusive, are based on digital image analysis (DIA).
Nonintrusive methods include the acquisition and analysis of the spray jet image [39], high-speed
imaging [40], and shadowgraphy [41]. Among intrusive methods based on DIA, the use of water
sensitive papers (WSPs) is probably the most diffused [42–49]. WSPs are artificial targets with a yellow
surface layer that turns blue when in contact with water. This property allows for registering the
droplet stains in spray tests. Assuming as known the spread factor (ratio between stain diameter and
drop diameter) and negligible the overlap between stains, stain image analysis allows for determining
the droplet size distribution.

A different approach, intrusive too, is to trap the droplets inside a layer of silicone oil of suitable
density and viscosity and then analyze their image. The method is adopted by ISO 5682-1 [50], and it is
exploited in this study to design and construct a low-cost test bench useful for evaluating agricultural
spray nozzles.

The main aim of the paper is to provide a comprehensive description of the test bench (a
preliminary study was presented in [51]), namely its design, construction, advantages, and limitations
during its functioning. In addition, to test the functionality of the whole system, the results of some
trials with an ATR80 orange hollow cone nozzle are reported.

2. Materials and Methods

2.1. Test Bench Design Guidelines

The test bench, applied on a movable trolley, was designed and built at the Section of Mechanics
and Mechanization of the Di3A (University of Catania, Catania, Italy) based on the ISO 5682-1 standard,
dealing with Equipment for crop protection–Spraying equipment–Test methods for sprayer nozzles.
In addition, two main aspects were taken into consideration: the low cost of the whole equipment
and test conditions similar to those present in standard commercial sprayers. With respect to the first
aspect, the cost of mechanical structure and hardware components was less than 5000 €, whereas the
cost of the image acquisition system (a camera with a macro lens that can also be used independently
for other applications) was about 1200 €. Globally, the cost of the whole equipment was much lower
than that of PDPA systems, though these systems allow for measuring drop velocity also. With regard
to the second aspect, the test bench allows for testing agricultural spray nozzles under ordinary work
conditions in a 1:1 scale for water flux, pressure, nozzle speed, and distance from the target.

According to the ISO 5682-1 reference, the nozzle under test should move above a row of Petri
dishes with equal surface areas, spraying a test liquid (clean water with the addition of a soluble
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coloring agent, free from solids in suspension). Each Petri dish receives some of the droplets from the
jet. All the droplets in each Petri dish should be measured and classified by size so that the cumulative
volumetric curves and all the usual distribution parameters can be calculated. The accuracy of the
equipment in measuring the drop diameter should be within 10 μm.

The selected nozzle speed should allow for a sufficient number of droplets to be collected (at least
2000 droplets should be collected to make a representative sample), while avoiding the merging of
the droplets. The maximum speed fixed by the ISO 5682-1 standard is 3 m/s. The distance between
the nozzle and Petri dishes should correspond to the normal distance between the nozzles and the
crop. Finally, the test has to be carried out by letting the spraying nozzle pass once over the row of
Petri dishes.

Other solutions, such as those described by Ali et al. [52], were discarded because they are based
on the use of water sensitive papers. Calculation of spray spectrum parameters by using water sensitive
papers (WSPs) requires knowledge of the spread factor as well as the overlap between stains to be
made negligible. The spread factor is reported in WSP data sheets, but it is calculated at well-defined
conditions (water temperature 20 ◦C, relative humidity 40%, droplets reaching the WSP at sedimentary
velocity), which are different from real conditions and thus greater errors are expected.

2.2. Hydraulic Component Design

According to the aims of the research, the design of the hydraulic circuit was carried out in a way
that is very similar to the standard spraying system installed on commercial sprayers. For this reason,
a 70-liter plastic tank and a diaphragm pump (AR 30, Annovi Reverberi, Reggio Emilia, Italy, able to
ensure pressure values up to at least 3 MPa) were chosen. The pump is driven by a single phase 230 V
AC, 2.2 kW induction motor with a gearbox. As the pump capacity is much higher than the flow rate
of the nozzle under test, the surplus was recirculated to the main tank by means of a pressure regulator
as it is in the sprayers to ensure continuous mixing of the liquid.

In addition, to take into account the different working pressure ranges of the nozzles under
test, the circuit was designed with two pressure lines (Figure 1): a low (up to 0.6 MPa) and a high
pressure line (up to 3 MPa). According to the needs, the required working pressure was established by
manually selecting the proper line by acting on the appropriate ball valves and then by acting on the
corresponding pressure regulator.

 

Figure 1. Scheme of the hydraulic circuit (blue: low pressure line; red: high pressure line; S: electro
valve; FS: flux sensor; PT: pressure transmitter).

Due to the effect of the spray pressure and nozzle flow rate on the drop pulverization, the design
of the hydraulic circuit also provided the sensors to measure in real time both quantities. Fluid pressure
at the nozzle was measured by means of a piezoresistive pressure transmitter (Series 22 S model from
Keller Italy Srl, Milano, Italy) and flow rate by means of a turbine flow sensor (SF800-6 model from
Swissflow BV-Fazantlaan 4 6026 SN Maarheeze, The Netherlands). The pressure transmitter (3.0 MPa
full-scale) has a standard 4–20 mA analog output, while the flow sensor has a digital pulse output
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with a nominal coefficient of 6000 pulse/L, a flow rate limit between 0.5 and 20 L/min, and a maximum
operating pressure of 25 MPa.

2.3. Mechanical Component Design

The design of the mechanical components of the test bench took into consideration the following
main aspects:

• possibility to control speed and position of the nozzle under test while spraying;
• mechanical insulation of the Petri dishes containing the drops from the pump and motors to avoid

the transmission of vibration;
• general safety aspects due to the movement of the nozzle.

The movement of the nozzle under test was achieved by anchoring it to a mobile platform
supported by four wheels and translating it along two rails mounted on the trolley by means of four
steel supports (Figure 2). The mobile platform carries one triple nozzle holder, and the nozzle under
test was manually selected. The platform was pulled by two parallel toothed belts (one at each side
of the platform) of SynchroBeltTM type, by means of a 250 W, 24 V DC permanent magnets (PMDC)
brushed motor with a 6.75:1 gearbox. The rails, 3 m long, were spaced 0.6 m apart from each other, and
were placed above and parallel to the trolley plane, at a distance of 0.6 m.

 

Figure 2. Partial section of the test bench showing its main components.

The motion of the mobile platform is closed-loop controlled by means of a motor control unit
(MDC1460 model, Roboteq Inc., Scottsdale, AZ, USA). The acceleration, speed, and position are
controlled by means of a 300 ppr (pulse per revolution) rotary quadrature optical encoder (ME22
model, INTECNO srl), directly applied to the main shaft of the PMDC motor. A simple symmetric
trapezoidal speed shape was chosen, with the platform moving at constant speed while spraying above
the Petri dishes. To obtain this speed profile vs. time, the initial and final acceleration/deceleration
values were calculated with respect to the maximum desired speed in the flat part of the profile. The
length of this central part was calculated to guarantee that the target will be sprayed at the desired
speed. Calculations were carried out according to Equation (1):

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
ta =

2La
vr

tr =
Lr
vr

a =
v2

r
2La

(1)

where ta (s) is the acceleration/deceleration time (transient time), La (m) is the trails section covered by
the nozzle at constant acceleration/deceleration, Lr (m) is the trails section covered by the nozzle at
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constant speed, vr (m/s) is the desired constant nozzle speed, tr is the time while the nozzle moves at
constant speed (steady state time), and a (m/s2) is the acceleration/deceleration value during transients.

The control unit implements, using a dedicated microcontroller, a speed and position profile
control, by means of a proportional–integral–derivative (PID) control loop with an internal sampling
rate of 1 kHz, using the encoder signal as feedback. The PID parameters were experimentally tuned
by using the Ziegler–Nichols tuning method [53,54], in order to have a stable control system also at
maximum speed and acceleration. The maximum speed of the platform, which can be kept constant
while spraying over the target, is 1.5 m/s. Higher speeds would require acceleration and deceleration
values not allowed for mechanical/electrical safety reasons; moreover, the length of the Lr section will
shrink to very short and useless values. The motor control unit uses two limit switches at both ends of
the rails in order to detect the correct home position and the end of the rails.

Due to the constraints imposed by the available space, only three Petri dishes were used to capture
the drops, aligned parallel to the direction of travel of the nozzle while spraying. To avoid transmission
of vibration that could affect drop size measurement, the Petri dishes were placed on a wood table,
independent of the trolley and mechanically insulated from vibration sources (motors, pump). Drop
image acquisition was carried out by means of a high-resolution camera. For this purpose, at the end
of each experiment, the camera was applied to a suitable frame and manually hanged to the rails in
fixed positions with respect to the Petri dishes.

2.4. Control Subsystem Design

A dedicated electrical cabinet was developed in order to accommodate all the necessary devices.
In Figure 3, a block diagram is reported.

Figure 3. Block diagram of the control system architecture.

The PMDC motor for the mobile platform was controlled by a Roboteq MDC1460 controller. This
controller is able to read any quadrature magnetic/optical encoder and handle two limit switches used
to bound motor run between two ends. The controller is able to implement a PID closed-loop control
over position/speed in an internal loop running at 1 kHz and is able to implement regenerative braking.
This allows for better controller performance, but the power supply subsystem must be carefully
designed in order to avoid over-voltage on the power supply rails. In battery-powered systems, the
excess energy coming from the regenerative braking is used to recharge the batteries, but in systems
powered from mains, this is not possible. To overcome this aspect, a low-cost, high-power, bidirectional
TVS (transient voltage suppression) diode from Littelfuse (1.5KE30ca) was used to dissipate the braking
back energy. The diode is able to safely dissipate 1500 W for about 1 ms and can handle about 200 A
current flow for about 8 ms, with a response time of about 1 ps. These specifications are in excess to the
estimated back energy coming from the programmed motor deceleration and also for the back energy
coming from an emergency (immediate) motor stop. The motor controller is powered by a 480 W 230
V AC to 24 V DC AC/DC power supply unit (PSU). The power subsystem is completed by different
fuses (with a high-power recirculating diode in parallel to the fuse to avoid system damages in case of
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a fuse blown) and a relay to allow the system to be selectively powered up (control subsystem and
motor power subsystem). An emergency mushroom push-button with a mechanical key is provided
for safety reasons. With this stop button, the system can be immediately powered down.

The control section, the sensors, and acquisition system, are powered up by a separate AC/DC
PSU that is a 60 W 230 V AC to 12 V DC.

Figure 3 also describes the data acquisition and valve control subsystem. To acquire the two
sensor signals (flow and pressure), two Advantech Ethernet modules with a maximum sample rate
of 10 Hz were used: one ADAM6024 was used to read the output of the pressure transmitter (4–20
mA output) and one ADAM6060 to control a two-way electromagnetic valve, used to send the water
flow to the nozzle. The valve has a 12 V DC 12 W coil and is actuated by means of a power relay. The
same ADAM6060 module is able to read the output of the flow sensor that is typically a square wave
signal with a frequency proportional to the flow rate. The ADAM6060 can read a maximum frequency
of 3 kHz while the maximum expected frequency with a flow rate of about 1 L/min is about 100 Hz.
The ADAM6060 can also be configured to count output pulses from the flowmeter, allowing us to
measure the total water volume passed through the sensor. The ADAM modules have a standard
10/100 Base-TX Ethernet interface. They use different communication protocols based on Transmission
Control Protocol/Internet Protocol (TCP/IP) and user datagram protocol (UDP). In this application, an
ASCII UDP based protocol was selected.

The Roboteq controller has, among others, an RS232 interface able to send/receive configuration
parameters as well as receive commands for the motor. In order to connect this serial interface with the
other part of the system, an NPort 5100 (Moxa Inc., New Taipei City, Taiwan, R.O.C.) was used. This is
a 1-port RS-232/422/485 serial device server able to act as a managed or transparent bridge between the
RS232 bus and the Ethernet network. It has to be configured using its web interface and initialized
using Telnet access; after that phase, it is possible to send and receive RS232 data/command to the
Roboteq controller, using an UDP connection to the NPort 5100.

All the Ethernet devices are configured in a local network flat structure using the local IP address
family 10.0.0.x/24. In order to allow the Windows 10 PC to have a direct connection to the system, a
WiFi access point was used. In addition, the PC was configured on the same local network.

2.5. Software User Interface Design

The software user interface, running on a Windows 10 PC operating system, was designed to
allow for managing the spray trials (i.e., starting and stopping spraying, nozzle speed, flow rate
and pressure monitoring, positioning of the platform in a given location along the rails, stopping
the experiment in case of safety problems) (Figure 4). It was built with Delphi Community Edition
Integrated Development Environment (IDE) (Embarcadero Technologies Inc., Austin, TX, USA) using
object-oriented Pascal language and the FireMonkey cross-platform graphic user interface (GUI)
framework, developed also by Embarcadero Technologies Inc. All the commands were sent to the
hardware layer through a user datagram protocol Ethernet packet at the different IP addresses assigned
to each device, using a specific UDP port.
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(a) (b) 

Figure 4. User interface: (a) tab used to manage the spray trials and set the working parameters; (b)
tab used to monitor the sensor signals and to stop the system in case of emergency.

The application is composed by three main tabs. The “Connection” tab allows users to check the
communication with each system device. Usually, just after the application start, a system check is
performed automatically. In the tab there is a log box, in which all messages from/to the application and
hardware devices are printed. In this way, it is possible to identify any system fault. In the “Experiment
Setup” tab, it is possible to set up every aspect of the desired experiment, mainly the moving platform
speed, some start delay for the platform motor and hydraulic electro valve, the system sampling time,
to move the platform to the home position, and so on. Some options can be useful for testing purposes.

After setting up all the experiment parameters, using the “Experiment” tab it is possible to start the
test; in this tab, it is possible to monitor different run-time graphs about the sensor data and the mobile
platform speed profile. A log box in this tab is used to show the experiment progress until the end.
The application also implements a data logger function that can save all the data and the experiment
parameters in a text file using the standard comma separated value (CSV) format with time-stamp.

2.6. First Experimental Spraying Tests

These trials were carried out to test the functionality of the whole system and its sensitivity
to pressure changes. No proper experimental design was defined, and results were considered as
qualitative only. Future experiments and trials will be carried out and presented in other scientific
papers, comparing several types of nozzles and testing under the same conditions the reference nozzles
used to define the boundary regions of spray quality as recommended by the ISO/FDIS 25358:2018
standard [55]. Spraying tests were carried out with an ATR80 orange hollow cone nozzle (Albuz, France)
at the working pressures of 0.3, 0.5, 1.0, and 1.5 MPa, and spraying as test liquid clean water with the
addition of red Ponceau (Novema Srl, Torino, Italy) as a soluble coloring agent at the concentration of
2 g/L. In these first trials, surface tension of test liquid was not measured. Temperature and relative
humidity of the ambient air were measured by using a thermohygrometer (HD 8901 model from Delta
Ohm, Padova, Italy).

The three Petri dishes that were used to sample the drops had a diameter of 55 mm, and the
distance between their centers was 195 mm (Figure 5). Nozzle speed during the tests was set to 1.5 m/s.

Figure 5. Positioning of the Petri dishes (PD) on the table of the test bench (sizes in mm).
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Five milliliters of silicone oil (AR200 from Sigma-Aldrich, Milano, Italy) were deposited in each
Petri dish by using a pipette (Mettler-Toledo, Milano, Italy), taking care to avoid bubble formation.
Dynamic viscosity and volumetric mass of the silicone oil were 200 mPa s and 1050 kg/m3, respectively.

After sprays, Petri dishes were photographed in situ by using a Nikon D5500 DSLR (digital
single-lens reflex) camera equipped with a macro lens (Nikon Micro Nikkor AF-S 60 mm f/2.8 G ED) and
an electronic flash (Neewer 48 Macro LED Ring Flash). To avoid involuntary movements, the camera
was remotely controlled via the qDslrDashboard Version 3.5.3 application (http://dslrdashboard.info)
running on an Android tablet. Spraying tests were repeated three times, so nine photos were taken for
each working pressure. The images were saved as high-quality JPEG files with a resolution of 6000 ×
4000 pixels. The red color of the test liquid allowed for an easy recognition of the droplets during the
subsequent image analysis (Figure 6).

 

Figure 6. Droplets trapped into the silicone oil.

Images were calibrated by taking photos of a 10 × 10 mm grid pattern engraved on a glass disc,
placed in correspondence of the three Petri dish positions, as far from the camera focal plane as the
drops. The resulting scale factor ranged from 188.0 to 189.0 pixel/mm for the three Petri dish positions.

All images were analyzed with the ImageJ software, release 1.52a [56]. The use of this software
for the spray droplet image analysis is well documented in the literature [44,45]. After conversion in
8-bit grey scale, images were segmented. The selected threshold value was obtained, on the basis of
a careful inspection of the images, by increasing the “default” threshold value prompted by ImageJ
by 20% on average. A threshold value directly linked to the grey level of the image as described in
Sánchez-Hermosilla and Medina [57] was not exploited in this case because it was specifically studied
to analyze water sensitive paper images, which are different from actual images, mainly due to the
lighting conditions. In future trials, when other types of nozzles will be tested, a specific study will
be dedicated to the segmentation process, and it will be checked whether the criterion adopted in
this study for the ATR80 hollow cone nozzle is still valid. The ultimate goal will be to attempt to
implement a segmentation procedure based on the correlation between some features of the images
and the optimal threshold value, similar to that discussed in [57], in order to make the segmentation
process as less subjective as possible.

After segmentation, images were processed with the watershed binary filter to separate some
touching drops. The area (pixel) of the drops detected by ImageJ in each image was exported in text
files for the subsequent analyses. Assuming that the measured area was circular, the droplet diameter
was computed according to Equation (2):

Di =

√
4Ai
π

(2)
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where Ai (pixel) is the area of drop i. Particles with an area lower than 5 pixels were ignored. Droplet
diameters expressed in pixels provided by Equation (2) were converted into real values by applying the
proper scale factor, and then all the drop size distribution parameters were computed. The following
quantities were calculated:

• D10, as the arithmetic mean diameter;
• D20, as the surface mean diameter;
• D30, as the volume mean diameter;
• D32, as the Sauter mean diameter (SMD), i.e., diameter of a drop having the same volume to

surface area ratio as the total volume of all the drops to the total surface area of all the drops;
• Dv0.1, Dv0.5, and Dv0.9, as volumetric diameters, below which smaller droplets constitute,

respectively, 10%, 50%, and 90% of the total volume;
• relative span factor (RSF), a dimensionless parameter indicative of the uniformity of the drop size

distribution, defined as:

RSF =
Dv0.9 −Dv0.1

Dv0.5
(3)

• number mean diameter (NMD), which is the droplet diameter below which the droplet diameter
for 50% of the number of drops are smaller;

• V100 and V200, as percentages of total volume of droplets smaller than, respectively, 100 and 200
μm in diameter.

All computations were carried out by means of custom functions written in R [58].

3. Results and Discussion

3.1. The Whole System Test

Figure 7 shows the main components of the entire system: the water tank with the electric
motor pump and the manual pressure regulators; the mobile platform with the nozzle holder and the
sensor pressure moving along the two rails; the cabinet with the electric/electronic components; the
DSLR camera for drop image acquisition; and the wood table supporting the Petri dishes, which is
mechanically insulated from the other parts of the frame.

At the beginning of the experiment, the electric motor driving the pump is switched on, and
all the flow is recirculated to the tank (the electro valve of the hydraulic circuit is closed, Figure 1).
After the working pressure is chosen and the manual pressure regulator is adjusted accordingly, the
whole experiment is managed by the software. The user sets the desired platform speed (acceleration
and deceleration are internally computed in the motor drive, according to Equation (1)), the initial
delay necessary to reach steady-stay conditions, and the CSV file name to log the pressure, flow rate,
velocity and position data. Then, the experiment starts: the mobile platform is carried at the home
position (at one end of the rails), the electro valve is switched on, the nozzle starts spraying, and after
the delay has elapsed, the platform moves and the test liquid is sprayed over the three Petri dishes
containing silicone oil. After one pass, the platform stops at the opposite end of the rails. The distance
between the spraying nozzle and Petri dishes is 0.5 m. The images of the drops trapped into the oil are
immediately acquired in situ by using the camera.

3.2. Mechanical Tests

Figures 8 and 9 show the capabilities of the system to control speed and position. In particular,
Figure 8 reports the position profiles vs. time recorded during the tests, while Figure 9 shows the speed
profiles vs. position, directly obtained from the optical encoder. The profiles are almost superimposable
for all the tests: The presence of the small quantities of noise is mainly due to limitations of the
Windows operating system to accurately measure time intervals less than 100 ms. No malfunctioning
was observed during all the experimental activities. In addition, the graphs show the platform reaching

13



Appl. Sci. 2020, 10, 5221

the reference speed (1.5 m/s) before approaching the first Petri dish, keeping it constant until going
over the last one. The whole trajectory was completed in about 2.3 s.

 

 
(b) 

 
(c) 

 
(a) (d) 

Figure 7. Main components of the test bench: (a) the whole system with the digital single-lens reflex
(DSLR) camera and the wood table; (b) the main tank with the electric motor pump and the pressure
regulators; (c) the mobile platform with the nozzle holder and the sensor pressure; (d) the cabinet with
the electric components.

Figure 8. Position profiles of the mobile platform during the tests.
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Figure 9. Speed profiles of the mobile platform during the tests.

3.3. Spraying Test Results

Air temperature and relative humidity during the experiments were 26 ◦C and 43%, respectively.
The number of droplets detected in each of the analyzed images ranged from about 1700 to about
38,300. Taking into account all the images, the total number of sampled drops ranged from about 37,800
(0.3 MPa) to about 286,500 (1.5 MPa), much higher than the ISO 5682-1 requirements (representative
samples composed by at least 2000 droplets).

Table 1 reports flow rate data for the nozzle under test, and Table 2 summarizes all the measured
spray drop parameters in function of working pressures; mean values were computed assuming each
Petri dish as an independent sample.

Table 1. Measured and reference flow rate values for the nozzle under test.

Measured Values From Nozzle Data Sheets

Pressure, MPa Flow Rate, L/min Pressure, MPa Flow Rate, L/min

0.308 0.88
0.517 0.98 0.5 0.99
1.036 1.37 1.0 1.39
1.492 1.63 1.5 1.69

Table 2. Spray drop parameters in function of working pressures.

0.3 MPa 0.5 MPa 1.0 MPa 1.5 MPa

Parameter Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev

D10 (μm) 81.7 7.1 69.7 2.4 56.6 4.9 54.6 4.4
D20 (μm) 98.0 6.7 83.1 2.6 69.1 4.7 66.6 4.5
D30 (μm) 113.1 6.4 95.8 3.5 82.0 4.1 79.0 4.6
D32 (μm) 150.6 7.4 127.5 7.6 115.4 3.2 111.1 4.7

Dv0.1 (μm) 97.1 10.9 79.6 4.0 69.9 3.4 66.2 4.1
Dv0.5 (μm) 173.4 7.3 148.5 9.9 138.4 5.1 135.6 3.9
Dv0.9 (μm) 264.4 11.0 236.5 9.0 227.3 4.4 219.0 6.2

RSF 0.97 0.08 1.06 0.06 1.14 0.04 1.13 0.03
NMD (μm) 68.3 10.2 61.4 5.2 45.3 6.1 44.2 5.7

V100 (%) 11.6 3.3 22.0 4.4 25.8 2.6 28.7 2.9
V200 (%) 65.8 3.3 77.7 4.0 81.3 1.4 84.0 1.8

As expected, all diameters were affected by pressure: An increase in pressure determined a
decrease in diameters, meaning a higher degree of drop pulverization. The measurement system was
then able to correctly detect the influence of pressure changes. According to the Albuz catalogue,
the spray quality of the ATR80 orange hollow cone nozzles at 0.5 MPa and over is classified as “very
fine”, based upon volumetric median diameter (VMD) Dv0.5 values lower than 159 μm, measured with
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phase Doppler anemometry (PDA) systems. Therefore, results obtained with the present test bench
qualitatively agree with Albuz’s information.

In addition, this measuring system was quite reliable and accurate: In fact, the coefficients of
variation (CV) of all diameters (except Dv0.1 at 0.3 MPa and NMD) ranged between 1.9% and 8.6%. In
the excluded cases, CVs ranged between 8.5% and 15.0%. As a general result, variability was higher
when diameters were lower.

4. Conclusions

The design, development, and construction of a low-cost laboratory test bench suitable to analyze
agricultural spray nozzles according to the ISO 5682-1 procedure were discussed in the paper. The
preliminary tests show its usefulness under several aspects:

• The software interface to control the test bench and to set the test conditions is simple, and its
organization in tabs (the first to set the test parameters; the second one to see graphically the
evolution of the test variables) makes it easy to use the test bench.

• The hydraulic circuit allows for testing nozzles under work conditions similar to those present in
commercial sprayers, using a standard diaphragm pump and standard manual pressure regulators.

• The electromechanic components allow for a fine and precise control of speed and position of the
nozzle under test.

• The image acquisition system, based on a digital single-lens reflex camera, may be easily updated
if higher resolutions are required. The actual system, with a scale factor of 188.0–189.0 pixel/mm,
allows for detecting the drops whose diameter is greater than 10 μm, which can be considered
suitable for similar applications.

• In measuring the single drop diameters, it is possible to devise the size diameter probability
distribution function and all the usual spray drop parameters. The preliminary tests with the
Albuz ATR80 orange hollow cone nozzles produced results in accordance with factory data sheets.

• Further tests that are aimed at comparing several nozzle types (hollow cone, fan, air induction) with
the reference nozzles recommended by ISO/FDIS 25358:2018 [55] to define the boundaries/borders
between the size classes may better assess the capabilities of the test bench.

The system also has some limitations due to the specific hardware implementation. The most
severe limitation is imposed by the rail length, which does not allow for the maximum speed of the
mobile platform, while spraying above the Petri dishes, to be higher than 1.5 m/s. Higher speed values
to be kept constant while the nozzle sprays above the Petri dishes would require higher acceleration
values, but the maximum acceleration is limited for mechanical/electrical safety reasons. Increasing
the platform speed is a practical way to reduce overlaps between drops and then to simplify the
subsequent image analysis procedure.

A minor limitation is related to the maximum sample rate of the Advantech Ethernet modules,
used for monitoring the position and speed profile and for acquiring data from sensors. The trajectory
control loop is achieved via hardware with a 1 kHz sampling frequency, but monitoring and logging
operations are left to the Windows operating system, which cannot guarantee a constant sampling rate
and good accuracy for time intervals less than 100 ms; thus, the speed and position graphs may result
deformed. An optimization of the reading and writing routines and of data filtering may improve
these aspects.

Finally, a significant improvement may be introduced in the camera positioning system. The
camera is actually applied to a metallic frame, which in turn is manually hanged to the rails in
predetermined positions. A better solution could be to hang the camera directly to the mobile platform
after the spray passes and then to position it in correspondence of the Petri dishes by exploiting the
control position system of the motor. This could speed up the image acquisition procedure and then
reduce any effect of external factors.

16



Appl. Sci. 2020, 10, 5221

Finally, taking into account all the above considerations, it is possible to conclude that the
main objectives fixed were achieved with the test bench and that its modularity allows for further
developments to overcome the limitations highlighted, without compromising the low cost.

Author Contributions: Conceptualization, E.C., D.L., G.M., and R.P.; methodology, E.C., D.L., G.M., and R.P.;
software, D.L.; validation, E.C., D.L., G.M., and R.P.; formal analysis, E.C., D.L., G.M., and R.P.; investigation,
E.C., D.L., G.M., and R.P.; data curation, E.C., D.L., G.M., and R.P.; writing—original draft preparation, E.C.;
writing—review and editing, E.C., D.L., G.M., and R.P. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was carried out within the research project “Contributo della meccanica agraria e delle
costruzioni rurali per il miglioramento della sostenibilità delle produzioni agricole, zootecniche e agro-industriali.
WP1: Impiego sostenibile di macchine irroratrici in serra e in pieno campo”, financed inside the “Linea di
intervento 2-dotazione ordinaria per attività istituzionali dei dipartimenti-2016-18-II annualità” of the University
of Catania.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviation

Symbol

a acceleration/deceleration value during transients, m/s2

La trails section covered by the nozzle at constant acceleration/deceleration, m
Lr trails section covered by the nozzle at constant speed, m
ta acceleration/deceleration time (transient time), s
tr time while the nozzle moves at constant speed (steady state time), s
vr desired constant nozzle speed, m/s
Ai area of droplet i detected by ImageJ, pixel
Di diameter of droplet i, pixel
D10 arithmetic mean diameter, μm
D20 surface mean diameter, μm
D30 volume mean diameter, μm

D32
Sauter mean diameter (SMD) or the diameter of a drop having the same volume to surface area
ratio as the total volume of all the drops to the total surface area of all the drops, μm

Dv0.1, Dv0.9
volumetric diameters below which smaller droplets constitute, respectively, 10% and 90% of the
total volume, μm

Dv0.5
volumetric median diameter (VMD), below which smaller droplets constitute 50% of the total
volume, μm

NMD
number mean diameter, the droplet diameter below which the droplet diameter for 50% of the
number of drops are smaller, μm

RSF
relative span factor, a dimensionless parameter indicative of the uniformity of the drop size
distribution

SMD Sauter mean diameter, μm
VMD volume median diameter, μm
V100, V200 proportion of total volume of droplets smaller than, respectively, 100 and 200 μm in diameter, %
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Acronym

AC Alternated current
CSV Comma separated value
CV Coefficient of variation
DC Direct current
DIA Digital image analysis
DSLR Digital single-lens reflex
GUI Graphic user interface
IDE Integrated development environment
IP Internet protocol
LD Laser diffraction
OAP Optical array probes
OI Optical imaging
PD Petri dish
PDA Phase Doppler anemometry
PDPA Phase Doppler particle analyzers
PID Proportional–integral–derivative
PMDC Permanent magnets direct current
PPP Plant protection products
PSU Power supply unit
TCP Transmission control protocol
TCP/IP Transmission control protocol/Internet protocol
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Featured Application: The newly designed pneumatic spout generates droplet-sized spectra in a

wide range of options, from very fine to very coarse, thus providing farmers with a real possibility

for accomplishing the drift-reducing EU policy requirements when using pneumatic sprayers.

Abstract: Pneumatic spraying is especially sensitive to spray drift due to the production of small
droplets that can be easily blown away from the treated field by the wind. Two prototypes of
environmentally friendly pneumatic spouts were developed. The present work aims to check the
effect of the spout modifications on the spray quality, to test the convenience of setting the liquid hose
out of the spout in cannon-type and hand-type pneumatic nozzles and its effect on the droplet size,
homogeneity and driftability in laboratory conditions. Laboratory trials simulating a real sprayer
were conducted to test the influence of the hose insertion position (HP), including conventional
(CP), alternative (AP), outer (OP) and extreme (XP), as well as the liquid flow rate (LFR) and the
airflow speed (AS) on the droplet size (D50, D10 and D90), homogeneity and driftability (V100).
Concurrently, the droplet size spectra obtained by the combination of aforementioned parameters (HP
× LFR × AS) in both nozzles were also classified according to the ASABE S572.1. Results showed a
marked reduction of AS outside the air spout, which led to droplet size increase. This hypothesis was
confirmed by the droplet size spectra measured (D50, D10, D90 and V100). A clear influence of HP
was found on every dependent variable, including those related with the droplet size. In both nozzles,
the longer the distance to CP, the coarser the sprayed drops. Moreover, LFR and AS significantly
increased and reduced droplet size, respectively. A higher heterogeneity in the generated drops
was obtained in XP. This position yielded V100 values similar to those of the hydraulic low-drift
nozzles, showing an effective drift reduction potential. The classification underlines that the variation
of HP, alongside AS and LFR, allowed varying the spray quality from very fine to coarse/very
coarse, providing farmers with a wide range of options to match the drift-reducing environmental
requirements and the treatment specifications for every spray application.

Keywords: pesticide application; pneumatic nozzle; homogeneity; airflow speed; liquid flow rate;
spray drift reducing; spray quality

1. Introduction

Grape production represents one of the most important agricultural businesses worldwide, with
7.5 million hectares and five countries representing 50% of the world vineyard harvested area: Spain

Appl. Sci. 2020, 10, 7826; doi:10.3390/app10217826 www.mdpi.com/journal/applsci21
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(13%), China (11%), France (10%), Italy (9%) and Turkey (7%) [1]. However, considering the total
grape production, Italy ranks second after China, with 8.4 and 13.7 Mt respectively, followed by USA,
France and Spain [1]. Considering wine grapes, only the EU ranks first with 61.3% of total world
production [1].

Producing high-quality food in a safe manner is one of the most important goals in modern
agriculture [2]. Indeed, the high number of spray applications during the vegetative season in intensive
production systems determines a massive Plant Protection Product (PPP) use that can cause undesirable
effects related to pesticide residues on food and adverse effects to the environment.

At present, PPP spraying is a commonly used technique to control pests and diseases in commercial
crops. Nevertheless, spraying is a complex process in which several factors interfere [3]. For that reason,
controlling all factors is nearly impossible, and as a result PPP applications could be inefficient. This
fact led the European Authorities to develop Directive 2009/128/EC on sustainable use of pesticides [4].
This Directive specifies that pesticide applications should always consider the principles of integrated
pest control strategies. Among these, efficiency in the pesticide application necessarily plays a major
role that is not completely matched nowadays. Among the main parameters to be considered regarding
spraying efficiency, liquid flow rate, airflow rate and droplet size are three of the most important [5–14],
along with the forward speed [15,16].

Indeed, during spray applications in bush/tree crops with conventional sprayers, only a limited
fraction of the total amount of PPP is deposited on the intended target according to the canopy
characteristics [7,17]. Therefore, part of the applied PPP can be transported outside the sprayed area
by the action of air currents during the application process as spray drift [18]. Some authors have
quantified that, during a spray application, up to 50% of the total applied PPP spray mixture can
be lost to the air from the targeted site to a non-target receptor site [19–27]. In addition to the more
localized movement of agrochemical residues in turbulent air masses downwind of the application
area, residues can also become concentrated in inversions or stable air masses and be transported at
long distances [28]. Another fraction could end up as spray deposition on the ground, directly in
the field tractor path and underneath target tree rows or indirectly in the adjacent area [5–7,20,29,30].
Among spray losses, spray drift remains the most troubling, as it is really difficult to control [23,31–36],
especially in 3D crops such as vineyards [37]. Due to the importance to minimize PPP spray drift
generation, strong efforts have been undertaken to properly study this phenomenon and to give
adequate advice to farmers around Europe [38].

Among the different factors influencing spray drift, wind speed and direction are the main
ones [39]. The higher the wind speed, the higher carrying effect it will have for droplets; therefore,
the spray drift risk increases [40,41]. A solution to avoid spray drift is necessary, and it relies on not
spraying when the wind is present. Nonetheless, reality is not so simple, as there are many situations in
which pesticide needs to be applied a certain day or in a very narrow time window, so the farmer needs
to spray even if the wind conditions are not favorable. Consequently, they must act on technical factors
(those controlled by the applicator) through a proper adjustment of the spraying equipment [19,42].

Droplet size has proven to be the most effective factor in reducing spray drift [12,20,23–25,28,33,43].
The main reason why this factor affects spray drift is the weight of the emitted drops: the bigger the
size, the higher the weight and, therefore, the lower the drift, as the carrying effect of wind will be
lower with heavier drops [34]. This was the way followed to develop drift-reducing hydraulic nozzles
decades ago. These nozzles produce coarser droplets than the conventional ones do. This result is
achieved either by (i) decreasing liquid pressure in the nozzles chamber (drift-guard (DG) nozzles) or
(ii) by generating air-inflated drops (air-inclusion (AI) nozzles). As it is the most common strategy
to reduce PPP drift, recently different studies have been focused to demonstrate that drift-reducing
nozzles generate important spray savings while keeping the necessary spray deposition to ensure the
biological efficacy of treatments [44,45]. Nevertheless, some farmers still prefer conventional nozzles
as low-size drops generate higher coverage on the leaf surface. As a consequence [46], it is commonly
believed they can achieve a higher efficacy against pest and diseases. Several studies have instead
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showed that droplet size could be increased to reduce spray drift risks without compromising the
treatment efficacy [35,45,47], especially in unfavorable environmental conditions [48].

Pneumatic spraying is a well-known technique for its fine droplet size generation.
As aforementioned, small droplets are generally requested by the farmers to achieve a uniform
target spray coverage that is essential for contact PPP; thus, this technique is very widespread,
especially among large-farm vine growers in America and Europe [49,50]. In Italy there are large areas
in which vineyard treatments are performed almost exclusively with pneumatic sprayers [51]. The
small droplet size produced by this type of nozzle increases the drift risk with respect to the hydraulic
nozzles [52]. Thus, whilst the droplet volume median diameter (VMD) generated by conventional
hydraulic hollow-cone nozzles typically ranges from 100 to 200 μm, for pneumatic nozzles the VMD
is generally below 100 μm [53–55]. This threshold of 100 μm is broadly considered as the minimum
diameter that droplets should have to reasonably limit the spray drift risk [56,57]. Therefore, a droplet
population with diameters below this value is subjected to losses by drift even with slow environmental
air currents.

In order to better understand the droplet population generated by pneumatic nozzles, Balsari et
al. [53] investigated and quantified the effect of the main operational parameters, namely the liquid
flow rate and the airflow rate, on different variables related to the droplet population, mainly their size
and homogeneity. They also assessed the driftability of the drops according to the aforementioned
parameters. In order to do so, they developed a laboratory test bench to simulate a real pneumatic
sprayer and to test different combinations of parameters, measuring the droplet diameter with a laser
device. Once the pneumatic spray behavior was well understood, the same authors planned a strategy
to increase droplet size in case of high-speed environmental wind conditions [55]. The idea was to
alter the liquid release position inside the air spout, taking advantage of the air speed decrease across
the outermost section of the spout [55]. They obtained very promising results, recently confirmed by
field trials [58], that demonstrated this strategy could have an important potential to properly reduce
spray drift in pneumatic spraying thanks to the droplet size spectra increase.

The main objective of this work was to develop, for the first time, drift-reducing spouts, namely
cannon and hand spout types, for vineyard pneumatic sprayers. In detail we evaluated i) the possibility
to increase droplets size by adjusting the water income position out of the nozzle spouts and ii) its effect
on the droplet size population and homogeneity. Furthermore, the feasibility of introducing alternative
positions for the liquid hose in order to achieve different droplet size spectra populations and then
different capabilities of drift reductions according to the liquid hose positions were investigated.

2. Materials and Methods

2.1. Trial Location and Spraying Equipment

The laboratory trial was carried out in the facilities of the Department of Agricultural, Forest and
Food Sciences (DiSAFA) of the University of Turin located in Grugliasco (Turin, Italy). A test bench
was used to simulate the working conditions of the pneumatic sprayer. This test bench consisted of
both pneumatic and hydraulic circuits mounted over three different spaces, as shown with detail in
Miranda-Fuentes et al. [55]. These spaces included a spraying area, a droplet size measurement area
and a control and data acquisition room.

The test bench liquid circuit simulated those mounted in real pneumatic sprayers, including
a water tank, a membrane pump AR 202 (Annovi Reverberi S.p.a, Modena, Italy) driven by an
electric engine equipped with pressure regulation valves, and a manometer characterized by 0.02 MPa
resolution to precisely control the liquid pressure. The test bench ended up in the liquid hose inserted
in the air spout of the pneumatic circuit. The liquid flow rate was controlled through a plastic disc with
calibrated holes in its perimeter. The air assistance to achieve the spray in the test bench consisted of a
centrifugal fan 500 mm diameter (CIMA S.p.a., Pavia, Italy) controlled by a central unit, in which the
electric intensity flowing to the driving electric engine, and proportionally the rotary speed of the fan,

23



Appl. Sci. 2020, 10, 7826

could be manually adjusted. This control box could set the rotary speed (rev min-1) of the electric engine,
measured by a laser tachometer integrated in the system. Thus, even when the control parameter was
the amperage, the rotary speed was the indicator to manually regulate the system. As it was previously
mentioned, both circuits merged in the air spout, in which the liquid was released through the liquid
hose at constant pressure. The air spouts tested included two different types: a cannon-type spout and
a hand-type spout (Figure 1a) generally installed on the spray head TC.2M2C.50P (Cima S.p.a., Pavia,
Italy). These two kinds of spouts are usually simultaneously employed in the commercial pneumatic
sprayers operating in vineyards, as shown in Figure 1b.

Figure 1. (a) Cannon-type and hand-type spouts mounted on the spray head TC.2M2C.50P for (b)
multiple-row spray application in a vineyard.

These spouts were conveniently modified to alter the insertion position of the liquid hose, as it
showed to have a major importance in the generated droplet size in cannon spouts [55]. The insertion
position was, consequently, established as the main variable of the study, and it was called “hose
position” (HP). It presented four possible levels in each spout type, called “conventional position” (CP),
“alternative position” (AP), “out position” (OP) and “extreme position” (XP), as shown in Figure 2a.
The CP position corresponds to that established by the manufacturer for the commercial equipment
(Figure 2b,c). The other hose positions, namely AP, OP and XP, varied according to the spout type,
as shown in Figure 2b for the cannon and in Figure 2c for the hand spouts. In particular, in both
spout-types, the AP corresponds with the one in which the outermost part of the hose is placed
coincident with the border of the air spout (Figure 2b,c), and the XP was experimentally set as the
maximum distance in which a uniform liquid atomization could be achieved. This distance value
was experimentally found by moving the liquid hose out of the air spout along its longitudinal axle
through a rail in steps of 5 mm and the droplet size spectra measured in each position. Once this
maximum distance was exceeded, the spray cloud changed drastically, appearing as extremely coarse
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droplets and losing the normal distribution. The OP was set at an intermediate distance between the
AP and the XP (Figure 2b,c).

Figure 2. (a) Liquid hose positions from the inner to the outer part of spouts (green arrow): conventional
position (CP) (0 cm reference) passing through alternative position (AP), out position (OP) and extreme
position (XP). Distances (cm) from the reference position were different for (b) the cannon-type and (c)
the hand-type spouts.

2.2. Droplet Size Spectra and Airflow Speed Measurements

The droplet size spectra were measured with a Malvern Spraytec® laser diffraction system
STP5342 (Malvern Instruments Ltd., Worcestershire, UK) (Figure 3a). The instrument has a maximum
measurement frequency of 10 kHz and a measurement range of 0 to 2000 μm. The instrument includes
software (SprayTec Software v3.30, Malvern) for managing the data acquisition and charting. This
software directly acquired the droplet size parameters D50 (or Volumetric Mean Diameter, VMD), D10
and D90. It also calculated V100, the fraction of the spray with droplets below 100 μm in diameter,
which easily can be blown away by the wind according to different authors [56,57]. The droplet
homogeneity could also be drawn from the aforementioned droplet size parameters, if expressed as
the RSPAN Factor (RSF), which can be calculated as shown in Equation (1) [12,59].

RSF =
D90 − D10

D50
(1)

where RSF is dimensionless, and D90, D10 and D50 are expressed in μm.
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Figure 3. (a) Malvern Spraytech® laser diffraction system STP5342 for the measurements of droplet
size spectra and (b) Testo 400 Pitot-tube-based anemometer for the measurements of airflow speed
generated by both cannon-type and hand-type spouts.

The conventional hydraulic hollow cone nozzle Albuz® ATR lilac and the air-induction Albuz®

TVI 8001 (CoorsTek Inc., Evereux, France) both operated at 0.7 MPa pressure, were selected as reference
conventional spray technology for the comparison with the droplet size spectra investigated using the
modified pneumatic spouts. In particular, the ATR lilac nozzle is well known to produce very fine (VF)
spray quality, likewise the TVI 8001 nozzle is well known as a drift-reducing nozzle for the ultra-coarse
(UC) spray quality generated [43]. Furthermore, the Albuz® ATR lilac was studied by other authors,
and it is widely used by farmers with conventional hydraulic air-assisted sprayers both in vineyards
and orchards [60]. The droplet size spectra generated by the reference nozzle were measured using the
same laser diffraction system device described above and the methodology usually applied for the
measurements of droplet size spectra generated by hydraulic nozzles, fully detailed in Grella et al. [25].

The measurement of the airflow speed was performed with a Pitot-tube-based anemometer Testo
400 (Testo SE & Co. KGaA, Lenzkirch, Germany) (Figure 3b) at 1Hz frequency with a measurement
resolution of ±0.01 hPa, a differential pressure corresponding to 1.28 m s−1, and a measurement range
of up to +2000 hPa (571.43 m s−1). The instrument was fixed to an ad hoc support developed by the
researchers with some modifications to properly adapt it to the experiment [55]. The main advantage
of this support was the possibility to keep the air speed measurement instrument in the center of
the air spout (Figure 3b), avoiding errors that could deeply affect the measurements when holding
it manually. The modifications in the instrument were essentially aimed at an enlargement of the
holding tube to measure speed in the outermost position of the liquid hose (XP). Thus, the airflow
speeds were measured along the central axis in six positions, corresponding to 0, 5, 10, 16, 22 and 28
cm to the CP for the cannon-type spout and in five positions, corresponding to 0, 2.5, 5.0, 9.5 and 12.5
cm in a single spout for the hand-type nozzle. Preliminary trials were conducted to ensure the airflows
generated individually by the four spouts that composed the hand-type nozzle were comparable. In
each sampling position, the data were recorded for 60 s per each of the three replicates performed.

2.3. Spray Parameters, Experimental Design and Settings Used During Trials

Three different liquid flow rates (LFRs) were investigated, namely 1.00, 1.64 and 2.67 L min−1.
The intended LFR were obtained setting the liquid circuit pressure at 0.1 MPa and using the liquid flow
regulator disc (a plastic disc with calibrated holes in its perimeter) in positions 3, 5 and 7, respectively
(Table 1). As mentioned above, four HPs were tested in both pneumatic nozzle types, namely CP, AP,
OP and XP (Table 1). The intended exact positions of liquid hose, relative to the spout, were guaranteed
thanks to a support integral with the spout body (Figure 3a). Concurrently, four AS were tested, namely
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81.3, 90.0, 100.2 and 109.2 m s−1 for the cannon-type nozzle and 57.9, 64.6, 74.3 and 84.2 m s−1 for the
hand-type nozzle. The tested AS values were referred to the reference position (CP), since the increase
in spout section diameter deeply affects the decrease of AS along the spout body [55]. The intended AS
were obtained properly setting the test bench fan rotary speed to simulate real conditions during spray
application. Therefore, the main complexity was to adjust the test bench to make sure it matched the
working parameters present in a real sprayer. There are many pneumatic circuit parameters that could
be compared in both the bench and the sprayer, but the most representative and the one that ensures
an equivalency in the working conditions is the air pressure. Thus, air pressure measurements were
done to adjust both systems for every kind of pneumatic nozzle. The fully explained details of the
calibration for both cannon- and hand-type nozzles along with the calibration results can be found in
Balsari et al. [53] and Miranda-Fuentes et al. [55]. The air pressure measurements were performed
with a manometer with a measurement resolution of ±1 mm H2O, which was attached to a plastic
piece fixed to the nozzle in every case. These pieces were large enough to reach the central part of
both air spouts. The air pressure was measured for different Power Take Off (PTO) speed values in
order to match the intended AS values previously measured in the real sprayer. According to those
measurements, for laboratory trials the test bench fan rotary speeds were set at 541, 598, 663 and 720
rev min−1 for the cannon-type nozzle and at 488, 536, 609 and 677 rev min−1 for the hand-type nozzle,
respectively. The operating parameters assessed are listed in Table 1.

Table 1. Operating parameter values of the two nozzle types used in laboratory trials.

Parameter * Levels Regulation Basis Test Settings

Cannon nozzle

LFR 1.00/1.64/2.67 L min−1 Flow regulator disc Positions 3/5/7
AS 81.3/90.0/100.2/109.2 m s−1 Fan rotary speed 541/598/663/720 rev min−1

HP 0/10/22/28 cm ** Hose support CP/AP/OP/XP ***

Hand nozzle

LFR 0.84/1.33/2.07 L min−1 Flow regulator disc Positions 3/5/7
AS 57.9/64.6/74.3/84.2 m s−1 Fan rotary speed 488/536/609/677 rev min−1

HP 0/5/9.5/12.5 cm ** Hose support CP/AP/OP/XP ***

* LFR: liquid flow rate, AS: Air speed, HP: liquid hose position. ** Distance from the conventional position (CP). ***
CP: conventional position, AP: alternative position, OP: out position, XP: extreme position.

The experimental design was completely randomized, as no restrictions were present when
measuring the droplet parameters (D50, D10, D90, RSF and V100) for a given combination of values of
the independent variables (HP, LFR and AS; Table 1) in each studied pneumatic nozzle. The treatment
order was randomized to avoid possible influence of external factors not considered in the design. The
dependent variables were the droplet size parameters (i.e., D50, D10 and D90), the droplet homogeneity,
given by the RSF, and the droplet driftability, given by the V100 parameter.

The trial began with the air spout placement, and it was conducted in two steps. In the first
one, the airflow rate was established by adjusting the fan’s rotary speed to the values obtained in the
calibration [53,55]. The air speed was then measured in different positions using the Pitot tube, as
described before. In the second step, the spray was enabled, and a 30 s time was given to the system to
stabilize. Once the time had passed, the laser diffraction instrument was settled at the most appropriate
distance from the spout (50 cm in accordance to previous trials [55]), and a total of 30 measurements
were taken at 1 Hz acquisition frequency. The operational parameters (Table 1) were then combined to
test every possible combination. In total, 48 configurations were tested for each spout type, deriving
from the combination of different LFR, AS and HP. Three test replicates for each spout configuration
were done.

2.4. Data Analysis

The data were recorded by Malvern Spraytech® software, while a special macro was developed
in R-Studio [61] to automatically import and compile the data of every replication with their work
parameter combination labels. Data analysis was performed in IBM SPSS Statistics v25 [62]. Normality
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and homoscedasticity of data were checked by using Shapiro–Wilk and Levene tests (α=0.05 in both
cases). Graphs were done with the SPSS and Excel graph editor.

A three-way ANOVA test (α=0.05) was run to test the influence of the three factors (HP,
LFR and AS) on every single dependent parameter (D50, D10, D90, RSF and V100). A FREGW
(Ryan-Einot-Gabriel-Welsh F) test (α=0.05) was then applied to set the homogeneous groups.
Correlations were developed between D50 and V100 for both pneumatic nozzles tested.

The cumulative sprayed volume curves, obtained by each tested configuration together with the
reference hydraulic nozzles were compared with American Society of Agricultural and Biological
Engineers (ASABE) nozzle classifications (ASABE S572.1) [63].

3. Results and Discussion

3.1. Airflow Speed Drop Along the Spouts

The airflow speeds measured along the longitudinal axle of cannon and hand spouts are graphed
separately in Figure 4. Specifically, Figure 4a shows an important decrease in the air speed from the
inner to the outermost position for the cannon-type nozzle (about 55% in every case). Nevertheless,
this decrease was not constant along the axle, registering a slight slope between 5 and 10 cm from the
inner position and very important slopes from 16 cm on (Figure 4a). Thus, the speed decreased at a
variable rate ranging from 0 to 3.67 m s−1 cm−1. The effect of the nozzle border on the speed decrease
was noticeable: the air speed decrease was less extreme near of the spout border, becoming more
important in the 12 cm after the first 6 cm interval. This effect could be due to a border effect of air
enclosure before spreading out of the main current direction in the following sections. Concurrently,
Figure 4b shows the response of the air speed in the hand-type nozzle. The two first sections, between
the OP and the AP, kept the air speed relatively constant, with less than 10% decrease in total in the
most extreme case (677 rev min−1 of the test bench, Figure 4b). After the air spout border, there was an
abrupt decrease in the air speed, with a maximum mean value of 7.56 m s−1 cm−1 in the case of the
maximum test bench fan rotary speed.

Figure 4. Airflow speed (m s−1) measured along the longitudinal axle of the spout at different distances
(cm) from the conventional position of liquid hose (CP) at four test bench fan rotary speeds: (a)
cannon-type and (b) hand-type pneumatic nozzles. Error bars show the ± Standard Error of the Mean.
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3.2. Droplets Size Spectra Measured

The VMDs, or D50 values, distribution per liquid hose positions are shown separately by nozzle
type in Figure 5. In general, the cannon (Figure 5a) generated finer droplets than the hand-type nozzle
did (Figure 5b), with median values in their conventional insertion position of the liquid hose (CP) of
76 vs 95 μm, respectively. This fact is consistent with the observations made in previous droplet size
characterization tests [53]. Nonetheless, there was a higher capacity to proportionally increase D50
values in the cannon (265% vs 223% total increase from CP to XP, Figure 5), which makes it possible
to produce relatively similar drops in the XP in both the cannon- and hand-type nozzles (270 vs 307
μm, Figure 5). When looking at the distribution of the D50 droplets in the different tested positions,
values in the cannon spout were more homogeneously distributed than those in the hand spout. Thus,
the first nozzle generated a D50 value of 74 μm at the reference position (CP), whereas values were
112, 205 and 270 μm at AP, OP and XP positions, respectively. The last three values corresponded to
51%, 177% and 265% droplet diameter increase when compared to the reference position (CP). For the
hand-shaped nozzle, a 95 μm droplet diameter was recorded at CP. Diameters at AP (145 μm), OP (160
μm) and XP (307 μm) were 53%, 68% and 223% larger, respectively, than those recorded at CP. As it can
be seen (Figure 5), values were more heterogeneous in the hand-type nozzle (b) when compared to
the cannon ones (a). The D50 variability (shown by the interquartile rate in Figure 5) in both nozzles
increased with increasing distances from CP. This is also consistent with previous works characterizing
pneumatic sprayer droplet size, as the droplet size indicators (D50 among them) can be predicted
with linear models, which are affected by the liquid flow rate and air speed [53]. When comparing
these global results with the air speed decrease rate (Figure 5), data were consistent in the cannon-type
nozzle. Air speed decrease did not present extreme values along any of the measured sections, so a
progressive droplet size increase was expected. On the other hand, the hand-type nozzle presented
more extreme air speed decrease values, so the higher heterogeneity of data would be explained.

Figure 5. Volume Median Diameter (VMD) (μm) per liquid hose position (HP): (a) cannon-type and (b)
hand-type spouts. CP, conventional insertion of liquid hose position; AP, alternative position; OP, out
position; XP, extreme position.

3.2.1. Cannon-Type Nozzle

D50, D10 and D90 values were significantly affected by the liquid hose position (HP), the LFR and
the AS (p < 0.001, Figure 6a). In general, an increment in the droplet size can be observed for every
indicator (D50, D10 and D90) with the increase of the liquid hose insertion distance to the original
one. In this sense, moving the hose out of the spout generated an important increment in the droplet
size, as expected by taking into account the air speed decrease found in the present work (Figure 4).
This fact was also summarized in Figure 5a, where a clear increase in this parameter was found when
increasing distance. As shown in previous works, air speed and liquid flow rate play key roles on
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droplet size [53,55]. Thus, the first parameter generates a clear decrease on the drop size and the
second one behaves the opposite. Regarding D50, nearly every value obtained in the CP was lower
than 100 μm (Figure 6a). This contrasts with the case of the XP, where every value was above 200
μm. AP and OP presented intermediate responses. Maximum and minimum D50 mean values were
325 μm (with XP, minimum LFR and minimum AS) and 49 μm (with CP, minimum LFR and maximum
AS). In general, increments of D50 values were in the range 30%–94%: between 50% and 75% moving
the liquid hose position from CP to AP, between 79% and 94% when the liquid hose was shifted from
AP to OP and between 30%–43% when it was further moved to XP.

Figure 6. (a) D50 (Volume Median Diameter, VMD), (b) D10 and (c) D90 values (μm) per liquid hose
position (HP), liquid flow rate (LFR) and airflow speed (AS) for the cannon-type nozzle. Bars show the
mean ±Standard Error. CP, conventional insertion of liquid hose position; AP, alternative position; OP,
out position; XP, extreme position.

D10 values for CP resulted below 45 μm whilst the same values for XP were all above 90 μm
(Figure 6b). This fact has important practical implications because the use of pneumatic nozzle with
the liquid hose in extreme position, allows to generate a very important fraction of the spray relatively
safe from drifting, as it will be discussed in the V100 section. The maximum and minimum D10
mean values were 126 μm (in XP combined with minimum LFR and minimum AS) and 17 μm (in CP
combined with minimum LFR and maximum AS; Figure 6b). The D10 mean increase from CP to AP
ranged, in this case, from 36% to 80%. The increase range between AP and OP was 52% to 89%, whilst
the same for OP to XP was 27% to 37%. In this case, the atypical response of D10 decrease with the
LFR increase was also found in the OP (Figure 6b).

D90 values comprised a minimum value of 128 μm (in CP combined with minimum LFR and
maximum AS) and a maximum of 682 μm (in XP combined with minimum LFR and minimum AS;
Figure 6c). The CP resulted, in general, in values below 200 μm, whilst the XP yielded values above
500 μm. The mean D90 increase values were 73% from CP to AP, 101% from AP to OP and 18% from
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OP to XP. In the same way as D50 and D10, D90 values showed their highest heterogeneity in XP with
relation to the rest of positions.

3.2.2. Hand-Type Nozzle

Similarly to the cannon-type nozzle, the three studied droplet size variables in the hand-type
nozzle also depend on the HP, LFR and AS (p < 0.001). This fact is consistent with the air speed decrease
found in the hand-type nozzle (Figure 4). General droplet size interval for every tested position can be
observed in Figure 5b. Droplet size was more heterogeneous in the XP compared to that observed in
the cannon spout.

The D50 values measured for the hand-type nozzle (Figure 7a) were slightly higher than those
obtained in the cannon spout. Thus, CP resulted in D50 below 150 μm, with the minimum mean value
of 62 μm for the combination between minimum LFR and maximum AS. XP, on the other hand, resulted
in D50 values above 125 μm, with a maximum value of 407 μm for the combination of minimum LFR
and minimum AS. In this particular case, the atypical behavior already observed for the cannon was
also registered in the hand-type spout, with a decrease in the droplet size with the increase in the LFR.
There was also a considerable influence of the other two evaluated parameters (p < 10−3) on D50. In
the case of LFR, there was a positive effect on D50, whilst the opposite was found for AS, as expected
from previous works [53]. The mean D50 increase that can be found between CP and AP was 42%.
From AP to OP there was a mean increase of 39%. Last, OP to XP had a mean VMD increment of 75%.

Figure 7. (a) D50 (Volume Median Diameter, VMD), (b) D10 and (c) D90 values (μm) per liquid hose
position (HP), liquid flow rate (LFR) and airflow speed (AS) for the hand-type nozzle. Bars show the
mean ± Standard Error. CP, conventional insertion of liquid hose position; AP, alternative position; OP,
out position; XP, extreme position.

The D10 values (Figure 7b) comprised a minimum value of 23 μm for the combination of CP,
intermediate LFR and maximum AS, and 179 μm for the combination of XP, minimum LFR and
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minimum AS. The CP presented D10 values all below 50 μm, while the XP presented values above
55 μm. The mean increase in this parameter from CP to AP was 49%, from AP to OP it was 3% and
from OP to XP it was 135%.

The D90 values (Figure 7c) were all found below 280 μm in CP and above 370 μm in XP. The most
extreme values were 112 μm (for CP/min LFR/max AS) and 735 μm (for XP/min LFR/min AS). The
mean increase from CP to AP was 35%, from AP to OP it was 28% and from OP to XP it was 94%.

In general, it can be observed that the most extreme positions generated an atypical response
of the LFR on the droplet size parameters. Nevertheless, the three LFR levels did not produce great
differences in comparison with the AS ones. It could be stated that LFR had a lesser impact on droplet
size in the outermost positions of the liquid hose.

3.3. Cumulative Sprayed Volume Curves and Their Classification According to ASABE S572.1

The cumulative sprayed volume curves, obtained with cannon (Figure 8) and hand-type (Figure 9)
nozzles by testing all configurations (combination of HP, LFR and AS), compared with the American
Society of Agricultural and Biological Engineers (ASABE) nozzles classifications (ASABE S572.1) [63],
showed that an appropriate selection of pneumatic sprayer operational parameters, namely LFR and
AS, led to a limited change in the spray quality generated, varying from very fine (VF) to fine (F) in the
best cases. On the contrary, changing HP deeply affected the spray quality and reached the coarse (C)
(Figure 8) and very coarse (VC) (Figure 9) spray quality when the liquid hose was tested in the extreme
position (XP) combined with reduced AS, irrespective of LFR. Even if Balsari et al. [53] recognize
the importance of a proper selection of LFR and AS parameters in order to vary the spray quality in
conventional pneumatic sprayers, likewise it was clear that the spray quality extent change from VF to
F was not enough to guarantee environmental safeguard, despite the increased droplet size dimension.
For this reason, according to the preliminary tests performed by Miranda-Fuentes et al. [55], the HP
change along the pneumatic spouts is proven as the driving factor for changing the spray quality.
This strategy allows to achieve a range of different spray qualities comparable to that reachable with
hydraulic nozzles, which can be varied in type (conventional vs. air induction) and size [43]. Thus, at
the time of application, in both pneumatic nozzle types the selection of HP allowed to vary the spray
quality in a wide range without changing the other operational parameters selected for the application
(LFR and AS). In detail, the cumulative sprayed volume curves derived from the tested configurations
using the liquid hose in conventional position (CP) showed a droplet spectrum similar to the hydraulic
nozzles Albuz® ATR lilac used at 0.7 MPa (Figures 8 and 9) and selected as reference. Only the
hand-type nozzle tested in CP position with AS of 59.7 and 64.6 m s−1 showed a coarser spray quality,
namely fine (F), irrespective of LFR (Figure 9). On the contrary, none of the tested configurations with
both cannon- and hand-type pneumatic nozzles in XP position achieved the extra coarse (XC) spray
quality, likewise that generated by the air-induction Albuz® TVI8001 nozzles (0.7 MPa pressure) used
as reference nozzle for the coarse spray quality (Figures 8 and 9). In general, the liquid hose position
in AP and OP allowed intermediate spray quality, varying from F to M according to the LFR and AS
selected. Even when the hand-type nozzle generated averagely larger droplets than the cannon-type
did, the spray quality produced by both of them, for the same tested configuration, was very similar
(Figures 8 and 9). In practice, no substantial difference in prospective coverage of the leaves and fruits
could be noticed between the two nozzle types. In any case, the possibility to vary in a wide range the
droplet size by simply adjusting the liquid hose position gives, for the first time, the opportunity to
both farmers and technicians to match the environmental requirements, balancing at the same time
the treatment specifications for every spray application while using pneumatic spraying in vineyards.
Recently, Grella et al. [58] demonstrated through field trials that the variation in the spray quality over
the range investigated (from CP to XP) did not affect the canopy coverage, while coarser sprays (liquid
hose in AP and XP) produced greater deposits on the target. Concurrently, the use of cannon spout in
XP position significantly reduced the off-field ground losses in the downwind area.
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Figure 8. Cumulate sprayed volume (%) curves as a function of droplet size (μm) per liquid flow rate
(LFR), airflow speed (AS) and liquid hose position (HP) for the cannon-type nozzle. In each graph the
hydraulic reference nozzles hollow cone conventional ATR lilac and air-induction TVI 8001 (Albuz®)
are displayed, both operated at 0.7 MPa pressure. CP, conventional insertion of liquid hose position;
AP, alternative position; OP, out position; XP, extreme position. VF, very fine; F, fine; M, medium; C,
coarse; VC, very coarse; XC, extremely coarse; UC, ultra-coarse/unclassified; (ASABE S572.1).

Figure 9. Cumulate sprayed volume (%) curves as a function of droplet size (μm) per liquid flow rate
(LFR), airflow speed (AS) and liquid hose position (HP) for the hand-type nozzle. In each graph the
hydraulic reference nozzles hollow cone conventional ATR lilac and air-induction TVI 8001 (Albuz®)
are displayed, both operated at 0.7 MPa pressure. CP, conventional insertion of liquid hose position;
AP, alternative position; OP, out position; XP, extreme position. VF, very fine; F, fine; M, medium; C,
coarse; VC, very coarse; XC, extremely coarse; UC, ultra-coarse/unclassified; (ASABE S572.1).
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3.4. Droplet Homogeneity

Significant differences (p < 0.001) were found in both nozzles for every single variable and their
interactions. In general, it could be stated that the distance increase to the CP generates an increase in
the droplet heterogeneity (Figure 10). This result is in line with the results obtained in previous works
for the CP and the AP [55]. RSF values were slightly lower in the hand spout than in the cannon one
(1.63 vs 1.78), especially in the surroundings of the CP.

In the cannon spout, the hose position change, although statistically significant, did not generate
major differences in the mean RSF values (Figure 10a). Thus, values for every single position were near
2.00. The observed trend was a reduction in the droplet population homogeneity with the distance
increase from the CP. The increase in AS also increased the RSF in general, especially in the case of the
lower LFR in the CP (Figure 10a).

There was a much higher influence of the hose insertion position in the case of the hand spout
(Figure 10b). In this case all values were around 2.00, but with important differences among the tested
hose positions. There was a significant particularity in the hand spout case: values presented a higher
RSF in the OP than in the XP, while the opposite would have been the most predictable scenario
(Figure 10b). It should be pointed out that in this nozzle both LFR and AS had a higher impact on the
RSF than they had in the cannon spout.

Figure 10. Relative SPAN Factor (RSF) per liquid hose position (HP), liquid flow rate (LFR) and airflow
speed (AS) for both the (a) cannon-type and (b) hand-type nozzles. Bars show the mean ±Standard
Error. CP, conventional insertion of liquid hose position; AP, alternative position; OP, out position; XP,
extreme position.

The comparison between both nozzles regarding the droplet homogeneity follows a trend similar
to that observed in previous works [53]. In those, a positive influence of both LFR and AS was observed
on the RSF in both nozzles. Similarly to the present findings, the cannon spout had a higher RSF
than the hand-type one did. A marked increase in the droplet heterogeneity was also observed in the
maximum AS and minimum LFR combination (Figure 10a). This could be explained by the fact that
with a very low LFR the amount of sprayed liquid might be insufficient for the high air current to
produce an optimal water division into homogeneous droplets, thus increasing the amount of very
fine ones, altering their normal distribution and increasing the droplets heterogeneity by affecting
the kurtosis.
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3.5. Droplet Driftability

According to other authors [13,43,56,57,64], the V100 is a valuable parameter to predict spray
drift. The lower this parameter, the lower the portion of spray droplets below 100 μm and, therefore,
the predicted incidence of the spray drift. As it is displayed in Figure 11, V100 values were generally
higher for the cannon-type nozzle in the CP and AP. This trend enhanced the spray drift generation
during field spray application, as the cannon spout must spray at a longer distance from the target
than the hand one in the conventional setting used in farms (Figure 1b). Nevertheless, the present
study showed a different behavior of the two nozzle types in the droplet size spectra increase after
the AP (liquid hose out of the spout body). Thus, for OP and XP, cannon spout presented lower V100
values when compared to the hand-type one (Figure 11). This finding might be relevant for the spray
drift reduction, as it could indicate a higher interest in implementing OP and XP in the cannon spout.

Figure 11. V100 (%) per liquid hose position (HP), liquid flow rate (LFR) and airflow speed (AS) for
both the (a) cannon-type and (b) hand-type nozzles. Bars show the mean ± Standard Error. The dashed
lines represent the hydraulic reference nozzles, namely hollow cone conventional ATR lilac in red
and air induction TVI 8001 in green (Albuz®), both operated at 0.7 MPa pressure. CP, conventional
insertion of liquid hose position; AP, alternative position; OP, out position; XP, extreme position.

Indeed, in the case of the cannon-type nozzle, there was a consistent V100 reduction among
consecutive hose positions. Thus, from a mean value of 68% in CP, the V100 mean value decreased
to 8% in XP (Figure 11a). Within each liquid hose position, the combination of minimum LFR with
maximum AS and maximum LFR with minimum AS deeply affected the driftability. These settings
yielded mean V100 values of 49 ± 2% (max LFR/ min AS) and 61 ± 2% (min LFR/max AS) in CP
(Figure 10a). AP gave V100 results between 21 ± 1% (max LFR/min AS) and 64 ± 2% (min LFR/max
AS). OP resulted in a range from 10 ± 1% (max LFR/min AS) to 21 ± 1% (min LFR/max AS). Finally,
XP values ranged from 5 ± 1% (min LFR/ min AS) to 10 ± 1% (min LFR/max AS) (Figure 10a). In a
practical way, the best V100 reduction within each hose position was always achieved when the system
was operated with the maximum LFR and minimum AS, confirming the marked influence of these
operational parameters [53].

Comparing V100 values generated by pneumatic nozzles with those generated by the reference
hydraulic nozzle (Figure 11a) Albuz® ATR lilac operated at 0.7 MPa pressure (dashed red line
corresponding to V100 equal to 74%), it can be observed that similar values were obtained when
the pneumatic nozzles were used in CP and combined with the highest AS (89.6 and 97.7 m s−1).
Changing the hose position from AP to XP, all possible combinations of tested parameters reduced
the V100 level compared with the reference nozzle. This finding reflects the capability of AP, OP and
XP to generate droplet populations with a driftability similar to those produced by a wide range of
conventional hydraulic nozzles characterized by different dimensions and operated in a wide range of
liquid pressure. Specifically, the V100 values for XP were similar to those obtained using hydraulic air
induction nozzles. Indeed, the cannon-type nozzle operated in the XP position and, combined with
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the lowest AS, achieved V100 values fully comparable with those obtained with air induction nozzle
Albuz® TVI8001 (V100 equal to 4%) marked with the dashed green line in Figure 11a. The minimum
value achieved in the XP was 5%, so the droplet size can be considered similar to that of a conventional
low-drift nozzle. Considering the configurations characterized by the combination of highest AS (97.6
m s−1) and highest LFR (2.67 L min−1), the switch of HP from CP to XP determined a reduction of
V100 equal to 90%, a value fully confirmed by field trials that showed a 95% reduction in off-target
losses [58].

Regarding the hand-type spout, there was a significant reduction in V100 across the different hose
positions, turning from a mean value of 58% in CP to 9% in XP (Figure 11b). Nevertheless, there was a
low reduction between AP and OP. Indeed, the mean V100 value only decreased from 29% to 28%. The
lowest possible value in the conventional nozzle configuration was 37 ± 1% for the maximum LFR
with the minimum AS (Figure 11b). AP originated values between a maximum mean value of 53 ± 3%
(med LFR/max AS) and a minimum of 8 ± 2%. OP yielded values between 56 ±1% (min LFR/max AS)
and 16 ± 1% (max LFR/min AS). Finally, XP resulted in values from 22 ± 1% (med LFR/max AS) and
3 ± 1% (min LFR/min AS) (Figure 11b). Comparing these values with the reference nozzle Albuz®

ATR lilac operated at 0.7 MPa pressure (V100 equal to 74%), only the liquid hose in CP combined
with the highest AS generated values higher than the threshold marked with a dashed red line in
Figure 11b. Concurrently, the liquid hose in XP combined with the lowest AS was able to lower the
V100 threshold fixed by the reference air induction nozzle Albuz® TVI8001 marked with the dashed
green line in Figure 11b. The very low V100 values achieved in the last position of the liquid hose
were even lower than many of the ones reported for the hydraulic low-drift nozzles [43]. Even if the
V100 values measured in this study (74%) for the Albuz® ATR lilac operated at 0.7 MPa pressure were
higher than those obtained by Zande et al. [43] (equal to 23%), the droplet size spectra parameters
were fully in accordance with those reported by ASABE S572.1 classification, and the nozzle falls in the
same class, namely very fine (VF) [63].

As it can be drawn from Figure 12, there was a clear correlation between V100 and D50 in both
cases (p < 0.001). Determination coefficients were very similar (0.9764 and 0.9704 in the cannon-type
(Figure 12a) and hand-type (Figure 12b) nozzles), and the correlation coefficients were nearly the same
(−0.01 and −0.009). This result indicates that both nozzles have similar behavior. Moreover, this kind
of response can be expected from different pneumatic nozzles. In the case of the cannon, there was a
deviation of the regression line with high D50 values. This behavior can be expected when taking into
account the higher variability that is found in the most extreme positions of the liquid hose (Figure 12a).
A similar trend can be noticed in the hand nozzle for which a loss of fitting in the lowest D50 values
can be observed (Figure 12b).

Figure 12. Correlation between D50 (μm) and V100 (%) for all tested configurations (combination of
liquid hose insertion position (HP), liquid flow rate (LFR) and air speed (AS) for both the (a) cannon-type
and (b) hand-type nozzles.
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4. Conclusions

Following previous findings related to the droplet size increase in pneumatic spraying, a study
was carried out to check the influence of modifications in the liquid hose position with respect to the
air spout. In both tested nozzles, namely cannon and hand types, the air speed decreased consistently
from the inner to the outer part of the spout, with higher decrease outside of the spout.

Therefore, the strategy to move the liquid release hose to outer positions with respect to the
conventional one is as an effective way to substantially increase the droplet size spectra generated by
pneumatic sprayers. This effect was certified by the Volume Median Diameter (D50) increase equal to
280% for the cannon and 270% for the hand spouts just by changing the liquid hose position from the
inner to the outermost spout position. Similar results were obtained for D10 and D90. In particular, the
variation of liquid hose position from conventional to extreme out of spout position (XP) allowed to
vary the spray quality generated from very fine (VF) to coarse (C)/very coarse (VC), giving farmers a
wide range of options during the spray application. The droplet driftability, measured by the V100
parameter, decreased with the increase of the liquid hose distance from its original position. This
suggests that when the liquid hose is in the extreme outer position, the pneumatic nozzle behaves
similarly to a hydraulic drift reducing nozzle.

The findings of this study could significantly help in reducing the spray drift in pneumatic spraying
just by slightly modifying the spray nozzle, which could have important practical implications. For
the first time it is possible to design a device that gives farmers and technicians the possibility to match
the drift-reduction environmental requirements using pneumatic sprayers for 3D crops, balancing at
the same time the treatment specifications for every spray application.
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Abbreviations

AS Air speed
AP Alternative insertion position of the liquid hose in the spout
CP Conventional insertion position of the liquid hose in the spout

D10
Diameter for which a volume fraction of 10% is made up of drops
with diameters smaller than this value (expressed in μm)

D50
Diameter for which a volume fraction of 50% is made up of drops
with diameters smaller than this value (expressed in μm)

D90
Diameter for which a volume fraction of 90% is made up of drops
with diameters smaller than this value (expressed in μm)

HP Liquid hose position
LFR Liquid flow rate in the spraying circuit
OP Insertion position of the liquid hose out of the spout

RSF
Relative SPAN factor, a measure of the droplet homogeneity in the
spray population (dimensionless)

V100
Spray liquid fraction generated with droplets smaller than 100 μm
(expressed in %)

VMD Volumetric median diameter, equivalent to D50

XP
Insertion position of the liquid hose at the extreme distance out of
the spout
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Abstract: Solid Set Canopy Delivery Systems (SSCDS) are fixed agrochemical delivery systems
composed of a network of micro-sprayers/nozzles distributed in perennial crop canopies. A previous
SSCDS design composed of a 3-tier configuration using hollow cone sprayer nozzles has been
shown to provide excellent coverage and deposition in high-density apple orchards. However, the
hollow cone nozzles substantially increases the initial system installation costs. This study evaluated
the effect of irrigation micro-emitters replacement on spray deposition, coverage and off-target
drift. A micro-emitter used in greenhouse irrigation systems was duly modified to enhance its
applicability with SSCDS. After laboratory assessment and optimization of the micro-emitters, a
replicated field study was conducted to compare 3-tier SSCDS configured with either of modified
irrigation micro-emitters or traditional hollow cone nozzles. Canopy deposition and off target drift
were evaluated using a 500 ppm fluorescent tracer solution sprayed by the field installed systems
and captured on mylar collectors. Spray coverage was evaluated using water sensitive papers. The
overall canopy deposition and coverage for treatment configured with modified irrigation micro-
emitters (955.5 ± 153.9 [mean ± standard error of mean] ng cm−2 and 22.7 ± 2.6%, respectively)
were numerically higher than the hollow cone nozzles (746.2 ± 104.7 ng cm−2 and 19.0 ± 2.8%,
respectively). Moreover, modified irrigation micro-emitter SSCDS had improved spray uniformity in
the canopy foliage and on either side of leaf surfaces compared to a hollow cone nozzle. Ground
and aerial spray losses, quantified as deposition, were numerically lower for the modified irrigation
micro-emitter (121.8 ± 43.4 ng cm−2 and 0.7 ± 0.1 ng cm−2, respectively) compared to the traditional
hollow cone nozzle (447.4 ± 190.9 ng cm−2 and 3.2 ± 0.4 ng cm−2, respectively). Overall, the
modified irrigation micro-emitter provided similar or superior performance to the traditional hollow
cone nozzle with an estimated 12 times reduction in system installation cost.

Keywords: fixed spray delivery; SSCDS; spray drift; deposition; coverage

1. Introduction

The United States (US) is the third largest producer of the apple (Malus domestica) in
the world after China and European Union [1]. Total fresh market apple production in the
US in the year 2018 was 3.4 million tons with a total worth 3 billion dollars—out of which
73% was produced in Washington State (WA) [2]. Commercial apple production requires
numerous applications of agrochemicals including insecticides, fungicides, foliar nutrients,
and plant growth regulators with the most common application equipment consisting of
air-blast sprayers [3,4]. However, this technology has a high tendency to produce off-target
spray drift, defined as the movement of sprayed droplets through the air away from the
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intended target [5]. Off target spray drift has been reported as a major contributor of
environmental contamination and is among the top ten contributors causing human health
risk around the world [3,6–8].

Increasing market demand, restricted labor availability, and mechanization advances
have led to substantial modification to orchard systems with widespread transition to tall
spindle, v-trellis, and bi-axis architectures [9–12]. Such architectural changes of moving
from spherical to compact linear architectures have further intensified spray drift with
traditional sprayers with large air volumes [12,13]. Growers have adopted several modified
forms of air-assisted sprayers (e.g., vertical tower sprayer, tunnel sprayers, and electro-
static sprayers) which have demonstrated encouraging results in drift reduction. However,
equipment size, maneuvering difficulties, high operational cost, and inconsistent perfor-
mances based on canopy size are some of the reported difficulties associated with these
technologies [3,14,15]. Tractor-based sprayers also contribute to soil compaction and crop
loss due to physical impact between fruits and equipment [16,17]. Since heavy air-blast
sprayers cannot be operated on saturated soils, critical agrochemical application timings
can be missed, leading to crop loss [18]. Thus, there is a need and growing interest in the
development of efficient spraying techniques designed specifically for modern orchard
architectures. Recently, fixed spray application systems deemed Solid Set Canopy Delivery
Systems (SSCDS) have been suggested as an alternative to tractor based sprayers for high
density orchards and vineyards [12].

SSCDS have been evaluated for use in high-density apple orchards, vineyards, blue-
berries and other tree fruit systems with most of the work focusing on system development
and measurement of deposition and coverage [12,18–23]. SSCDS pest management effi-
cacy has been demonstrated for high-density apple orchards in Michigan and New York,
USA [24–26]. A pneumatic spray delivery system was developed by Sinha et al. [21] to
overcome the issue of non-uniformity in spraying associated with a hydraulic spray deliv-
ery approach. Efforts have also been made to automate the operational stages of a SSCDS
for large-scale emplacements and commercial adaptation. Ranjan et al. [27] developed an
electronic control system and a spray control unit for wireless and remote actuation of the
SSCDS variant under study.

One of the key design constraints for SSCDS is that they rely on a large number
of nozzles/micro-emitters (3000–10,400 per ha) and their placement within the canopy
considerably affect the spray deposition and coverage [18,20,28]. For example, while
a shower down configuration with a single nozzle atop each tree was reported as the
simplest and most economical configuration, it provided reduced spray deposition in
lower canopy regions and underside of leaves [22]. Another SSCDS configuration with
hollow cone nozzles installed in a 3-tier (6 nozzles per tree) provided higher levels and
more consistent spray deposition and coverage in a high-density apple orchard [28], but can
cost prohibitive at approximately $208,000 ha−1 (10,400 nozzle-assembly ha−1 at average
$20 nozzle-assembly−1). The low-cost micro-emitters used in greenhouse irrigation may
be an encouraging alternative to these nozzles. However, the spray attributes of such
micro-emitters are not favorable for pesticide application in their current design. Therefore,
this study evaluated the performance of a SSCDS with irrigation micro-emitters modified
to mimic the spray attributes of a hollow cone nozzle. The specific objectives were to:

1. Design and evaluate a low-cost irrigation micro-emitter that mimics performance of a
higher cost hollow cone nozzle.

2. Determine and compare the deposition, coverage, and off target drift performance of
3-tier SSCDS configuration that utilizes either modified irrigation micro-emitters or
traditional hollow cone nozzles.

2. Materials and Methods

2.1. Micro-Emitter Modification

An impaction-style micro-emitter used in both greenhouse irrigation systems (model:
Modular 7000, Jain Irrigation Inc., Fresno, CA, USA) and in previous SSCDS proof of
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concept experiments [22] was selected for modification (Figure 1a). Such micro-emitters
consist of a static impaction plate which atomizes the columnar spray jet in a radial pattern
with a large cone angle (150◦) and wetted diameter (2100 mm), and marginal vertical throw
(320 mm) (Figure 1b). The factory impaction plate has a toothed design (Figure 1a) that
tends to coarsen the spray and direct it into non-uniform radial “rays” of spray. This
creates a wide statistical span in the droplet spectra and irregular deposition. While this is
desirable for irrigation to mitigate evaporation, finer droplets with a narrower span are
desired for canopy applications.

 

(b) (c) (a) 

(e) (d) 

Figure 1. An off-the-shelf (a) micro-emitter with (b) a larger cone angle and wetted diameter, and a marginal vertical throw
customized to (c) modified irrigation micro-emitter with (d) impactor plate concavity of 50◦ to acquire (e) a smaller cone
angle and wetted diameter, and a higher vertical throw (not drawn to scale; all linear dimensions are in mm).

Through preliminary lab trials, it was hypothesized that increasing the static impactor
plate concavity could reduce the cone angle of the spray, subsequently reducing the wetted
diameter. Moreover, on vertically inverted placement of micro-emitter as depicted in
Figure 1b, pertinent customization could increase the vertical throw of micro-emitters.
Such modifications were critical to restrict the spray swath within the canopy, i.e., reduce
off-target spray movement and increase in canopy deposition. Eliminating the teeth in
the factory impaction plate and using a smooth-edged design also reduced the droplet
spectrum, potentially improving in-canopy coverage. Thus, the static impactor plate of
selected irrigation micro-emitter was modified with smooth edges and concavity ranging
from 20–60◦ in an increment of 5◦. The modified impactor plate was fixed to the micro-
emitter assembly and evaluated in the lab. A randomly selected modified and non-modified
micro-emitter was operated at 310 kPa, and a portable projector curtain was stationed
in the background for imaging. A measuring scale was attached to the background for
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dimension referencing. The Red-Green-Blue images of the spray flux were captured using a
visible-infrared sensor (model: Duo Pro R, FLIR Systems, Inc., Wilsonville, OR, USA) from
a distance of 2 m and was analyzed in ImageJ (open source) software to evaluate the cone
angle, vertical throw, and wetted diameter. The trial results indicated that a static spreader
with 50◦ concavity (Figure 1d) was optimal to achieve the desired spray pattern with
enhanced vertical throw and reduced wetted diameter (Figure 1c,e). Thus, the micro-emitter
with modified static spreader (hereafter termed as ‘modified irrigation micro-emitter’)
was selected for field evaluation in a SSCDS configuration. Additionally, the droplets
of the micro-emitters/nozzles were characterized using a droplet size analyzer (model:
VisiSize 15, Oxford Lasers Ltd., Didcot, Oxon, UK). The spray flux was passed through
the optical sensing zone of the analyzer. The analyzer was set to analyze 1000 droplets,
and the volume mean diameter (DV0.5) corresponding to the micro-emitter/nozzle were
evaluated. The droplet spectrum was classified based on the Dv0.5 values as per ASABE
S572.3 standard [29].

2.2. Field Trials
2.2.1. SSCDS Spray Application System

A pneumatic spray delivery based SSCDS consisting of an applicator and a canopy
delivery system (Figure 2) was selected for field trials [21]. Pertinent details regarding
the applicator sub-systems with on-board pump, air-compressor, and spray tank can be
found in Sinha et al. [18]. The canopy delivery sub-system consists of spray lines (main
and return; φ = 2.54 cm), reservoir, and nozzle/micro-emitter assembly. Spray lines (main
and return) were mounted on the existing orchard trellis wires at 1.4 m and 0.6 m above
ground level, respectively, using poly hose trellis wire clips (φ = 2.54 cm, model: A32H, Jain
Irrigation Inc., Fresno, CA, USA). The spray lines were connected in a loop and had manual
flow control valves installed at the end of the loop. The reservoirs were mounted on the
return line at an interval of 1.8 m. Each reservoir consisted of an inlet port, a bleed valve, a
liquid column, an outlet port, a float, a diaphragm check valve, a nozzle supply column,
pair of nozzle feed line, and an auto drain valve (Figure 2). These micro-emitters/nozzles
were connected with the nozzle feed line of the reservoir using PE tubing (φ = 0.6 cm). The
details of the micro-emitters/nozzles used in the two treatments are provided in Table 1.

The pneumatic spray delivery system has 3 operational stages, namely charging,
recovery, and spraying/cleaning. In the charging stage, the reservoirs are filled with the
spray mix using a hydraulic pressure of around 100 kPa through the main line. During
recovery, the excess spray mix from the spray lines are recovered back to the spray tank
using compressed air at 100 kPa through the return line. At this point, only the reservoirs
contained spray mix and the contained volume was equivalent to one third of the appli-
cation rate (234 L ha−1). A diaphragm check valve (cracking pressure = 207 kPa) in the
reservoir restricted any flow of spray mix through emitters during charging and recovery.
After recovery, the spray mix contained in the reservoirs was sprayed under a pneumatic
pressure of about 310 kPa. Once the spraying is complete, the auto drain valve in the
reservoir opens to drain the residual volume onto the soil and cleaning is achieved.
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Figure 2. The schematics of tested pneumatic spray delivery based SSCDS with an applicator and canopy delivery system
configured with (a) modified irrigation micro-emitter or (b) hollow cone nozzle in 3-tier arrangement (diamond shape with
solid blue fill represents micro-emitter/nozzle).
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Table 1. Specification of emitters tested in this study.

Emitter Model Manufacture Spray Pattern Flow Rate (L min−1) Cost (USD $/Unit)

Modified
micro-emitter Modified Jain Irrigation Inc. Hollow cone 0.9 1.5

Hollow cone nozzle TXVS12 TeeJet Technologies Hollow cone 0.8 20.0

2.2.2. Treatment Details

Treatment T1, or ‘irrigation micro-emitter treatment’, was SSCDS configured with
modified micro-emitters (Figure 2a) installed in a 3-tier arrangement (i.e., 3 micro-emitters
per tree) (Table 1). The micro-emitters were installed between two trees on the existing
orchard trellis wires at 1.0 m, 1.8 m and 2.6 m above ground level using the self-locking
zip tie wire. Installation insured that the spray was directed upward into the canopy
and provided spray coverage to one-third of the tree canopy. Sinha et al. [18] observed
that directing spray upward into the canopy was critical to achieve spray coverage and
deposition on abaxial leaf surfaces. The treatment T2 or ‘hollow cone nozzle treatment’
was also a pneumatic spray delivery based SSCDS, with emitter arrangement similar to
T1. However, the micro-emitters were substituted with a pair of off-the-shelf hollow cone
nozzles (TXVS12, TeeJet Technologies, Wheaton, IL, USA) connected to the spray line using
a Y shaped quick-connect adapter (adapter: QJ90–2–NYR, nozzle body: QJ98590, TeeJet
Technologies, Wheaton, IL, USA), with two mirrored spray outlets at 45◦ (Figure 2b). The
quick-connect adapters were secured at each location (i.e., 1.0 m, 1.8 m and 2.6 m above
ground level) to a PVC support pipe (φ = 1.3 cm) which was installed midway between
two trees.

2.2.3. Study Site and Experimental Plot Layout

The spray trials were conducted in an apple orchard (cv. Cosmic Crisp) planted on
M9-NIC29 rootstock in year 2013 and was trained in a tall spindle architecture. The research
orchard was located in Roza Farm (46.29◦ N, 119.73◦ W) of Washington State University.
The planting density of the experimental plot was 4284 tree ha−1 with an inter-row spacing
of 3 m, plant to plant distance of 0.9 m, and mean tree height of 3 m.

A set of 11 apple trees planted between two wooden posts, positioned 10 m apart
(hereafter termed as blocks), were designated for the system installation. Out of the
35 blocks in the experimental orchard, 6 were randomly selected for the spray trials and, in
each of the blocks, a 10 m long pneumatic spray delivery based SSCDS was installed with
modified micro-emitters or hollow cone nozzles in a 3-tier arrangement. Three blocks were
treated with a modified irrigation micro-emitter (T1), while the other three blocks were
treated with a hollow cone nozzle SSCDS (T2) (Figure 3). To ensure that the two treatments
did not interact, the treatment specific spray trials were conducted on two different dates
(i.e., T1: 22 July 2019 and T2: 24 July 2019). On a given day, three replicate trials were
conducted within 45 min of time window.
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Figure 3. The schematics of experimental plot (not drawn to the scale). The dotted red boxes indicate
the blocks treated with irrigation micro-emitter (T1), the solid blue boxes indicate the blocks with
hollow cone nozzle treatment (T2), and the circular dots represents the sampled trees within a block.

2.2.4. Experimental Design
Spray Deposition and Coverage Evaluation

The spray trials quantified spray deposition and coverage following a randomized
split-split plot design. Mylar cards (size: 5.1 × 5.1 cm, Stark Boards, CA, USA) and water
sensitive papers (WSP) (size: 2.5 × 2.5 cm, Syngenta Crop Protection Inc., Greensboro, NC,
USA) were used to quantify spray deposition and coverage, respectively (Figure 4). The
spray deposition was enumerated by evaluating the amount of active ingredient deposited
on the unit area of the mylar card (ng cm−2). The spray coverage was defined as the
percentage area of the WSPs stained by the spray mix. Three trees were randomly selected
from the treatment blocks (Figure 3), and the sampling trees were divided into east and
west canopy sides. The canopy was further divided in three zones (bottom: 0.6 to <1.4 m,
mid: 1.4 to <2.2 m and top: 2.2 to 3.0 m) that resulted in six sampling zones per tree
(top-east, top-west, mid-east, mid-west, bottom-east, and bottom-west) (Figure 4e). In
each of the sampling zones, two leaves were randomly selected to install mylar card and
WSP samplers. The samplers were installed in each of the canopy zones by clamping them
onto the adaxial and abaxial leaf surfaces using customized alligator clips. The active
surface of WSPs were oriented upward and downward at adaxial and abaxial leaf surfaces,
respectively (Figure 4d). A total of 108 mylar cards and WSP samplers (3 blocks × 3
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trees/block × 2 sides/tree × 3 zones/side × 2 leaf surface/zone × 1 sampler/leaf surface)
were collected for each treatment under study.

(a) (b) (c) 

(e) 
(d) 

Figure 4. The field installation of (a) modified irrigation micro-emitter and (b) off-the-shelf nozzle utilized for respective
SSCDS treatments, and the deposition and coverage analysis of the tested treatments with help of the (c) mylar card and the
(d) water sensitive paper samplers installed in (e) three canopy zones on east and west side (top-east, top-west, mid-east,
mid-west, bottom-east, and bottom-west).

Off-Target Spray Losses

Off-target spray losses were assessed in line with the randomized plots of canopy
evaluations. Run-off and drift deposited on the ground and losses in the air were evaluated
based on the schematic depicted in Figure 5. Sub-tree run-off includes the spray deposited
underneath the trees because of the spray droplets settled to the tree bottom under gravity,
rebounded droplets from the canopy and run-off due to canopy saturation. The run-off
was evaluated with mylar card samplers (size: 5.1 × 5.1 cm) installed on a wooded block
(size: 10 × 10 cm) placed below the replicate trees. Similarly, the downwind mid-row
ground drift losses were evaluated using mylar card samplers located at a distance of 1.5,
4.5 and 7.5 m from the block being sprayed (Figure 5). The aerial drift losses were assessed
by evaluating the tracer deposition above the tree canopy downwind to the block being
sprayed. A customized PVC mast was utilized to hold mylar card samplers at a height of
3.3, 3.6 and 3.9 m above ground level. Two masts, carrying three samplers, were positioned
3 and 6 m downwind to evaluate the aerial drift losses (Figure 5). In addition to mylar
card samplers, WSP samplers (size: 2.5 × 2.5 cm) were also installed at each of the drift
quantification location to cross verify any contamination of mylar card samplers while
handling and analysis [21].

50



Appl. Sci. 2021, 11, 709

 
Figure 5. The off-target drift sampler layout (schematic not drawn on the scale) with ground samplers consists of a mylar
card and water sensitive paper (WSP) kept on a wooden block beneath the tree and in the mid-row alley at a distance of
1.5 m, 4.5 m and 7.5 m away from the treated canopy. Three replicates of aerial drift samplers fixed on PVC mast at 3 m and
6 m downwind with mylar cards and WSPs fixed at a height of 3.3 m, 3.6 m and 3.9 m above the ground level (* distance
measured above ground level).

2.3. Data Collection Protocol

A 500 ppm solution of Pyranine, a biodegradable fluorescent tracer (10G®, Keystone
Inc., Chicago, IL, USA) was prepared with tap water. The spray mix was agitated thor-
oughly to create a homogeneous solution. Tank samples were collected pre- and post-
spraying to monitor any change in tracer concentration during spraying and subsequent
normalization of field samples [20].

The mylar cards and WSP samplers were installed in respective sampling zones prior
to spray application as discussed in the Section 2.2.4. Since the pneumatic spray delivery
based SSCDS used in this study was designed for 234 L ha−1, the system was operated
three times to obtain an application rate of 702 L ha−1. The operating pressure during
spraying stage was set at 310 kPa [21,22]. A pair of thin film pressure transducer (model:
1502B81EZ100psiG, PCB Piezotronics Inc., Depew, NY, USA) coupled with a data logger
(model: CR1000, Campbell Scientific, Logan, UT, USA) was installed at 1.5 and 22 m away
from the inlet port to log pressure data at 1 Hz. Additionally, an all-in-one weather station
(model: ATMOS 41, METER Group, Inc., Pullman, WA, USA) coupled with a data logger
(model: CR1000, Campbell Scientific, Logan, UT, USA) was installed at a height of 1 m
above the canopy (ISO 22522, 2007) (Table 2) to monitor the in-field weather parameters.
The weather parameters were logged at 0.2 Hz.

After spraying, the mylar card and WSPs samplers were allowed to dry for 15 min
and collected and stored according to protocol described in Sinha et al. [20,22].
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Table 2. Weather parameters recorded during the field data collection.

Treatment Date Trial

Weather Parameters (Mean ± Std. Dev.)

Wind Speed
(m s−1)

Wind
Direction (◦) *

Air Temperature
(◦C)

Relative
Humidity (%)

Irrigation
micro-emitter

22 July 2019
1 1.0 ± 0.2 297.3 ± 13.6 18.7 ± 0.4 44.8 ± 1.5
2 0.7 ± 0.2 219.0 ± 27.9 19.4 ± 0.1 48.4 ± 0.4
3 0.6 ± 0.3 216.7 ± 37.0 21.0 ± 0.2 49.2 ± 1.0

Hollow cone
nozzle

24 July 2019
1 1.2 ± 0.6 271.1 ± 20.8 14.1 ± 0.1 57.1 ± 0.6
2 0.9 ± 0.4 254.4 ± 32.8 15.8 ± 0.1 57.3 ± 1.1
3 1.4 ± 0.4 218.9 ± 18.9 17.2 ± 0.2 50.8 ± 0.4

* Reported with reference to true north and the tree rows were oriented north–south.

2.4. Data Analysis

The mylar cards and WSP samplers were analyzed using fluorometry analysis and image
processing, respectively. The analysis was conducted in accordance with Sinha et al. [23] to
estimate the tracer deposition per unit area (ng cm−2) (hereafter termed as ‘deposition’) on
the mylar card and spray coverage (%) (hereafter termed as ‘coverage’) on the WSP samplers.

The deposition and coverage data were analyzed in R studio (2017, version: 3.4.1) [30].
The datasets were cube root transformed for normalization. The transformed data were
analyzed using a 2 × 3 × 2 factorial analysis of variance (ANOVA) with treatment (modified
irrigation micro-emitter and hollow cone nozzle SSCDS), canopy zone (top, mid, and
bottom), and leaf surface (adaxial and abaxial) as fixed factors. A Tukey Honest Significance
Difference (HSD) post-hoc test was performed for multiple comparisons. The coefficient of
variation (CV) in spray deposition along the leaf surface was evaluated to assess the spray
uniformity for the tested treatments. Separate ANOVA models were run for the sub-tree
run-off, mid-row ground, and aerial drift with deposition and coverage as the response
variables. Pertaining to this, the treatments (modified irrigation micro-emitter and hollow
cone nozzle SSCDS), downwind ground sampler distance (1.5 m, 4.5 m and 7.5 m), and
aerial sampler height above the ground (3.3, 3.6 and 3.9 m) were used as a fixed factor. A
confidence level of 95% was considered in all analyses.

3. Results

3.1. Spray Droplet Characterization

The customization of the micro-emitter resulted in reduced cone angle and wetted pa-
rameter and enhanced vertical throw for modified irrigation micro-emitter (concavity = 50◦,
cone angle = 95◦, vertical throw = 640 mm and wetted diameter = 1520 mm) (Figure 1c,e)
compared to the original micro-emitter (cone angle = 150◦, vertical throw = 320 mm and
wetted diameter = 2100 mm). Furthermore, modified micro-emitters produced a medium
droplet size spectrum (DV0.5 = 256.2 μm), while a hollow cone nozzle resulted in a fine
droplet size spectrum (DV0.5 = 130.9 μm) (Table 3). The pressure data indicate a marginal
drop of 2 kPa between the main inlet and return outlet for both treatments. Such a small
pressure drop eliminates the chances of variation in droplet characteristics due to reduction
in pressure along the spray line.

Table 3. The volumetric droplet size distribution of the modified irrigation micro-emitter and hollow cone nozzle.

Emitter
Volume Percentile Diameter (μm) #

Category *
DV0.1 DV0.5 DV0.9

Modified micro-emitter 134.6 256.2 416.8 Medium
Hollow cone nozzle 72.5 130.9 360.9 Fine

# Reported volume percentile diameter at a pressure of 310 kPa, * Droplets have been categorized based on DV0.5 as per ASABE S-572.3
standard [29].
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3.2. Canopy Deposition

There were no significant differences in deposition for the main effects of SSCDS treatments
(F1,108 = 0.49, p = 0.48), canopy zones (F2,72 = 0.23, p = 0.79) nor leaf surface (F1,108 = 1.14, p = 0.29)
(Table 4) from ANOVA. Likewise, no significant interaction effects were detected. Although not
significant, the modified irrigation micro-emitter treatment provided numerically higher overall
spray deposition (955.5 ± 153.9 ng cm−2) (mean ± standard error of mean [SEM]) compared to
the hollow cone nozzle SSCDS (746.2 ± 104.7 ng cm−2) (Figure 6).

Table 4. ANOVA of cube root transformed canopy deposition data.

Variables df MS F p

Main plot
Block 2 34.53

Treatment 1 7.46 0.49 0.48
Error (a) 1 97.21

Canopy zone 2 3.56 0.23 0.79
Leaf surface 1 17.34 1.14 0.29

Treatment × Canopy zone 2 23.07 1.52 0.22
Treatment × Leaf surface 1 1.51 0.1 0.75

Canopy zone × Leaf surface 2 20.12 1.32 0.268
Treatment × Canopy zone × Leaf

surface 2 4.12 0.27 0.76

Error (b) 192 15.2

3.2.1. Canopy Zone Level Deposition

ANOVA indicates non-significant differences in spray deposition among the canopy
zones for both SSCDS treatments (Table 4). Moreover, there was no significant inter-
action effect between treatments and canopy zones. The bottom zone deposition for
modified irrigation micro-emitter treatment i.e., T1 (1630.5 ± 401.1 ng cm−2) was the
highest followed by the bottom zone deposition for hollow cone nozzle treatment i.e.,
T2 (1022.3 ± 209.2 ng cm−2) (Figure 6a). The least spray deposition was reported for the
top canopy zone in treatment T1 (493.1 ± 117.6 ng cm−2) and was significantly differ-
ent than bottom zone deposition of corresponding treatment. These results indicate that
similar deposition in different canopy zones may be achieved with modified irrigation
micro-emitter SSCDS.

3.2.2. Leaf Surface Level Deposition

Spray deposition data collected at samplers installed on abaxial and adaxial surface
of the leaves revealed that there was no significant difference in spray deposition on
either surface of leaves regardless of the SSCDS treatments. Moreover, there was no
significant interaction between treatment and leaf surface (Table 4). The highest spray
deposition was reported for adaxial leaf surface treated with modified irrigation micro-
emitter i.e., T1 (1112.3 ± 242.2 ng cm−2) followed by hollow cone nozzle SSCDS i.e., T2
(914.5 ± 167.1 ng cm−2) (Figure 6b). The abaxial deposition in T1 (798.7 ± 190.1 ng cm−2)
was also numerically higher than T2 (577.9 ± 123.4 ng cm−2). Nevertheless, the differences
were not significant with an HSD test. Furthermore, the CV in spray deposition on the leaf
surfaces for T1 and T2 were 23.2% and 31.9%, respectively.
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(a) (b) 
Figure 6. Mean spray deposition evaluated at (a) different canopy zones and (b) leaf surfaces for modified irrigation
micro-emitter (T1) and hollow cone nozzle (T2) treatment. Different lowercase letters above individual bar plots indicate
significance of mean differences in transformed data at 5% level and associated error bars indicate standard error; non-
transformed deposition (ng cm−2) values are presented.

3.3. Canopy Coverage

There was no significant difference in coverage corresponding to the SSCDS treatment
(F1,108 = 1.2, p = 0.27) and canopy zones (F2,72 = 0.36, p = 0.70) (Table 5) as main effects.
On the contrary, a significant coverage difference was reported between the leaf surfaces
(F1,108 = 8.91, p = 0.02). Furthermore, there was no significant interaction between SSCDS
treatments, canopy zones, and leaf surfaces. Overall, modified irrigation micro-emitter had
numerically higher canopy coverage (22.7 ± 2.6%) compared to hollow cone nozzle SSCDS
(19.0 ± 2.8%).

Table 5. ANOVA result of cube root transformed canopy coverage data.

Variables df MS F p

Main plot
Block 2 0.04

Treatment 1 2.00 1.20 0.27
Error(a) 1 9.85

Canopy zone 2 0.60 0.36 0.70
Leaf surface 1 1.00 8.91 0.02

Treatment × Canopy zone 2 3.30 1.99 0.14
Treatment × Leaf surface 1 2.24 1.35 0.24

Canopy zone × Leaf surface 2 0.42 0.25 0.78
Treatment × Canopy zone × Leaf

surface 2 0.68 0.41 0.66

Error(b) 192 1.66

3.3.1. Canopy Zone Level Coverage

There was no significant difference in spray coverage among canopy zones regardless
of the SSCDS treatments (Table 5). Moreover, no significant interaction was reported
between canopy zone and SSCDS treatment. The bottom zone coverage of modified
irrigation micro-emitter treatment i.e., T1 (34.6 ± 5.3%) was highest followed by bottom
zone coverage of hollow cone nozzle treatment i.e., T2 (26.0 ± 5.7%) (Figure 7a). Moreover,
top zone coverage of T1 (15.5 ± 3.9%) was significantly lower than bottom zone coverage.
The least canopy coverage was reported for mid zone canopy coverage of treatment T2
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(15.3 ± 3.9%). Furthermore, unlike T1, the differences in bottom and top zone coverage
(15.8 ± 4.0%) for T2 were statistically non-significant.

(a) (b) 
Figure 7. Mean spray coverage assessed at different (a) canopy zones and (b) leaf surfaces for modified irrigation micro-
emitter (T1) and hollow cone nozzle (T2) treatments. The lowercase letters above individual bar plots indicate the significance
of mean differences in transformed mean at 5% level and associated error bars indicate standard error; non-transformed
coverage (%) values are presented.

3.3.2. Leaf Surface Level Coverage

There was a significant difference in abaxial and adaxial sample coverage for both
SSCDS treatments (Figure 7b). However, interaction effect between treatment and surface
was not significant (Table 5). The adaxial leaf surfaces of the canopies treated with modified
irrigation micro-emitter (T1) received the highest spray coverage (31.7 ± 3.9%) followed by
the adaxial leaf surfaces (28.2 ± 4.3%) of hollow cone nozzle SSCDS (T2) treated canopies.
Moreover, abaxial coverage for T1 (13.7 ± 3.0%) and T2 (9.9 ± 3.2%) was significantly
lower than corresponding adaxial coverage. Further analysis indicates that the CV in spray
coverage among the leaf surfaces for T1 and T2 were 55.9% and 68.1%, respectively.

3.4. Off-Target Drift Losses
3.4.1. Ground Run-Off and Drift Losses

There was no significant difference in deposition for sub-tree run-off obtained from
modified irrigation micro-emitter i.e., T1 (1720.6 ± 289.3 ng cm−2) and hollow cone nozzle
treatment i.e., T2 (1785.3 ± 435.6 ng cm−2) (Table 6). Moreover, the percent of applied
active ingredient lost underneath the tree for T1 (45.3%) was marginally lower than T2
(47.4%). The analysis of coverage samplers exhibited similar results. The treatment T1 and
T2 had a coverage of 36.9 ± 5.7% and 35.3 ± 7.6%, respectively.

Mid-row ground drift deposition data collected at 1.5, 4.5 and 7.5 m downwind
indicate that mean ground deposition for modified irrigation micro-emitter treatment, i.e.,
T1 (121.8 ± 43.4 ng cm−2), was numerically lower than hollow cone nozzle SSCDS, i.e.,
T2 (447.4 ± 190.9 ng cm−2) (Table 7). However, the difference among them were non-
significant. Additionally, the percent of applied active ingredient lost to the ground drift for
T1 (3.2 %) was considerably lower than T2 (20.8%). Furthermore, T1 had significantly lower
mid-row ground deposition (364.4 ± 85.3 ng cm−2) at 1.5 m downwind distance compared
to T2 (1306.9 ± 465.3 ng cm−2) (Figure 8a). The measured mid-row ground deposition at
4.5 and 7.5 m downwind for treatment T1 was also lower than T2; however, the difference
was not significant. Similar trends were observed for the analysis of coverage samplers.
The mean coverage corresponding to T1 (4.8 ± 1.7%) was lower than T2 (20.5 ± 6.2%);
however, the difference was not significant (Table 7). Likewise, the coverage observed at

55



Appl. Sci. 2021, 11, 709

1.5 m downwind distance for treatment T1 (14.3 ± 3.3%) was significantly lower than T2
(61.0 ± 8.0%) (Figure 8b).

Table 6. Mean sub-tree run-off evaluated for tested treatments.

Off-Target Loss Treatment
Deposition (ng cm−2) *

[Run-Off (%)] # Coverage (%) *

Run-off
T1 1720.6 ± 289.3 a

[45.3] 36.9 ± 5.7 A

T2 1785.3 ± 435.6 a

[47.4] 35.3 ± 7.6 A

* Transformed data were used for statistical analysis; presented data are non-transformed values in (mean ± SEM)
format; different lowercase and uppercase letters represent the differences (significant or not significant) in
transformed mean at α = 0.05; # The values in the square bracket represents the percent of applied active
ingredient lost underneath the tree.

Table 7. Mean mid-row ground drift losses evaluated for tested treatments.

Off-Target Losses Treatment
Deposition (ng cm−2) *

[Ground Drift (%)] # Coverage (%) *

Mid-row ground drift T1 121.8 ± 43.4 a

[3.2] 4.8 ± 1.7 A

T2 447.4 ± 190.9 a

[20.8] 20.5 ± 6.2 A

* Transformed data was used for statistical analysis; presented data are non-transformed values in (mean ± SEM)
format; different lowercase and uppercase letters represent the differences (significant or not significant) in
transformed mean at α = 0.05; # The values in the square bracket represents the percent of applied active
ingredient drifted on the ground. The lowercase and uppercase letters in superscript indicates the significant
differences in transformed mean at α = 0.05.

(a) (b) 
Figure 8. Mean mid-row ground (a) deposition and (b) coverage assessed at 1.5 m, 4.5 m and 7.5 m downwind for tested
SSCDS treatments (i.e., T1 and T2). The lowercase letters above the line markers indicate the significant differences in
transformed mean at α = 0.05 and associated error bars indicate standard error; presented values are non-transformed
mid-row ground deposition (ng cm−2) and coverage (%).
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3.4.2. Aerial Drift Losses

Mean aerial deposition for modified irrigation micro-emitter i.e., T1 (0.7 ± 0.1 ng cm−2)
was significantly lower than hollow cone nozzle SSCDS treatment, i.e., T2 (3.2 ± 0.4 ng cm−2)
(Table 8). Additionally, the percent of applied active ingredient lost to the aerial drift was
negligible for both treatments (0.02, and 0.08% for T1 and T2, respectively). Similar aerial
deposition trends were observed at 3 and 6 m downwind (Figure 9a). Additionally, the
deposition evaluated at various sampling heights (i.e., 3.3, 3.6, and 3.9 m above ground
level) for treatment T1 (1.0 ± 0.5, 0.6 ± 0.3, 0.4 ± 0.2 ng cm−2, respectively) was significantly
lower than T2 (3.9 ± 1.0, 2.8 ± 0.9, 2.9 ± 0.9 ng cm−2, respectively) (Figure 9b). However,
the sampling height did not significantly affect the aerial deposition for a particular SSCDS
treatment. Analysis of coverage samplers indicated that there was negligible mean aerial
coverage (<0.1%) for both the treatments.

Table 8. Mean aerial drift losses evaluated for tested treatments.

Off-Target Loss Treatment
Deposition (ng cm−2) *

[Aerial Drift (%)] # Coverage (%) *

Aerial drift
T1 0.7 ± 0.1 b

[0.02]
0.0 ± 0.0 A

T2 3.2 ± 0.4 a

[0.08] 0.0 ± 0.0 A

* Transformed data was used for statistical analysis; presented data are non-transformed values in (mean ± SEM)
format; different lowercase and uppercase letters represent the differences (significant or not significant) in
transformed mean at α = 0.05; # The values in the square bracket represent the percent of applied active ingredient
drifted into the air; The lowercase and uppercase letters in superscript indicates the significant differences in
transformed mean at α = 0.05.

(a) (b) 

Figure 9. Mean aerial deposition observed at (a) 3 m and 6 m downwind and (b) 3.3 m, 3.6 m and 3.9 m above ground level
for tested SSCDS treatments (i.e., T1 and T2). Different lowercase letters above individual bar plots indicate the differences
(significant or not significant) in transformed mean at α = 0.05 and associated error bars indicate standard error; presented
values are non-transformed mean ground deposition (ng cm−2).

4. Discussion

The study results indicate that the SSCDS configured modified irrigation micro-
emitters resulted in comparable canopy deposition and coverage against that of hollow
cone nozzles. The modified irrigation micro-emitter configured treatment resulted in 28.0%
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and 19.5% higher mean spray deposition and coverage, respectively, compared to hollow
cone nozzle configured SSCDS treatment. Despite a considerable numerical difference in
deposition and coverage between the modified irrigation micro-emitter and hollow cone
nozzle SSCDS treatment, the corresponding difference was statistically non-significant, per-
haps due to high variability in deposition and coverage data and a relatively small number
of samples. Such variability is very typical in agrochemical application scenarios [20,31,32]
and could be reduced by increasing the number of replicates in the experiment. The bottom
zone deposition and coverage for both the tested treatments were highest compared to the
other sampling zones. The spray droplets that missed the target and spray run-off from the
top and mid canopy zone, settled to the bottom, would have resulted in a higher deposition
in later zone. The modified irrigation micro-emitter treatment resulted in 59.4% and 33.1%
higher bottom zone deposition and coverage, respectively, compared to the hollow cone
nozzle treatment. Similarly, mid zone deposition and coverage was higher than the hollow
cone nozzle treatment.

Micro-emitter modification also improved the leaf surface deposition and coverage.
The abaxial and adaxial deposition of modified irrigation micro-emitter treatment were
38% and 21.6% higher than hollow cone nozzle treatment, respectively. Likewise, the
modified treatment had 38.3% and 12.4% higher abaxial and adaxial coverage compared
to hollow cone nozzle treatments. Additionally, modified SSCDS treatment resulted in
lower CV in spray deposition and coverage between the abaxial and adaxial leaf surfaces.
Results indicate that the micro-emitter modification also augmented the leaf level spray
uniformity. Previous SSCDS configuration test studies have reported that shower down
arrangement with only one nozzle/micro-emitter atop tree canopy was the simplest and
the most economical SSCDS configuration [20,22]. However, poor bottom zone and abaxial
leaf surface deposition were perceived as a major constraint with such configuration [33].
The presented 3-tier configured SSCDS with modified emitters indicates a substantial
increase in the bottom zone and abaxial leaf surface deposition and coverage. Furthermore,
the modified SSCDS configuration uses a low-cost micro-emitter (1.5 $/unit) (Table 1) that
assisted in reducing the system installation cost by ~12 times, compared to expensive off-
the-shelf hollow cone nozzles (20 $/unit) configured SSCDS. Such cost savings is expected
to improve its economic viability.

The off-target drift data trends indicate that the modified irrigation micro-emitter
treatment (T1) had numerically lower aerial, ground run-off and drift losses compared
to treatment configured with hollow cone nozzle (T2). The adjacent mid-row ground
deposition and coverage evaluated at 1.5 m downwind were, respectively, 258.5% and
326.5% lower for the modified micro-emitter treatment. Likewise, overall mean mid-row
ground deposition and coverage in the modified treatment were 267.3% and 327% lower
than hollow cone nozzle treatment. A similar trend was observed for downwind aerial drift.
The aerial deposition for T1 recorded at 3 m and 6 m downwind was, respectively, 298%
and 373% lower than T2. The overall mean aerial deposition of modified treatment was
395% lower compared to hollow cone nozzle SSCDS treatment. Furthermore, the ground
spray coverage at 4.5 m and 7.5 m and aerial coverage at 3 m and 6 m downwind for
modified treatment were almost negligible (<0.1%). The hollow cone nozzles produced fine
size droplets (Table 3) that are highly susceptible to drift due to longer air suspension time
and lighter weight [34–36]. In contrast, the modified micro-emitter produced medium sized
droplets (Table 3) that would have reduced the off-target drift potential [37]. Additionally,
wind speed during the modified micro-emitter trials was 1.5 times higher than hollow
cone nozzle treatment trials (Table 2). With similar wind direction trend during both
treatments, higher wind speed would cause higher off-target drift for spray with modified
irrigation micro-emitters. Nonetheless, modification in droplet size spectrum would have
curtailed pertinent off-target drift losses. This might be one of the reasons why modified
micro-emitter configured treatments would have resulted in lesser ground and aerial
drift. Therefore, pertinent modification could assist in minimizing the environmental
contamination and subsequent hazards [6–8]. Furthermore, the reduced drift for modified
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SSCDS treatment would have resulted in improved overall as well as zone and leaf specific
canopy deposition and coverage [38].

While a modified irrigation micro-emitter provided a low-cost alternative to the hollow
cone nozzles in SSCDS configuration, existing pneumatic spray delivery reservoir drains
the residual spray mix onto the soil through auto drain valve for cleaning. During pesticide
application, such residues can contaminate the soil [39] and can cause up to 25% pesticide
losses to the ground. To overcome this problem, our lab is working on the modification of
the existing pneumatic spray delivery reservoirs, which allows partial passage of the air to
the nozzle feed line towards the end of the spray cycle so that residues can be sprayed into
the canopy instead of draining onto the soil. Pertinent self-cleaning ability would eliminate
the need of the auto-drain valve in the reservoir and ground chemical losses.

5. Conclusions

1. The 3-tier SSCDS treatment configured with modified micro-emitters had comparable
spray performance with numerically higher spray deposition, coverage and lower
off-target drift losses compared to that of a SSCDS configured using off-the-shelf
hollow cone nozzles.

2. The modified micro-emitters facilitated the uniform distribution of spray material on
upper and lower leaf surfaces. The micro-emitter refinement was thus successful and
assisted in improving spray performance.

Our future research will focus on exploring the biological efficacy of the modified
SSCDS configuration. These data are needed to support the further development and
eventual commercial adaptation of this system.
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Abstract: The production and export volume of fruits from China are among the top three in the world.
Pesticides are applied to orchards more than 10 times a year to control pests, and stretcher-type power
sprayers are widely used to apply chemical pesticides. However, an assessment of pesticide-handler
exposure to pesticides in this scenario has not been reported in China. The test pesticide, 30% SYP-9625
concentrate diluted 3000 times, was sprayed on apple orchards in Beijing China. Experiments were
conducted to assess dermal and inhalation exposure using standard whole-body dosimetry and
air-sampling methodologies. The dermal deposition was the main route of exposure in this study.
The dermal unit exposure (UE) of handlers was 350 mg·kg−1 a.i. of SYP-9625. The hands accounted
for 59% of the total exposure and were the most exposed body part. Inhalation UE was 0.720 mg·kg−1

a.i. of SYP-9625 and was negligible compared with dermal exposure. We found that use of
protective garments while using stretcher-type powers sprayers reduced dermal pesticide exposure.
These results can be used as a reference for the handler’s safety in pesticide management and orchard
mechanical management.

Keywords: inhalation exposure; dermal exposure; stretcher-type power sprayers; orchards

1. Introduction

While spraying crops, handlers are inevitably exposed to pesticides. Pesticide-handlers are
directly exposed to pesticide clouds, allowing pesticides to readily enter the body through the skin
and respiratory tract, which may result in acute poisoning and other chronic health issues [1–3].
Therefore, it is necessary to evaluate occupational exposure to pesticides to reduce the degree of
exposure and protect handlers [4,5].

Women and the elderly, the main labor force in rural China, are not well educated and have a low
level of security awareness [6]. Exposure to pesticides is one of the most serious occupational risks
faced by them. Therefore, it is imperative to carry out exposure assessments for pesticides according to
the fundamental realities of China.

In recent years, China has gradually paid attention to the occupational exposure assessment
of pesticides. Now our exposure assessment is based on the methods used in developed countries
in the West. The methods used by different people converge and there are certain differences.
Dermal exposure is a key component of pesticide risk assessment and whole-body dosimetry is more
accurate in estimating dermal exposure [7,8]. Yang et al. [9] and Gao et al. [10] used the whole-body
sampling method to study the exposure of farmers using the 16-type knapsack manual sprayer to
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spray chlorpyrifos in cornfields. Cao et al. [11] and Chen [12] studied the exposure of farmers to
imidacloprid, chlorpyrifos, and lambda-cyhalothrin in wheat fields using whole-body dosimetry.

In 2018, orchards covered 11,875 thousand hectares in China, and fruit output reached 226.88 million
tons [13]. The fruits covering the largest area were apples, citrus, and pears and the output of these
fruits accounted for 37.6% of the total fruit production in the country [13]. Therefore, it is necessary
to assess the exposure risk of operators to pesticides during treatment in apple orchards under
defined-use scenarios.

In 1981, Franklin et al. [14] used air monitoring and patch techniques to estimate exposure,
proposing an exposure measurement method for orchard application scenarios. Moon and Kim studied
the pesticide exposure assessment of the application of fenvalerate and methomyl in apple orchards in
Korea [15]. Thouvenin selected insecticide foliar application to a vineyard as the exposure scenario [16].
However, relevant reports on the occupational exposure to pesticides in orchards have not been studied
in China.

In developed countries in Europe or North America, the application of pesticide chemicals is very
specialized, serialized, and standardized. Depending on the application, each scene has a dedicated
application machine [17]. China’s pesticide application equipment models are aging, and the market
share of manual sprayers reaches 80% [18]. Stretcher-type sprayers are mainly used for fruit-tree
applications. This type of sprayer originated in the 1950s and 1960s and was developed to prevent
serious injury from rice borers. The structure of the stretcher-type power sprayer consists of five
parts—the frame, the power machine, the liquid pump, the water absorption part, and the spray
part [19]. The diameter of the droplet is about 400–600 microns [20]. It has a long range and a wide
spray coverage and is easy to use, but the pesticide utilization rate is only about 15% [20].

The pesticide SYP-9625 is a broad-spectrum acrylonitrile acaricide that is quick-acting and
long-lasting [21]. As a newly-developed acaricide, no studies have been published on exposure risk
assessment. The purpose of this work was to study the exposure data of occupational handlers using
stretcher-type power sprayers for fruit tree application scenarios.

2. Materials and Methods

2.1. Reagents and Materials

Analytical standard SYP-9625 (CAS No., 1253429-01-4) (98% purity) was purchased from Shenyang
Sinochem Agrochemicals R&D Co., Ltd. (Shenyang, China). The Structure of SYP-9625 is in
Figure S1. The commercial SYP-9625 formulation used in the field trial was 30% suspension concentrate.
Acetone and acetonitrile used for the extraction were of analytical grade; the acetonitrile used
for the preparation of standard solutions was of high-performance liquid chromatography grade
(Sigma-Aldrich, Steinheim, Germany). Lidded glass jars of 500 mL, 1000 mL, and 2500 mL sizes were
used to extract samples. Cotton clothing was obtained from the Evolu Flagship Store (Hangzhou, China).

2.2. Field Trial

Operators were local farmers; they were also volunteers. They were experienced in the application
of pesticides and in good health. They had agreed to the experimental procedures and co-operated
in this study. Each operator was provided with a full explanation of the study and its requirement,
and any potential risks. They could withdraw from the study at any time, and for any reason. A signed,
informed consent form was obtained from each operator prior to his/her participation in the study.

The exposure study was conducted in Changping district, Beijing, China. At noon in summer,
the temperature is too high to spray pesticide, and it can also cause phytotoxicity to plants.
Farmers generally use pesticides in the morning or evening. So our experiments were conducted from
6:30 to 10:00 on 7 June 2017. The temperature was 17.5 to 37 ◦C, sunny with a relative humidity of
27–87%, and no wind. The experiment included four male handlers (1a, 1b, 2a, 2b, 3a, 3b, 4) with a
total of seven exposures. The handlers were approximately 50 years old, with height and weight of
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165–175 cm and 60–70 kg, respectively. The apple trees were in the fruiting stage, and their average
height was 3 m. The rows were separated by 2.5–3.8 m, with 1.5–2.5 m between trees in the same row.

For pesticide application, the spray solution was prepared by mixing 300 L of water with 100 mL
30% suspension concentrate. Each handler followed their normal pace to spray pesticide across
one acre. The application was carried out simultaneously by four stretcher-type electric sprayers.
The machinery was provided by the farmers who planted the fruit trees and had been in use for 1 to
4 years. New, old, or different sprayers may have caused different exposures. The sprayer in Figure 1 is
a relatively-new stretcher-type electric sprayer. Four farmers had more than ten years of experience in
spraying pesticides. They randomly-selected instruments and used them to complete seven application
experiments. In the process of application, the handlers sprayed according to their usual spraying
habit in order to obtain real exposure. Their spray habits had been formed through long-term work.
These farmers’ spraying techniques were considered representative of typical spraying behaviors.

 

Figure 1. Stretcher-type power sprayer.

2.3. Potential Dermal and Inhalation Exposure Monitoring

2.3.1. Potential Dermal Exposure Monitoring

Dermal exposure was determined using a whole-body dosimetry method, including the two sets
of clothing, inside and outside hat, masks, and inside and outside gloves. The basic requirements
were as follows: (1) inner clothing—using a cotton content greater than 70%, white, thin, long-sleeved
shirt and trousers, round neck, cuffs, neckline tightened; (2) outer clothing—generally with cotton
content greater than 70%, white, thick, long-sleeved shirt and trousers, round neck, cuffs, neckline
tightened; (3) inside hat—with eight layers of white gauze (20 × 40 cm); (4) outside hat—single-layer,
cotton white hat with brim; (5) masks—medical gauze masks; (6) inner gloves—white thin glove with
a cotton content greater than 70%; and (7) outer gloves—white thick-lined gloves with cotton content
greater than 70%. For accurate quantitative calculations, the handlers wore two layers of clothing
during application, and the inner layer of clothing was used to simulate the skin.

2.3.2. Potential Inhalation Exposure Monitoring

Inhalation exposure was measured using a personal air monitor equipped with a portable
battery-operated sampling pump and a solid sorbent tube (ORBO 609 Amberlite® XAD-2 400/200 mg).
XAD-2 resin was used for capturing the pesticides in the air (each handler’s breathing zone). Personal air
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sampling pumps with XAD-2 filter tubes were used to monitor inhalation exposure. Inhalation UE
was calculated with the formula:

UE(mg·kg−1of a.i.handled) = exposure dose(mg)×application time(min)×air change rate(L min−1)

flow rate(L min−1)×sampling time(min)×kg of a.i. handled

An air change rate of 29 L·min−1 and an air sampler’s pumping rate of 2 L·min−1 was assumed [22].
The application and sampling time was assumed to be equal because the orchard size was small and
there was no need for rest periods during applications.

2.4. Handler Sampling

After the end of the application, the air sampling pump was turned off and the XAD-2 tubes were
collected for cryopreservation and transportation. Sampling time was defined as the time from the
start to the end of spraying. The protective clothing was divided into six parts as depicted in Figure 2,
labeled, and transported in the dark to be stored under freezing conditions.

 

Figure 2. Garment sectioning for whole-body analysis.

Some body parts were cleaned and the resultant wash was collected, as follows: the assistant
wore clean disposable gloves and thoroughly wiped the worker’s face/neck with moist medical gauze.
Approximately 4 mL of 0.01% Aerosol OT(Sodium dioctyl sulfosuccinate) was evenly distributed over
the gauze. The steps above were repeated. Each gauze was then collected and labeled. The handlers
immersed both hands in 400 mL of 0.01% Aerosol OT solution and scrubbed carefully for at least
30 s. The hands were then rinsed with about 100 mL of solution, which was consistent with the above.
This 500 mL sample was collected and labeled [23].

To evaluate the stability of SYP-9625 during storage and transportation, an on-site addition
recovery test was carried out in the area near the application site. A certain concentration of pesticide
standard solution was prepared, the pesticide solution was spread evenly on a complete part of the
clothes (such as thighs), and the volume recorded. Then the clothes were put in a sealed bag and
transported under the same conditions as the experimental samples. Each material had a different
amount of additive, and two repetitions were taken: (1) underwear (size: 30 cm × 30 cm) 10× and 100×
LOQ (limit of quantitation); (2) outer coat (size: 30 cm × 30 cm) 100× and 1000× LOQ; (3) handwashing
solution (solution volume: 50 mL) 10× and 100× LOQ; (4) facial and neck wipes 20× and 200× LOQ;
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(5) inner gloves 10× and 100× LOQ; (6) outer gloves 100× and 1000× LOQ; and (7) air filter samples
10× and 100× LOQ.

The LOQ of each component and matrix reflected the minimum amount of data that could
be quantified.

The samples from the on-site additional recovery test had the same environmental conditions as
the samples from the application and used the same transport and storage conditions.

2.5. Chromatographic Conditions

SYP-9625 was analyzed using Ultra-performance liquid chromatography tandem mass
spectrometry (UPLC-MS) (AQUITY TQD, Waters, Milford, MA, USA) with a C18 column
(2.1 mm × 100 mm, 1.7 μm, Waters, UPLC® BEH). The mobile phase was acetonitrile (A) and 0.1%
formic acid-water (B). The linear mobile phase gradient started at 40% A (0 to 0.5 min), increasing to
80% A (0.5 to 3.5 min), after which the column was equilibrated at 40% A (3.5 to 5.0 min). Tandem mass
spectrometry was operated in positive electrospray ionization (ESI) and multiple reaction monitoring
(MRM) mode. The optimized values of the MS parameters were as follows: source temperature 150 ◦C,
desolvation temperature 350 ◦C, cone gas (N2) flow of 50 L·h−1, desolvation gas (N2) flow of 650 L·h−1.
The analytical instrument control, data acquisition, and processing were performed by MassLynx
V4.1 software (Waters). The mass spectrometric parameters for UPLC-MS determination of SYP-9625
concentrations were listed in Table S1. The UPLC-MS chromatogram for SYP-9625 were in Figure S2.

2.6. Linear Range

Linear regression was performed between 0.0014 to 1.4 mg·L−1 for SYP-9625. The derived
calibration curve formula was y = 241643x + 4475.8 (R2 = 0.9987). The limit of detection (LOD) of
the compounds was calculated on a signal-to-noise (S/N) ratio of 3 concerning the background noise
obtained from the blank sample, whereas the limit of quantitation (LOQ) was via an S/N ratio of 10.
The LOD of SYP-9625 was 0.010 ug·L−1 and LOQ was 0.030 ug·L−1.

2.7. Extraction and Recovery of SYP-9625

Pesticide extraction methods for similar matrices have been reported in the literature, and the
methods are briefly described as follows [23]: According to the size of different parts of the clothes,
the protective suits were ultrasonically extracted with different volumes of acetone for 20 min at
25 ◦C. The operation was repeated once for better recovery. The volume of the extraction solvent was
sufficient to immerse the clothing and was recorded in detail. The extract was then concentrated on
a rotary evaporator and dissolved in 2 mL EtOAc(Ethyl acetate). The XAD-2 sample was extracted
twice with 5 mL of acetone, then concentrated with a nitrogen evaporator and dissolved in 1 mL of
acetonitrile. For 0.01% Aerosol OT, 10 mL of acetonitrile was added to a 10 mL sample and shaken
vigorously, then NaCl was added to the mixture, shaken, and centrifuged at 3600 r·min−1 for 5 min to
separate the organic solvent from the water. Finally, 1 mL of the resulting supernatant was directly
injected into UPLC-MS with an injection volume of 10 uL.

2.8. Statistical Analysis

Results were expressed as mean± SD and statistical significance was determined by one-way
analysis of variance (ANOVA) followed by the least significant difference (LSD) using the statistical
software SPSS (SPSS 19.0; SPSS Inc., Chicago, IL, USA). The level of statistical significance was
established at p < 0.05.

67



Appl. Sci. 2020, 10, 8684

3. Results and Discussion

3.1. Validation of the Analytical Method

Recovery experiments were carried out at three different fortification levels in nine replicates and
the relative recovery rates were calculated via the matrix-matched calibration curves. Acetone was
chosen as the extraction solvent for cotton wool, gauze, and XAD-2. In this study, SYP-9625 detected
in different materials had a high recovery rate, and a method of detection and analysis of SYP-9625
concentrations in different matrices was established. Acceptable recoveries were obtained in the ranges
of 91.02–102.35% from cotton wool, 97.34–103.45% from gauze, 95.33–107.26% from outer gloves,
93.28.9–97.65% from XAD-2, and 103.25–110.37% from 0.01% Aerosol OT. The recovery and precision
of SYP-9625 (expressed as relative standard deviation) are shown in Table 1, RSDs were less than
10% in all samples, demonstrating the excellent repeatability of the process. Therefore, a combination
of UPLC-MS detection, and the utilized extraction method could serve as a conventional detection
method for SYP-9625 in all of the above matrices.

Table 1. SYP-9625 recovery from field-fortified samples.

Material Fortification Concentration (mg·kg−1) Recovery (%) RSD (%)

0.1 97.28 2.8
Cotton clothing 0.2 91.02 3.1

1 102.35 3.4
0.01 101.00 2.0

Gauze 0.02 103.45 2.6
0.1 97.34 1.8
0.05 95.33 4.7

Outside gloves 0.1 107.26 3.6
0.2 105.15 5.3
0.01 94.84 3.2

XAD-2 0.02 97.65 1.9
0.04 93.28 2.8
0.025 110.37 2.2

0.01% Aerosol OT 0.05 106.00 1.6
0.1 103.25 3.8

Since this orchard is far away from our laboratory, we needed to clarify whether the pesticides on
the various exposed substrates would be lost during transportation The recovery rate of the sample
added to the on-site recovery test was approximately 91.5%. This proves that the loss of pesticides
during storage and transportation is below 10%. The OECD(Organization for Economic Co-operation
and Development) pointed out that the samples were sufficiently stable within 30% decline of the
recovery rate [24].

3.2. Dermal and Inhalation Exposure during Application

In this study, we measured pesticide exposure by dermal and inhalation routes using standard
systemic dosimetry and air sampling methods. In the practical application of pesticides, farmers wear
clothes with at least one layer of clothing. Actual dermal exposure (ADE) is the amount of pesticide
that passes through the clothes and is exposed to the skin. The handlers wear two layers of clothing
during application and the inner layer of clothing is used to simulate the skin. Potential dermal
exposure (PDE) during application is the sum of dosimeter readings for the inner and outer layers.
The pesticide test results for the inner clothing, hand wash, and face/neck wipes were calculated
as actual dermal exposure (ADE) [23]. The inhalation exposure was calculated as the amount of
active compound adsorbed by the XAD-2 sorbent tube on the air sampler throughout the application
period. The pesticide exposure in this study was measured by PDE. Table 2 lists the pesticide unit
exposures of the two layers of clothing inside and outside the applicator. According to the literature,
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the occupational exposure of pesticides in the field is quite different for different pesticide application
personnel, and the difference is related to the operating habits and proficiency [10]. Therefore, the final
experimental results are based on average.

Table 2. Unit exposures at various parts of the body (mg/kg a.i. handled).

Part of Garment 1 2 3 4 5 6 7 Mean SD

a1 0.10 0.18 0.32 0.07 0.09 0.16 0.12 0.15 0.08
a2 0.23 0.18 0.08 0.08 0.06 0.08 0.06 0.11 0.07
a3 0.07 0.07 0.02 0.11 0.66 0.02 0.01 0.14 0.23
a4 0.02 0.57 0.05 0.05 0.03 0.05 0.09 0.12 0.20
a5 0.18 0.23 0.14 0.05 0.25 0.08 0.13 0.15 0.07
a6 0.15 0.92 0.12 0.30 0.10 0.02 0.16 0.25 0.31
a7 0.78 0.26 0.13 0.14 1.23 2.58 4.03 1.31 1.48
a8 0.98 99.48 7.43 0.22 0.17 2.35 53.78 23.49 38.71
a9 0.31 124.26 9.27 0.25 0.02 2.63 40.19 25.28 45.97
b1 44.18 31.01 4.92 6.76 3.75 17.83 18.46 18.13 15.03
b2 7.07 5.54 4.56 4.64 4.28 42.70 16.04 12.12 14.11
b3 4.87 14.36 2.50 3.71 4.85 21.38 15.53 9.60 7.38
b4 4.12 47.16 5.02 6.59 4.57 14.92 33.84 16.60 17.17
b5 11.41 20.11 11.32 0.04 3.95 22.07 28.13 13.86 10.10
b6 66.30 98.75 135.68 0.08 7.81 42.49 106.29 65.34 51.37
b7 2.52 9.39 0.58 0.26 4.96 10.91 16.13 6.39 5.95
b8 35.95 253.94 59.09 17.15 32.62 86.76 128.87 87.77 82.50
b9 16.12 234.01 23.58 31.48 9.82 91.44 72.15 68.37 79.07
10 1.33 0.26 0.21 0.12 0.29 0.38 2.33 0.70 0.83
11 0.16 0.05 0.01 0.02 0.02 0.19 0.64 0.16 0.23
12 0.31 0.06 0.15 0.02 0.02 0.20 0.59 0.19 0.20
13 0.03 0.14 0.02 0.01 0.02 0.02 0.11 0.05 0.05
14 0.009 0.005 0.01 0.004 0.048 0.02 0.04 0.02 0.02

A, inner-layer garment; b, outer-layer garment; 1, front torso (above the waist); 2, rear torso (above the waist);
3, right and left upper arms (shoulder to elbow); 4, right and left forearms (elbow to cuff); 5, right and left thighs
(waist to knee); 6, right and left lower shins (knee to cuff); 7, cap; 8, left glove; 9, right glove; 10, mask; 11, face wipe;
12, neck wipe; 13, hand washes; 14, XAD-2.

3.2.1. Dermal Unit Exposure during Application

The total PDE of handlers was 350 mg·kg−1. These data is close to the exposure assessment data
for the fruit tree application scenario reported by Zhao et al. [25] and lower than the exposure data for
the knapsack sprayer in cornfields and peanut fields reported by Gao et al. [10] and Chen et al. [12],
but higher than the exposure data using pesticide speed sprayer application in an apple orchard [26].
As shown in Table 3, according to the UE of each garment, the highest contaminated sections were
hands and shins, accounting for an average of 59% and 19% of total dermal exposure, respectively.

Table 3. Distribution of dermal exposure during application (mg/kg a.i. handled).

Exposure Levels of ADE Total Exposure Levels of PDE

Front torso 0.15 ± 0.08b 18.13 ± 15.03a
Rear torso 0.11 ± 0.07b 12.12 ± 14.11a

Upper arms 0.14 ± 0.23b 9.60 ± 7.38a
Forearms 0.12 ± 0.20b 16.60 ± 17.17a

Thighs 0.15 ± 0.07b 13.86 ± 10.10a
Shins 0.25 ± 0.31b 65.34 ± 51.37a

Hands 48.82 ± 84.21a 204.96 ± 241.57a
Head 1.31 ± 1.48b 8.75 ± 8.17a
Total 51.05 ± 84.70b 350.28 ± 306.97a

All data are presented as mean± standard error (n = 7). Different lessters(a, b) in each row indicate significant
difference at p ≤ 0.05 (least significant difference).
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We found that the exposure of hands, which refers to the sum of the exposure of the left and right
gloves plus that of the handwashing solution, was considerably greater than other body parts. This is
different from the results of Zhao et al. [15,24]. While Li et al. [27] showed that when spraying high
places with a spray gun, the most contaminated sections were hands. This could be attributed to the
different types of application equipment used. In our experiments, the applicator needed two hands to
hold the sprayer in order to work properly, and the hands were the only body part in direct contact
with the applicator. High pressure can cause pesticide liquid overflow in the connection between the
hose and spray lance onto the hand. Further, most of the pesticide liquid sprayed from the nozzle,
but liquid flow along the spray lance to the hand was possible. In addition, any problems that occurred
during the application process needed to be addressed using both hands, such as pulling a hose for
pesticide delivery, and handling the leakage of pesticide [28,29]. The high exposure level of shins
may be due to a large number of pesticides deposited on the ground weeds during the application of
pesticides into the base of apple trees [30,31]. In addition, handlers needed to walk through the weeds
in order to facilitate the application of pesticides [25]. These results are similar to those obtained by
Noh et al. [32], who reported when spraying onto lower crops (about 80–100 cm high), workers are
exposed while moving.

However, when handlers are wearing long pants and pure cotton gloves, hand exposure decreased
by 76%, shin exposure decreased more than 99%, and the ADE was reduced by 85.43% to 51.1 mg·kg−1.
This shows that clothing plays a very good role in protecting against pesticides, especially for those who
regularly apply pesticides. This is consistent with the conclusions of Ren et al. [33] and An et al. [34].
Hands were still exposed significantly, so the protection of the hands during the application of
pesticides should be given extra attention. In order to further reduce the contamination of the hands,
we recommend that handlers wear impermeable gloves such as chemical-resistant gloves. The exposure
of the left and right hand is approximately the same (Table 4), because during the application process,
the handlers need to change the way in which the spray gun is held based on the direction in which
they are walking, and the height of the fruit tree, in order to facilitate spraying.

Table 4. Exposure levels of hands (mg/kg a.i. handled).

ADE of Hands PDE of Hands

Left hands 23.49 ± 38.71a 111.26 ± 120.23a
Right hands 25.28 ± 45.97a 93.61 ± 123.10a

All data are presented as mean± standard error (n = 7). Letter (a) in each column indicate significant a difference at
p ≤ 0.05 (least significant difference).

In the orchard application scenario, a handler stands under the tree to apply the pesticide to the
oblique crown above the tree. The liquid droplets collide with the leaves and bounce to fall under the
force of gravity [35]. The pesticide drifts to the head and body of the handler. During our experiment,
the handler’s head was protected by a cotton baseball cap. The exposure to the head was not significant,
at only 8.75 mg·kg−1, which may be related to the small overall head area. As can be seen from Table 3,
the wearing of a cap reduced the skin exposure of the head to 1.31 mg·kg−1, and the protection rate
was about 85%. However this protection rate was relatively low compared with other body parts.
Since the brain is an essential organ that controls many human organs, the head should be better
protected. Therefore, we recommend wearing a wide-brimmed sun visor with cotton or waterproof
material during the actual application of pesticides. This can increase the coverage of the head and
neck to prevent the pesticide liquid from scattering on the head. At the same time, it can also protect
the skin from sunlight and reduce the damage of ultraviolet rays to the skin. In fact, farmers usually
wear straw hats when they work. This kind of hat can prevent pesticides from falling on the face and
neck. This protective measure can be considered in future experiments.
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3.2.2. Inhalation Exposure during Application

Inhalation exposure occurred when airborne pesticide vapors or droplets appeared in working
areas owing to the application of pesticides.

In this application scenario, the inhalation unit exposure was 0.72 mg·kg−1, which was only 0.13%
of the total skin exposure. The data were slightly higher than the orchard pesticide application scenario
reported in Korea (0.7 × 10−3 mg) [25]. This may be because our fruit trees are denser, the workers are
close to the fruit trees during the application process, and the whole process of application is under the
cloud of pesticides, therefore more pesticides are inhaled.

Stretcher-type electric sprayers are widely used in orchards. Therefore, more experimental data
on citrus, grape, pear, and other fruits are needed to get diverse results, also a larger sample size would
be good for representative results.

4. Conclusions

This occupational exposure assessment studied the application scenario of a stretcher-type electric
sprayer, using the apple tree as an example. This is a typical Chinese orchard application scenario.
This is the first time a study has focused on occupational pesticide exposure in orchards in China.
The data from this study are a valuable guide for the application of pesticides on fruit trees such as
citrus, pear, peach, and other small shrub type fruit trees.

In this study, we performed a systematic occupational exposure assessment on stretcher-type
electric sprayer application of SYP-9625 in Chinese orchard fields using standard whole-body dosimetry
and air sampling methodologies. We also verified the method of extracting and detecting SYP-9625
from various matrix materials. The results indicate that the hand is the most exposed body part and
needs special protection. However, the total exposure is at the same level as that shown in other
countries’ research. One layer of clothing could protect from dermal exposure, causing a reduction
of approximately 86%. Therefore, long trousers and waterproof gloves are necessary to protect the
health and safety of the handler. The stretcher-type electric sprayer is China’s most important orchard
application equipment, but its related occupational exposure data are scarce. Therefore, it is necessary
to strengthen the data in this research area.

Our experiment was only carried out in Beijing, and more studies should be performed to obtain
extensive experimental results in the future. Our data might help establish accurate and strategic
predictive exposure models and databases for risk assessment and pesticide registration.
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Featured Application: In this study, a broad-spectrum insecticide is shown to halt mosquito cap-

ture by orb-weaving spiders, even when the application does not kill the spiders. Reduced prey-

capture, even temporary, can allow mosquito populations to rebound quickly. Adoption of other

mosquito control methods, such as bacterial larvicides, avoids these potential problems.

Abstract: Spiders are important population regulators of insect pests that spread human disease
and damage crops. Nonlethal pesticide exposure is known to affect behavior of arthropods. For
spiders such effects include the inability to repair their webs or capture prey. In this study, nonlethal
exposure of Mabel’s orchard spider (Leucauge argyrobapta) to the synthetic pyrethroid permethrin,
via web application, interfered with web reconstruction and mosquito capture ability for 1–3 days.
The timing of this loss-of-predator ecosystem function corresponds to the rapid population rebound
of the yellow fever mosquito (Aedes aegypti) following insecticide application to control arbovirus
epidemics. We suggest this temporal association is functional and propose that follow-up study be
conducted to evaluate its significance.

Keywords: Aedes aegypti; Leucauge argyrobapta; nontarget effects; permethrin; pyrethroid; Tetragnathidae

1. Introduction

Non-target mosquito predators, including spiders and wasps, are often harmed by
neurotoxic pesticides [1]. Orchards where conventional insecticides are used have far lower
spider populations and species counts than unsprayed orchards [2]. Spiders with bodies
larger than mosquitoes are not killed by ultra-low volume (ULV) spraying of insecticides
such as permethrin [3]. However, studies such as these sometimes conflate survival with
lack of harm, and they have not examined effects on small-bodied spiders, which do
capture mosquitoes. Spiders exposed to sublethal pesticides change their behavior in ways
that reduce prey capture. For instance, sublethal pyrethroid spray residues lower activity
rates of spiders, even when the spiders contacted the pyrethroids on foliage 20 days after
application [4]. Following nonlethal exposure to Spinosad, an acetylcholine disrupter, the
orb-weaving spider Agalenatea redii showed irregularities in web design and lower prey
capture activity [5]. An increase in spider migration was found within a large plantation
where sublethal amounts of organophosphate pesticides were sprayed around its borders,
suggesting spiders sense and actively avoid areas with some insecticide treatments [6].

Spider webs are particularly effective at capturing insecticide sprays, retaining an
order of magnitude higher concentration than an equivalent area of paper [7]. Orb-weaving
spiders recycle their webs daily, ingesting the spiral silk strands while leaving some of
the radial structural strands intact as a scaffold for rebuilding [8–11]. By consuming
the web, orb-weaving spiders ingest higher amounts of sprayed pesticides than would
contact their bodies and legs. Araneidae typically construct orb webs in a vertical plane,
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whereas Tetragnathidae typically construct webs in the horizontal plane [12]. Horizontal
webs should intercept more insecticide droplets following a spray application, making
tetragnathids particularly vulnerable.

Following aerial insecticide application in New Orleans, yellow fever mosquitoes
(Aedes aegypti) rebounded faster than the population model predicted [13]. The authors
attributed this rapid increase to release from larval competition, a phenomenon well-
documented in the literature [14–16]. However, the data presented in that study show that
the rebound occurred within the 3-day non-feeding window prior to eclosure, a period
when there can be no competition for food. A similar effect could be seen in Miami’s
Ae. aegypti populations during the Zika outbreak of 2017. Adult Ae. aegypti in Miami’s
Wynwood neighborhood were virtually eliminated by aerial spraying on two occasions,
only to rebound to pre-spray levels in just three days [17]. In both studies, populations
leveled off after rebounding. Release from larval competition does not fit the timing
window for the rapid rebound observed following aerial spraying of adulticides, but
temporary release from predation might allow such a rebound to occur. Off-target effects
of insecticides on mosquito predators such as spiders, even non-lethal effects, might allow
greater survival of adult mosquitos during the rebound period.

Mabel’s orchard orbweaver spider (Leucauge argyrobapta, Tetragnathidae) is found in
Florida, throughout the Caribbean, and from Mexico to Brazil, with congeners common
throughout the North American continent [18]. In South Florida, L. argyrobapta is abundant
in treed areas and around residences, constructing webs in vegetation, eaves of houses,
porches, and patio furnishings. Both juvenile and adult L. argyrobapta are capable of
subduing mosquitoes. L. argyrobapta produces viscous horizontal orb webs, and recycles
sticky spiral capture threads nightly, as is typical of tetragnathid orb-weavers [12,19].

We explored the effects of sprayed permethrin, absorbed through web contact and
web recycling, on the abilities of adult L. argyrobapta to repair their webs and capture live
adult mosquitoes. Permethrin is a type I synthetic pyrethroid used routinely to control
adult mosquitoes in Miami-Dade County (FL, USA) and elsewhere. Pyrethroids bind the
pore of the voltage-gated sodium channel preventing its closure, thus causing the nerves to
hyperpolarize and muscle action to cease [20].

2. Materials and Methods

We chose permethrin as our insecticide because of its wide use in mosquito control
in Miami-Dade County. The treatment solution was a 0.0368% solution of permethrin
in acetone (1000× dilution of Martin’s 36.8% Permethrin SFR, Control Solutions Inc.,
Pasadena, TX, USA) with a cis/trans ratio 42–58%. Two negative controls were (1) the
solvent carrier (AU582) diluted 1000× in acetone, and (2) acetone alone. By trial and error,
we determined that this permethrin concentration did not kill any L. argyrobapta when
applied to their webs. To put this 0.0368% concentration in context, one hour of foot contact
with 2.1% permethrin impregnated paper is the LC-50 concentration for local Ae. aegypti,
and 0.1% is the highest concentration that kills none of them (P.K. Stoddard, unpublished).
Acetone is recommended as a pyrethroid carrier in arthropod toxicity studies because
it evaporates quickly [21] and is tolerated well by arthropods [22]. Because of acetone’s
high volatility and our limitation on number of available and comparable spiders for
allocation to treatment groups, we considered acetone-only a reasonable negative control
and omitted an unsprayed control group. The perfect hunting success of spiders recorded
on acetone-treated webs supported our choice. At just 0.06% of the solution, the amount
of AU582 carrier solvent in the sprayed permethrin solution was insignificant and had no
measurable effect on spider behavior.

L. argyrobapta were tested near a residence within a 0.4 ha plot of native hardwood
forest in Miami-Dade County (25◦30′00.25”, 80◦28′03.48”). In March 2020, we removed
45 spiders from their webs, delicately so as not to damage the webs. We tore sections of
the webs, both spiral mesh strands and several radii, to allow us to determine if the web
had been recycled and reconstructed. We sprayed 15 webs with permethrin solution, 15
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with acetone plus carrier, and 15 with acetone, dispensing of 2 mL of each solution per web
using a hand sprayer. Webs receiving the different treatments were chosen at random with
respect to the body size of the resident spider. We allowed webs to dry for 20 min then
returned each spider to its original web. Webs were photographed 1 h after spraying and
again 24 h later. We took two orthogonal measurements of web mesh diameter, both before
spray application and again 24 h later, and noted whether the web had been substantially
reconstructed (at least 75% replacement of spiral mesh).

In June 2020, we repeated the same web treatments, and determined the efficacy of
treated webs and their resident spiders at retaining and subduing live mosquitoes, as well
as whether the web had been substantially reconstructed. Ambient temperatures were
higher in June than March, with overnight lows averaging 18 ◦C in March and 26 ◦C
in June.

The mosquitoes we used were an even mix of wild Ae. aegypti, and Wyeomyia vanduzeei,
captured locally with a BG-2 Sentinel trap (Biogents, Regensberg, Germany). Twenty-one
webs were sprayed with permethrin and 16 with the acetone control. Using a mouth
aspirator (John W. Hock Company, Gainesville, FL, USA), we aspirated five mosquitoes
at random from the mosquito cage and propelled them toward an intact section of the
web. Before conducting the trials, we practiced on untreated webs until we could reliably
expel mosquitoes at the correct velocity to strike the web but not break the strands. Prelim-
inary trials determined that undisturbed L. argyrobapta readily capture and consume any
mosquito that sticks in the spiral web for at least three seconds (Figure 1). During the trials,
we noted whether mosquitoes stuck to the web for 3+ s, whether the spider seized a stuck
mosquito, and the latency for the spider to respond to the web strike.

 
Figure 1. (A) In the mosquito handling procedure, mosquitoes were propelled toward the web with a
light puff of air, being careful not to blow air directly at the spider. (B) An adult female L. argyrobapta
subdues a mosquito (W. vanduzeei) that had been propelled into the web.
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Data on frequency of web repair were analyzed by comparing repaired and non-
repaired webs as categorical variables using chi-square or Fisher’s Exact Test to compare
the treatment groups. We calculated web area from the two diameter measurements.
Diameters of reconstructed webs were identical for every spider in the two control groups
but differed in the permethrin-treated group, so web areas of spiders that attempted web
reconstruction were compared before and after permethrin application using a paired T-test
for unequal variance. Whether at least one mosquito adhering to each web was seized by
spiders in the two treatment groups was evaluated with Fisher’s Exact Test. Numbers of
mosquitoes captured by the two treatment groups were compared using a 2-sample t-test.

3. Results

In March, all webs receiving the two control treatments had been substantially restored
to their previous structure 24 h later, whereas none of the permethrin-treated webs were
substantially restored (p = 1.69 × 10−10; X2 = 30; 2 df). Six of the 15 permethrin-treated
webs had been partially restored, and the rest were in the same torn condition as the day
before. Of those webs that had been rebuilt, the mesh areas were, on average, just 42% of
their original size (p = 0.005, t = 4.13, df = 6.8, paired T-test, unequal variance, 2-tailed).
Visual inspection revealed that spacing of the adhesive spiral mesh strands was wider than
on a normal web (Figure 2F). Most spiders on the permethrin-sprayed webs remained on
the web, though several disappeared, having either abandoned the web or been predated.

In June, when we treated webs in preparation for mosquito capture, all control webs
were substantially restored within 24 h, whereas just 29% (6 of 21) of the spiders on
permethrin-treated webs had substantially restored their webs (p < 0.0001; Fisher’s Ex-
act Test). All permethrin-treated webs had been restored after three days, showing the
interference at this dose was temporary.

The day after treating the webs in June, we tested the webs and spiders for mosquito-
catching ability. Permethrin reduced the number of mosquitoes captured by 71%, inde-
pendent of the reduced web area (Figure 3). Permethrin-treated webs were less effective
at retaining the mosquitoes that struck them than the control webs; (p = 0.00024; t = 4.44,
15 df). Mosquitoes adhered to each of the 16 control webs for at least three seconds, and
the resident spider seized a mosquito in each web. In the 21 permethrin-treated webs,
we managed to stick a mosquito in what remained of 86% (18) of the webs; three webs
could not retain a mosquito at all. Spiders on treated webs were less likely to seize a
mosquito that did stick than spiders on control webs (p < 0.0001; Fisher’s Exact test). In
67% of the webs that held a mosquito for at least 3 sec but that had not been substantially
repaired (12 of 18), none of the spiders seized the mosquito. In the 21% of webs that were
substantially reconstructed, each spider seized the mosquito immediately. Mosquitoes not
seized by the spiders eventually wiggled free.
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Figure 2. Side by side comparisons of spider webs before (A,C,E) and after (B,D,F) the residing
orchard spiders were exposed to treatments. The control treatments (A–D) had no adverse effect on
web reconstruction. For the first day after application, permethrin treatment (E,F) interfered with the
resident spider’s ability to reconstruct a normal web. The few webs that were partially reconstructed
(6 of 15) had a significantly smaller web area, and irregular and wide spacing of adhesive spiral
strands visible in the permethrin treatment after 24 h (F).
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Figure 3. Spiders on permethrin-treated webs captured far fewer mosquitoes than those on con-
trol webs.

4. Discussion

Permethrin treatment of webs interfered with mosquito capture by spiders in at
least two ways. After consuming the webs to recycle the silk, spiders were rendered
sluggish. They were delayed in reconstructing the webs and produced small webs with
irregularly spaced adhesive strands. Such webs were less likely to hold mosquitoes.
Further, when mosquitoes did stick in these webs, the spiders most often did not react,
allowing mosquitoes to struggle free. Similar effects have been documented for another
synthetic pyrethroid, alpha-cypermethrin, which interferes with web reconstruction in the
araneid orbweaver Araneus diadematus in the same ways we found for L. argyrobapta [23].
In Tenuiphantes tenuis, a common sheet-web spider of European cereal agricultural fields,
the pyrethroid cypermethrin had similar detrimental effects on web construction and
activity as well as reduced reproduction and shortened lifespan [24]. Spiders can still
detect prey in webs with distorted structure [25], though they take about twice as long to
do so, increasing likelihood of prey escaping. Reduced disc size would reduce capture
efficiency proportionally.

Spiders exposed to permethrin in our study recovered in one to three days. A third of
the spiders had recovered in one day in June, but none had in March. Seasonal temperature
and humidity differences may have contributed to differences in speed of recovery. In
South Florida, March is dry and cool, whereas June is hot and humid. Accordingly, diurnal
mosquitoes are virtually absent in March, but their populations explode in June with the
onset of the rainy season, so the June data better typify encounters between mosquitoes and
spiders. Elevated temperature affects the spiders’ response to pyrethroids in two opposing
ways, hastening absorbance, which increases toxicity, but also increasing metabolism of the
pesticide, which shortens recovery time for sublethal doses [26]. Pyrethroids also interfere
with water transport in arthropods, leading to dehydration [26,27], which can affect all
aspects of physiology.

The rapid rebound of mosquito populations over the three days following adulticide
application [13,17] matches the three-day period of spider immobility found in this study
and others [23,24,27]. Recovery of spiders’ web construction and prey capture abilities
would correspond to the return to the lower survival rate of adult Ae. aegypti three days
after adulticide spray application. Non-lethal effects on spiders in this study have been
seen in other species and with other pesticides [1,4,5,27]. Similarly, population increase of
agricultural pests following reduction of spiders through pesticide application has been
documented repeatedly [28]. Because spider immobility following pesticide application
has significant consequences for control of agricultural pest infestation, the possibility of
harm to spiders should be taken seriously in control of arbovirus epidemics as well. For
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that reason, research should be conducted to see whether nonlethal effects of pesticides
on mosquito capture by spiders actually does enhance the speed of mosquito population
rebound. Our study minimized environmental exposure by applying permethrin directly
to the webs. A more direct comparison to typical mosquito control conditions would
benefit from replicating these experiments using ULV spray applications of the pesticide
of interest.

Mosquito populations are regulated by a mix of bottom-up and top-down processes
including intraspecific and interspecific competition among larvae, and predation on
all life stages [29–32]. Most studies of mosquito competition (bottom-up control) and
predation (top-down control) focus on the larval stages. Small bats consume adults of
mosquito species that fly in the open but not the urban mosquito species that stay close
to dwellings and vegetation [33]. No evidence suggests bats eat enough mosquitoes to
affect their populations [34]. Adult dragonflies can be seen hunting in the right places to
catch mosquitoes in a variety of habitats, but, probably for logistic reasons, the literature is
devoid of data on mosquito predation by adult dragonflies. Evidence for spiders as effective
predators of adult mosquitoes is only slightly better. Web-building spiders are the dominant
predators of flying insects in most terrestrial ecosystems [35], regulating prey populations,
and, sometimes capturing far more prey in their webs than they can consume [36]. Density
of pest insects is significantly lower in areas with higher densities of spiders [28]. Orb-
weaving spiders, in particular, are key predators of dipterans including mosquitoes [37–39].
Accordingly, spider predation on mosquitoes is thought to have potential for control of
dengue and malaria [40,41]. Our finding that spider predation of mosquitoes is temporarily
compromised after pyrethroid exposure, combined with earlier findings that mosquito
populations increase faster immediately following adulticide spraying [13,17] are consistent
with the possibility that spiders play a significant role in suppression of urban/suburban
mosquito populations. The argument thus far is correlative and would be illuminated by
direct study of spider suppression of mosquitoes at the local population scale. Because
spiders are so common in and around human dwellings, their potential as suppressors of
adult mosquito populations warrants more direct experimental investigation.
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Abstract: Incorrect pesticide use in plant protection often involve a risk to the health of operators
and consumers and can have negative impacts on the environment and the crops. The application
of artificial intelligence techniques can help the reduction of the volume sprayed, decreasing these
impacts. In Italy, the production of ready-to-eat salad in greenhouses requires usually from 8 to
12 treatments per year. Moreover, inappropriate sprayers are frequently used, being originally
designed for open-field operations. To solve this problem, a small vehicle suitable for moving
over rough ground (named “rover”), was designed, able to carry out treatments based on a single
row pass in the greenhouse, devoted to reduce significantly the sprayed product amount. To
ascertain its potential, the prototype has been tested at two growth stages of some salad cultivars,
adopting different nozzles and boom settings. Parameters such as boom height, nozzle spacing
and inclination, pump pressure and rover traveling speed were studied. To assess the effectiveness
of the spraying coverage, for each run several water-sensitive papers were placed throughout the
vegetation. Compared to the commonly distributed mixture volume (1000 L/ha), the prototype is
able to reduce up to 55% of product sprayed, but still assure an excellent crop coverage.

Keywords: greenhouse; precision spraying; rover; environment protection; operator’s health; con-
sumer’s safety

1. Introduction

Due to the progressive increase of the world population, which, according to the
Food and Agriculture Organization (FAO), will exceed 9 billion inhabitants in 2050 [1],
the agricultural sector will have to satisfy an increasing demand for food. To ensure high
productions, a crucial role will be played by pesticides.

According to FAO, pesticides include any substance, or mixture of substances of
chemical (natural or synthetic) or biological ingredients for repelling, destroying, or con-
trolling any pest, or regulating plant growth [2]. Indeed, they can help to protect seeds
and safeguard crops from unwanted plants, insects, bacteria, fungi and rodents. Pesticides
include a wide range of herbicides, insecticides, fungicides, rodenticides, and nematicides.

Usually, pesticide is a more general term that comprises plant protection products
(PPPs) which are aimed to protect crops or desirable/useful plants. PPPs contain at least
one active substance and have different functions such as to protect plants or plant products

Appl. Sci. 2021, 11, 1992. https://doi.org/10.3390/app11051992 https://www.mdpi.com/journal/applsci

85



Appl. Sci. 2021, 11, 1992

against pests or diseases before or after harvest, to influence the life processes of the plant, to
preserve plants products while destroying or to prevent the growth of undesired plants or
parts of plants [3]. When pesticides are used irresponsibly, they might involve health risks,
can have negative environmental impacts, on the soil and water, can reduce biodiversity,
and, in some cases, decrease crop yield.

The total pesticides used in agriculture remained stable in 2018 compared to 2017,
with a light decrease from 4.15 Mt to 4.12 Mt, but in the last 30 years, from 1990 to 2018,
the global use of pesticides in agriculture has increased from 1.80 to 2.66 kg/ha. The
global application of pesticides increased in this period both for herbicides, fungicides, and
insecticides [4].

1.1. Pesticide Use in Europe

Europe increased pesticide use in agriculture in the 2010s compared to the 1990s
by just 5%, most likely due to the stringent European Common Agricultural Policy that
came into force, which monitors and controls the use of pesticides. Indeed, due to the
application of the Directive 2009/128/CE of the European Commission, member states
adopted national action plans to set up their quantitative objectives, targets, measures, and
timetables to reduce risks and impacts of pesticides use on human health and environ-
ment, to encourage the development and introduction of integrated pest management and
alternative approaches or techniques to reduce dependency on the use of pesticides [5].
Pesticide use per area of cropland was approx. 1.66 kg/ha in 2018 [4]; the average use of
pesticides from 1990 to 2018 has been 465,556 tons [6]. Four EU member states, Germany,
Spain, France and Italy, represent by themselves over two-thirds of the total EU pesticide
sales volume. These countries are also the main agricultural producers in the EU, with
collectively 51% of the total EU utilized agricultural area (UAA), and 49% of the total EU
arable land. In terms of the categories of pesticides sold, the highest sales volume in 2018
was for fungicides and bactericides (45%), followed by herbicides (32%) and insecticides
and acaricides (11%) [7].

1.2. Pesticide Use in Italy

Italian agriculture has one of the highest uses of PPPs in Europe. In 2016, according
to the Italian National Institute of Statistics (ISTAT) [8], the use was 7.22 kg/ha of active
substances, corresponding to approximately 124,000 t per year. The value of the Italian
market for crop protection products has increased by 43.6% in the last 10 years. The reason
for this variation was the constant improvement of the mix of products that, due to a
lower dose rate, has led to an increase in unit price. A strong decrease in the quantities
used has been observed (−22%), shifting from 141,200 to 109,860 t from 1990 to 2015. In
terms of active substances, the categories most concerned by the introduction of innovative
molecules with a low dosage are mainly represented by fungicides and herbicides, which
have determined the consistent decrease. A survey, carried out by the European Food
Safety Authority (EFSA) in 2016, has highlighted the high qualitative standards of the
Italian products, thanks to a control system extremely stringent and efficient that ensure a
high safety level to consumers. Only 1.2% of the sample analyzed proved to be irregular,
compared to a European average of roughly 2.9% [9].

1.3. Fresh-Cut Products

According to the International Fresh-Cut Produce Association (IFPA), fresh-cut prod-
ucts are fruits or vegetables that have been trimmed and/or peeled and/or cut into 100%
usable products. Fresh-cut products are cut, washed, packaged, and maintained with
refrigeration. They are in a raw state and even though minimally processed, they remain in
a fresh state, ready to eat or cook. Since their origin in Europe in the early 1980s, they have
become more and more common in consumer baskets. The innovation represented by this
sector involves the technologies adopted in growing, processing and marketing. Fresh-cut
products such as ready-to-eat salads require substantial capital investment in plants and
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machinery [10]. This sector is characterized by intensive cultivation that requires large use
of chemical products, such as fertilizers and pesticides.

1.4. Fresh-Cut Salad Sector in Italy

The agricultural area devoted to the production of fresh-cut vegetables in Italy is about
6500 ha. Production takes place mainly in plastic tunnels (in northern Italy), which are
called “Bergamasca”, or multitunnels (in southern Italy) [11]. The most common structure
adopted is plastic tunnels of semicircular shape, with a width of 8–10 m, a length of
50–100 m and a height of 4 m. Usually, the greenhouse is divided into four rows of crops,
with a typical inter-row of 1.5 m, separated by small ruts of about 0.2 m of width, being the
paths for the tractor wheels.

In 2015, Italy produced 110,000 t of fresh-cut vegetables, with a value of € 744 million.
Of the total value, lettuce comprised 75.4%, followed by wild rocket (9.5%), spinach (4.5%),
and Swiss chard (1.3%) [10].

Normally, the Italian ready-to-eat salad producers cultivate various types of salads,
such as lettuce (Lactuca sativa L.), wild rocket (Diplotaxis tenuifolia L.), spinach (Spinacia
oleracea L.), lamb’s lettuce (Valerianella olitoria L.), some subspecies of chicory (Cichorium
intybus L. subspecies), and many others. These salads are grown in five to six cycles per
year in the same greenhouse, with a duration of the production cycle that may vary from
20 to 90 days, according to the season. These plants grow under high crop density, with a
lack of adequate crop rotation, and require a high number of pesticides treatments to avoid
severe product losses.

Pesticide treatments are typically performed two times during each life cycle of the
plants; therefore, the number of treatments is estimated at 10 to 12 every 12 months, and
the quantity of volume sprayed currently used is 1000 L/ha. For the treatment, machines
designed for open fields are typically used, instead of machine optimized for greenhouses.
These are constituted of a tank (usually from 300 to 1100 L capacity) where the pesticide
mixed in water is contained, a hydraulic circuit which distributes the liquid up to the
set of nozzles in charge of the spraying, and, sometimes, a fan that uses air to move the
vegetation and partially avoid the drift effect of the droplets (movement of spray particles
away from the target area). Usually, the spraying is performed through a simple boom,
with no particular setup parameters, attached to the tank, and driven by a small tractor.

Plant protection products are sold in liquid form or in soluble powder; to be used,
they must be carefully mixed with water in the doses reported on the product label. Doses
describe the amount of product per quantity of water (g/L) and the recommended quantity
of PPPs per hectare (kg/ha); the last item of data, which is redundant, shows separately
the water amount to be added in the mixture per unit area (L/ha). Regulators require that
the quantity prescribed on the product label be used, so farmers cannot define an optimal
amount of spray in different ways, as it is legally forbidden in Italy.

It has been established that for the pesticides acting by contact, the correct dose to be
used should not be referred to the field area, but rather to the overall surface of the leaves.
However, during the growing period, the overall surface of a crop changes remarkably.
Taking into account these dynamics, the scope of this work is to develop an artificial
vision system supported by artificial intelligence, able to define optimal levels of mixture
(PPP + water) related to different growth stages, to assure the highest protection effect,
minimizing waste at the same time.

2. Materials and Methods

In greenhouses, the salad is picked approximately after one or two months from
when it is planted, so five to six cycles per year are possible, resulting in 10 to 12 pesticide
treatments every twelve months. This number of treatments is excessive, and it can create
some problems regarding the environmental impact. Specifically, the spraying modes
could be significantly improved, since no dedicated machines for greenhouses have been
developed yet and decisions about when and what to treat are often based on personal
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experience. This leads often to an overestimation of the PPPs amount to be sprayed, to
guarantee that also the lower layer of leaves is reached.

In this scenario, a structured solution to tackle the main criticalities of treatments
in the fresh-cut salad cultivation is proposed: a real-time advanced monitoring machine,
which aims at improving the treatment by deploying robotics and artificial intelligence
(AI) techniques to define how to properly spray, given the specific characteristics of the
plant. At the base of this principle, we have an autonomous rover adapting the controllable
characteristics of the treatment (e.g., the pressure of spraying, volume of air used, or height
of nozzles from the ground) was designed and built. The rover was equipped with an
advanced boom, according to what is detected in real-time from sensors, about the current
state of the plant. The rover is completely autonomous and, ideally, it does not require any
human assistance, saving the cost of labor or at least significantly reducing it.

As for the motion, the most effective solution is to adopt a small size rover, ideally per-
forming the treatment on one row at a time. In this way, the prototype design is simplified,
and the manufacturing costs are minimized. The rover is coupled to an advanced boom, to
guarantee large control possibilities, leading to more improvements in treatment efficiency.
The advanced boom can control the treatment by adjusting its height, the air distribution
flow, the nozzle distance and angle, the pressure control and other operation parameters.

2.1. Main Subsystems of the Machine

The main subsystems of the designed machine are: data gathering, spraying cir-
cuit, boom structure and actuation, rover structure and motion, and navigation com-
puting/electronics. The aim of the data gathering subsystem is to acquire information
regarding the plant and the treatment, carried out thanks to a 3D camera, a pressure sensor
and a flow sensor. The 3D camera is by far the most important component, both in terms
of information output and cost; its core function is to determine the type and growth
stage of the plant, while allowing a visual odometer to measure the speed of the rover, a
fundamental parameter for the treatment. The water pressure and flow sensors instead
allow a closed-loop control of the droplet size and product amount. While in theory the
pressure-flow curve of the nozzles is known, and therefore only one of these sensors would
be needed, the presence of both allows to detect faults (clogged nozzles, disconnected
pipes, air in the pump, etc.) and consequently stop the treatment, thus allowing the user to
solve the problem immediately.

The spraying circuit is the subsystem with the more traditional architecture. The
water line starts from the plastic tank and, through a high-pressure (up to 8 bar) variable
speed membrane pump, delivers the water to the nozzles. To allow different spacing, two
rows of nozzles were installed, driven by an electrovalve to allow using only one row, so
resulting in a 50 cm distance between active nozzles, or both, reducing this distance to
25 cm. The 50 cm distance was considered because it is the standard generally adopted
on sprayer booms, while the addition of the second row allows multiangle treatment and
lower dispersion of the droplets when reducing the boom height from the ground. A low-
pressure (0.2 bar) agitation pump recirculates the water in the tank, to avoid sedimentation
when a powder-based of PPP is used. The air line is composed only of a variable speed fan
and a flexible plastic air sleeve to direct the flow over the treatment area.

The boom structure is an aluminum body-on-frame. The selection of aluminum as the
main material, despite the higher cost, is due to the necessity to keep this component as
light as possible since the overhang outside the track and the height from the ground have
to be adjustable. To change the height, within a range of 30 cm, a linear electric actuator
was used, to cover the optimal settings for both the defined nozzle distances.

The rover structure is a mild steel body-on-frame, coated with high-temperature
powder paint to increase durability. Due to the low working speed, no suspension system
was implemented. The rear wheels have independent in-hub motors, while the front
wheels are free-pivoting. This configuration allows controlling the motion without a
steering system, by imposing the speed of the right and left wheel. The motors are driven

88



Appl. Sci. 2021, 11, 1992

from two independent power drives that implement a closed-loop speed control and are
directly connected to the battery. The battery is a 48 V Li-ion pack with a waterproof
casing. For a suitable safety of the operations, an emergency switch is put on the battery
for the disconnection.

The navigation system is based on a differential real-time kinematic GPS. This system
consists of three sensors and antennas, two on the rover and one in a fixed reference
position on the ground. Thanks to the real-time kinematic algorithm the relative position of
the antennas can be known with precision in the subcentimetric range. The two antennas on
the rover allows to determine differentially its spatial orientation, with a typical uncertainty
of 0.2◦. The data coming from the GPS are fused with those obtained from the inertial
measurement unit (IMU) and the 3D camera, to allow excellent accuracy and to stop safely
the system in case of malfunctions. The data taken from all the navigation sensors, as
well as the data gathering subsystem, are then collected and elaborated from the main
computing unit, a Linux-based x86 Personal Computer (PC), to determine the movement
and treatment actuator response. The PC is paired with a microcontroller and a power unit
to electrically interface with the sensors and actuators. A separate power supply is used for
the PC, while the microcontroller board is powered directly through the PC. To evaluate
the potential of this solution, a prototype has been designed and built to run on-field tests
to define the optimal way of spraying, given the characteristics of the plants.

2.2. Prototype

To verify the potential of the prototype, an advanced boom equipped with the camera
was realized before the complete rover, to test the sprayer while varying all the considered
parameters, and therefore to validate the reduction of the pesticide usage. In this paper,
the detailed design of the advanced boom and the results of its validation are reported,
before any industrialization step. Focusing on advanced boom validation instead of the full
system, allowed to manage properly the basic functionalities. In particular, the prototype
detailed in this paper includes:

• A simplified structure made with wooden panels, while the actuation of the boom
was eliminated, and the “legs” of the prototype were used to manually change the
height between tests.

• A small tank, of 20 L capacity, however sufficient for carrying out several test sets.
• No flow sensors: new nozzles are used, the nominal flow rate is therefore known and

so no pressure sensor is needed to obtain all the flow parameters.
• No navigation hardware. The testing will be carried out in a straight line.
• Laptops instead of a dedicated embedded PC.
• A main power supply instead of a battery. Moreover, due to the reduced power, the

main circuit voltage was reduced from 48 V to 12 V.
• A geared motor instead of the in-hub motors. The gear was used to drive a chain with

one extremity fixed to the wall and so regulate the test bench speed.
• Two cheap pumps have been used instead of a professional model. The quality of the

pump is not relevant to the test results since the flow conditions are directly imposed.

The CAD model (Figure 1) shows the design and the overall structure of the test bench
manufactured for quantitative evaluation of the proposed solution.
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Figure 1. CAD model of the prototype.

2.3. Field Tests

The main goal was to test the prototype in different working conditions considering
various operating parameters, to find the most suitable spraying setting in given crop
conditions. Two test sessions were carried out, as the pesticides are distributed at different
stages of the plants’ growth. The height and the width of the salad leaves were taken into
account as representative of the crop. In detail, the parameters investigated were:

• the nozzles’ typology: the nozzle type affects the drops’ dimension;
• nozzle distance: the distance affects the area covered by the drops, and in particular

the spraying overlap between the adjacent nozzles, in order to obtain the maximum
distribution uniformity;

• nozzle height: the height of the nozzles from the top of the crop affects the size of the
drop-covered area;

• rover speed: the speed affects the amount of mixture distributed on a given surface;
• pressure: the variation of the spraying pressure changes the drop size, affecting the

coverage of the crop, but also the possible drift of the mixture.

A total of 37 tests were carried out, arranging different combinations of the shown
features. To check the amount and evaluate the spraying features, 75 water-sensitive papers
were used for each test; the sensitive papers were placed in the crop in predefined ways,
and after each run collected and analyzed. A depth camera was used to record each test and
an image processing algorithm has been implemented to identify the plants and measure
height and covered area.

For the tests, radicchio (Cichorium intybus L.) was selected as the main crop, being
representative of most used salads in the ready-to-eat salad sector.

2.3.1. Real-Time Measurement of the Plants’ Features

The camera used for the tests is the Intel RealSense™ Depth Camera D435i [12]. Apart
the relatively low cost (about 200 $), this model allows at the same time to measure distances
and to collect images; moreover, this specific model is equipped with an integrated IMU
sensor. The algorithm for image processing has been implemented in C++ via the RealSense
library [13], as it contains all the functions needed to use the camera.

The algorithm structure for image processing implements a classical pipeline. At first,
some filters [14] are defined and applied to the data acquired by the camera, to reduce the
noise and improve image quality, as follows:
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• decimation filter: the resolution of the depth scene is reduced to reduce the necessary
computation power;

• spatial filter: an edge-preserving filter with a performance that can be used in real-
time;

• temporal filter: a filter that uses the information of the previous frames to adjust the
current frame. This is a useful function, above all in static conditions.

After data acquisition and filtering, color detection and segmentation algorithms were
used to find the plants. The OpenCV library [15] has been used to implement a simple
algorithm [16] assuming, in a greenhouse scenario, the most common salad color is in the
range of green, while the terrain is typically earth brown. Based on this simple assumption,
it was necessary to find the right range of greens to detect the plants; although a possible
solution could have been to work in the red, green, and blue (RGB) domain [17], since the
frames were already in this format, the color values of this domain are extremely sensitive
to light intensity, and therefore the best option was to convert each frame into the hue
saturation value (HSV) domain [18]. Once the RGB frame is converted into HSV, a binary
mask is computed to find where a specified color is.

As the tests were not conducted in a greenhouse, the assumption on the contrast
between the salads’ and the terrain’s colors was not valid, and we had to tune the range
also considering the background of the images, containing grey (the floor color). Due to
some reflection, this grey area in the HSV analysis presented some “yellow” components,
very close to the “green” part of the HSV spectrum; the choice of a proper threshold
turned in to exclude some parts of the salads not to detect erroneously the ground. For
real applications in greenhouse this should not happen, because of the clearer distinction
between the color of the terrain and the salads.

Knowing where the plants are, it is possible to extract useful information like the
height of the plants, from the depth component of the camera, and the percentage of the
covered area. To work in real-time, some additional information on the plants is needed;
indeed, to reduce the computational power of the algorithm and increase the throughput,
the analysis is performed on a smaller area of the frame chosen in the middle of the frame,
with a height which is one eighth of the total height of the image and a width that is
two-thirds of the frame width. In Figure 2, the red rectangle identifies the plants detected,
while the blue one indicates the area analyzed. Assuming the plants we want to analyze
are in the middle of the frame, the algorithm measures the distance of the floor/terrain
using a strip to the left and a strip to the right of the area under analysis. In doing this,
all the “green” pixels are discarded, while the other measures are stored in a vector. The
same process is done also for the plants: the algorithm considers all the pixels that are in
the intersection of the area under analysis (the blue rectangle) and where the plants are
identified; if the pixel is green, the distance is stored in another vector.

Having two vectors, respectively, for the distance measurements of the floor and the
distance measurements of the plants, we compute the floor and plant distances using the
median of the available samples as the mean would have been too sensible to the presence
of several outliers. In a greenhouse scenario, the availability of these two values is sufficient
to compute the median height of the plants in the area taken into account for the analysis.
During the laboratory tests, the plants were placed in some trays, thus, the algorithm
measures the height of the plants as:

median_plant_height = median_floor_distance − median_plants_distance − trays_height
(trays_height = 0.06 m).

The vision algorithm measures also the percentage of the analyzed area covered by
the plants counting the number of green pixels recognized as plants and computes the ratio
between this number and the total number of pixels inside the area. This last method uses
2D information, thus it does not extract volumetric characteristics of the plants.
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Figure 2. Image processing algorithm output.

2.3.2. Evaluation of the Spraying Quality and the Amount of Spray Liquid (Water) Used

Seventy-five square-shaped water-sensitive papers of about 1 cm2 area were placed
on the upper surface of leaves (25 samples), on the lower surface (25 samples), and on the
ground (25 samples). Salads were planted in eight bedding plant trays, each containing
6 × 8 smaller trays, each of them containing a plant. The dry water-sensitive papers were
gently stuck to the plant leaf using a natural glue, and these remained there after the end of
the treatment (i.e., the passage of rover with spraying water on the eight trays), including
the time needed for the plants and papers to become dry again.

To perform a more systematic analysis and obtain quantitative results, the samples
were classified and then attached to a blank A4 paper for image processing. A dedicated
algorithm was used to extract every single water-sensitive paper and to perform the
color analysis.

Dry water-sensitive papers are typically yellow, but when completely wet become
blue. The parts of papers not well sprayed become light blue. The image processing
algorithm is able to detect pixels with sufficient color saturation, meaning that they are
close to the blue threshold value, defined from the sample of scanned papers. Since the
samples were not perfectly squared and their area was not exactly 1 cm2, and during gluing
them on white A4 paper they could not be perfectly aligned, the image to be processed
also needed detection of all other nonwhite colors (Figure 3). This way, a few parameters
were introduced, defined for every single extracted water-sensitive sample:

• Ntotal is the number of nonwhite pixels, i.e., the number of pixels in a 2D image
representing the water-sensitive paper.

• Nblue is the number of blue pixels, i.e., those pixels in the 2D image of the water-
sensitive paper that represent parts of the paper covered by water.

• xc,total is the x coordinate of the geometric center of all nonwhite pixels in the 2D
image.

• yc,total is the y coordinate of the geometric center of all nonwhite pixels in the 2D
image.

• xc,blue is the x coordinate of the geometric center of all blue pixels in the 2D image.
• yc,blue is the y coordinate of the geometric center of all blue pixels in the 2D image.
• c = Nblue

Ntotal
is the coverage, can be expressed in percentage as Nblue

Ntotal
× 100% indicates

what percentage of the area of the water-sensitive paper is covered by water or, in
more practical terms, sprayed well.

92



Appl. Sci. 2021, 11, 1992

• d =
√
(Xc,blue − Xc,total)

2 + (Yc,blue − Yc,total)
2 is the distance (offset) between the two

geometric centers defined above; the lower the value, the more centered spraying
is performed.

Figure 3. Some examples of single water-sensitive papers extracted by extraction algorithm (on the
left in each pair) and black and white images obtained after transforming all ‘blue pixels’ to ‘black’
(on the right in each pair).

The final output of the water-sensitive papers analysis algorithm is a report containing
the following parameters for each test and each region (specific position—upper leaf, lower
leaf, ground):

• Ninsu f f icient is the number of insufficiently sprayed samples, i.e., those papers for
which the coverage c is below the adopted threshold t = 7%. The threshold value was
adopted experimentally, after running the program for different values and comparing
with the exemplary papers from reference [19].

• Nsu f f icient is the number of all other samples from the same test and region; in total
N = Nsu f f icient + Ninsu f f icient ≤ 25 is the number of papers in a single test, from a
single specific region.

• c is the average coverage for the single test, defined as c =

N
∑ ci
i=1
N , ci is the coverage of

every single water-sensitive paper belonging to this test and region.

• σc =

√
∑N

i=1 (ci−c)2

N is the standard deviation of coverage for the given test and region.

• d is the average distance (offset) for the single test, defined as: d =

N
∑ di
i=1
N , where di is

the offset for every single water-sensitive sample belonging to the considered test and
region.

• σd =

√
∑N

i=1 (di−d)
2

N is the standard deviation of distance (offset) for the given test
and region.

Another important aspect of the analysis is the amount of mixture (water) distributed.
It can be estimated, knowing the flow rate of each nozzle, the speed at which the rover
moves and, to refer to the area covered, the distance between the nozzles. Such quantity,
called “coverage”, is defined as

C =

(
l

ha

)
=

Q
vΔs

× 104 (1)

where:

Q
(

l
s

)
is the nozzle flow rate

v
(m

s
)

is the travelling speed of the rover
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Δs(m) is the distance between the nozzles.

To calculate the flow rate, the following equation is adopted:

Q = const. ×√
Δp, (2)

where:

Δp is the differential pressure between the pressure of fluid inside the nozzle and ambient
pressure; this differential pressure is directly obtained from the sensor.

Using table data for the flow at Δp = 300 kPa, it is possible to express:

Q(Δp) = Q(300 kPa)×
√

Δp
300 kPa

. (3)

For choosing the optimal set of spraying parameters, both the following conditions should
be met:

• Average coverage c (%) should be acceptable (not too low, and with no or very few
insufficient papers, Figure 4).

• Coverage in liters per hectare C
(

L
ha

)
should be as low as possible.

Figure 4. Degree of coverage of water sensitive papers [19].
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It is intuitively clear that these parameters are, roughly speaking, inversely correlated.

3. Results and Discussion

The results of all the 37 tests are shown in Tables A1 and A2 (Appendix A) and
analyzed according to the different parameters defined in the previous section: Nsu f f icient,
Ninsu f f icient, c, σc, d, σd, C. Columns are defined by these parameters, and for each test three
rows were reserved for upper leaves, lower leaves, and ground.

Results for the water-sensitive samples collected from the ground showed that the
spraying was carried out in all conditions at an almost complete coverage, thus suggesting
not to focus on this information. This was expected, so the third (’ground’) row of each test
put in the table is not significant.

After applying the criterion for the number of “insufficient papers”, only 10 tests
remained for further consideration, which accounts for roughly 250 samples. The mixture
(water) amount ranged from the very promising value of 265.5 L/ha to standard treatment
of 957.6 L/ha (i.e., very close to the theoretical 1000 L/ha). Considering this work aimed to
show the possibility to reduce significantly the pesticide distribution while maintaining
good or even improving spraying results, it has been decided to go deep only in those tests
involved in a distribution of less than 500 L/ha. The relevant results are shown in Table 1;
to offer full insights, in Table 2 all the parameters affecting the results are shown.

Table 1. The selected results from the first (nos. 9, 13, 14) and the second test session (nos. 17, 21, 24,
27, 34).

Test Nsuf Ninsuf
¯
c (%) σc (%)

¯
d σd C (l/ha)

9-upper 25 0 85.8 12.0 4.67 4.15 426.0
9-lower 24 1 78.5 18.3 6.68 6.20 426.0

9-ground 24 0 96.6 1.5 0.86 1.49 426.0

13-upper 24 0 84.0 22.7 6.15 11.55 438.0
13-lower 21 3 81.6 15.0 6.25 5.04 438.0

13-ground 23 0 95.4 4.7 1.73 4.23 438.0

14-upper 23 0 95.2 4.4 1.39 1.82 469.6
14-lower 21 1 84.1 15.7 6.73 10.54 469.6

14-ground 21 0 97.0 0.5 0.42 0.27 469.6

17-upper 24 0 75.0 27.6 9.50 13.41 441.8
17-lower 22 1 81.5 26.4 7.00 14.33 441.8

17-ground 25 0 95.1 0.8 1.14 0.62 441.8

21-upper 24 0 67.1 28.3 11.41 9.55 435.3
21-lower 21 4 68.1 29.5 13.31 14.26 435.3

21-ground 24 0 94.1 2.9 1.94 2.32 435.3

24-upper 25 0 95.7 2.2 1.47 1.70 456.7
24-lower 21 0 95.8 2.8 1.52 1.59 456.7

24-ground 24 0 96.4 1.0 1.35 0.89 456.7

27-upper 22 2 62.4 32.7 16.94 17.40 265.5
27-lower 22 2 77.8 29.1 8.90 14.47 265.5

27-ground 20 0 94.7 4.4 2.61 3.22 265.5

34-upper 22 1 76.7 28.7 5.78 6.94 284.3
34-lower 21 2 79.7 26.9 7.37 12.09 284.3

34-ground 24 0 96.7 0.6 0.68 0.27 284.3
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Table 2. Parameters from the tests 9, 13, 14, 17, 21, 24, 27 and 34.

Test Number 9 13 14 17 21 24 27 34

Height (cm) 53 27 27 37 49 49 49 65
Nozzle distance (cm) 40 25 25 25 40 50 50 50
Number of nozzles 3 3 3 3 3 2 2 2

Nozzle type (l/min) at 300 kPa 0.8 0.8 0.8 0.8 0.8 0.8 0.6 1
Nozzle inclination (◦) 0 20 −20 0 −20 0 0 −20

Air inclination (◦) 30 30 30 30 0 30 30 0
Speed (km/h) 2.25 4.15 3.86 4.32 2.51 3.12 3.48 4.00

Pressure (mbar) 1914 2694 2670 2964 2490 6614 4950 2694
Flow (l/min) 0.64 0.76 0.75 0.80 0.73 1.19 0.77 0.95

Average plant height (cm) 7 7 7 14 14 14 14 14
PWM 1 motor (%) 100 100 100 100 68 80 80 100
PWM 1 pump (%) 77 55 55 60 52 84 52 46

1 pulse width modulation.

In Table 1, some runs show a slightly higher standard deviation σc. Although they
have very good coverages c, these values may suggest that by repeating the tests with the
same parameters different results (possibly worse) could be obtained. To select the optimal
parameters, we could have used the simple index of performance defined as η = c

C could
have been used. Although this makes sense as it represents the percentage coverage c (%)
reached with a certain amount in L/ha, it is necessary to consider that the variance plays
an important role. For this reason, we excluded to the time being very promising results
(i.e., less than 300 L/ha) as they need further investigation.

Staying on the safe side, we can reliably state that with 420–470 L/ha it was possible
to obtain excellent coverage of upper and lower leaves in both test sessions (for example,
tests nos. 9 and 14 from the first session, with an average plant height of 7 cm and test no.
24 from the second session, with an average plant height of 14 cm).

Considering a theoretical mixture amount of 1000 L/ha, these numbers show that it is
possible to optimize spraying parameters with a reduction of more than 50%. Going down
to less than 470 L/ha, coverage results are however excellent, and still remain promising
opportunities to reduce the usage below 300 L/ha, starting from the parameters of tests
nos. 27 and 34 (Table 2).

4. Conclusions

Given that the commonly distributed mixture (amount of spray liquid for pesticide
treatments) for the cultivation of ready-to-eat salads is 1000 L/ha, the tests carried out
produced extremely promising results. Through the optimization of setting parameters,
in the first life stage of the plant it is possible to decrease that amount up to 426 L/ha,
maintaining an excellent coverage of the vegetation, with a very low wasting of PPPs to
the ground. In a further stage of the plants growth, the optimal amount turned out to be
460 L/ha, still more than half of the standard.

The solution described will result in many benefits, ranging from environmental to
economic sustainability. First, the overall treatment requires 55% less pesticide product
and, consequently, chemicals will not be wasted anymore, avoiding soil and groundwater
pollution. Furthermore, the usage of an electric rover replacing the diesel tractor will
decrease the pollutant gas emission, also avoiding fossil fuel consumption and reducing
CO2 emissions.

Future studies should strive to explore additional improvements in pesticide usage
with other parameters settings as, from the tests, very promising results have been obtained
also below the proposed setting reaching 265.5 L/ha use.
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Appendix A

Table A1. Results of all the tests.

Test Nsuf Ninsuf
¯
c (%) σc (%)

¯
d σd C (l/ha)

1-upper 25 0 94.2 3.2 1.89 1.58 952.0
1-lower 8 12 31 19.9 22.62 24.80 952.0

1-ground 24 0 96.8 1.1 0.65 0.88 952.0

2-upper 25 0 85.8 12.0 4.67 4.15 426.0
2-lower 24 1 78.5 18.3 6.68 6.20 426.0

2-ground 24 0 96.6 1.5 0.86 1.49 426.0

3-upper 25 0 77.5 18.8 9.11 6.96 662.4
3-lower 11 13 36.3 21.0 43.09 21.63 662.4

3-ground 25 0 95.5 2.7 1.34 1.87 662.4

4-upper 23 2 38.9 17.8 12.78 9.03 435.0
4-lower 8 15 18.7 10.0 22.44 10.65 435.0

4-ground 25 0 96.7 0.8 0.66 0.47 435.0

5-upper 22 1 45.9 16.6 7.82 5.40 466.2
5-lower 8 15 35.4 23.3 13.72 9.02 466.2

5-ground 25 0 96.6 1.0 0.68 0.65 466.2

6-upper 25 0 78.6 14.3 4.54 3.27 447.9
6-lower 5 19 20.6 9.8 11.62 9.08 447.9

6-ground 25 0 96.6 1.4 0.87 0.99 447.9

7-upper 22 1 45.9 16.5 8.02 5.49 584.0
7-lower 8 15 35.2 23.3 13.79 9.24 584.0

7-ground 25 0 96.6 1.0 0.68 0.65 584.0

8-upper 25 0 78.8 19.5 6.32 6.35 622.5
8-lower 19 4 62.0 26.5 14.45 11.69 622.5

8-ground 25 0 96.7 1.5 0.67 0.69 622.5

9-upper 25 0 85.8 12.0 4.67 4.15 426.0
9-lower 24 1 78.5 18.3 6.68 6.20 426.0

9-ground 24 0 96.6 1.5 0.86 1.49 426.0

10-upper 25 0 75.9 28.3 5.46 6.21 492.2
10-lower 18 5 55.0 27.1 13.86 11.85 492.2

10-ground 24 0 96.9 1.0 0.47 0.47 492.2
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Table A1. Cont.

Test Nsuf Ninsuf
¯
c (%) σc (%)

¯
d σd C (l/ha)

11-upper 22 3 62.0 17.8 9.97 6.44 306.8
11-lower 7 18 17.5 14.6 31.15 25.59 306.8

11-ground 24 0 97.3 0.6 0.37 0.24 306.8

12-upper 24 1 73.1 30.4 8.73 11.65 440.0
12-lower 7 18 53.8 25.8 15.37 11.27 440.0

12-ground 21 0 97.1 0.6 0.48 0.33 440.0

13-upper 24 0 84.0 22.7 6.15 11.55 438.0
13-lower 21 3 81.6 15.0 6.25 5.04 438.0

13-ground 23 0 95.4 4.7 1.73 4.23 438.0

14-upper 23 0 95.2 4.4 1.39 1.82 469.6
14-lower 21 1 84.1 15.7 6.73 10.54 469.6

14-ground 21 0 97.0 0.5 0.42 0.27 469.6

15-upper 21 1 57.8 30.8 13.39 13.67 438.0
15-lower 18 5 75.4 24.6 8.47 12.24 438.0

15-ground 25 0 91.6 16.8 4.17 14.36 438.0

16-upper 14 10 34.9 18.5 14.71 10.79 354.8
16-lower 7 12 21.6 12.2 29.80 17.04 354.8

16-ground 24 0 94.1 1.8 2.01 1.26 354.8

17-upper 24 0 75.0 27.6 9.50 13.41 441.8
17-lower 22 1 81.5 26.4 7.00 14.33 441.8

17-ground 25 0 95.1 0.8 1.14 0.62 441.8

18-upper 20 4 49.2 25.0 13.64 10.01 404.7
18-lower 15 5 36.7 23.1 24.63 18.50 404.7

18-ground 25 0 94.9 1.1 1.34 1.04 404.7

19-upper 18 6 49.9 31.7 13.50 13.98 432.5
19-lower 15 5 34.9 28.2 19.18 16.62 432.5

19-ground 25 0 94.2 1.9 1.70 1.53 432.5

20-upper 16 8 47.8 34.2 7.68 5.25 358.8
20-lower 10 15 28.5 26.8 24.38 17.02 358.8

20-ground 24 0 94.1 2.2 2.02 1.56 358.8

21-upper 24 0 67.1 28.3 11.41 9.55 435.3
21-lower 21 4 68.1 29.5 13.31 14.26 435.3

21-ground 24 0 94.1 2.9 1.94 2.32 435.3

22-upper 16 4 54.9 32.0 15.36 16.23 422.4
22-lower 20 3 56.8 33.2 13.84 14.64 422.4

22-ground 25 0 92.6 2.8 2.22 1.49 422.4

23-upper 23 0 94.0 4.3 2.03 2.37 379.8
23-lower 23 0 94.4 4.8 3.16 3.37 379.8

23-ground 25 0 93.1 4.6 3.68 3.77 379.8

24-upper 25 0 95.7 2.2 1.47 1.70 456.7
24-lower 21 0 95.8 2.8 1.52 1.59 456.7

24-ground 24 0 96.4 1.0 1.35 0.89 456.7

25-upper 23 0 93.3 13.6 2.06 4.21 347.1
25-lower 23 0 92.0 15.2 2.92 4.72 347.1

25-ground 23 0 96.0 1.4 1.65 1.13 347.1

26-upper 16 9 38.9 28.8 22.23 18.47 247.9
26-lower 19 5 42.2 30.3 21.65 13.09 247.9

26-ground 22 0 94.3 4.9 2.24 3.50 247.9
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Table A1. Cont.

Test Nsuf Ninsuf
¯
c (%) σc (%)

¯
d σd C (l/ha)

27-upper 22 2 62.4 32.7 16.94 17.40 265.5
27-lower 22 2 77.8 29.1 8.90 14.47 265.5

27-ground 20 0 94.7 4.4 2.61 3.22 265.5

28-upper 23 2 72.1 30.4 9.67 14.47 380.5
28-lower 17 5 53.8 34.8 20.35 21.11 380.5

28-ground 20 0 96.6 0.5 0.80 0.38 380.5

29-upper 16 6 72.5 20.8 13.23 12.99 344.2
29-lower 22 2 82.0 23.4 8.69 14.13 344.2

29-ground 25 0 96.6 0.8 0.94 0.53 344.2

30-upper 25 0 83.3 22.0 5.44 8.62 957.6
30-lower 21 2 86.2 20.5 4.68 7.34 957.6

30-ground 25 0 96.9 0.7 0.55 0.33 957.6

31-upper 19 4 70.2 21.8 7.83 6.74 650.4
31-lower 15 9 46.0 28.4 19.45 17.35 650.4

31-ground 24 0 94.7 7.2 1.60 3.08 650.4

32-upper 22 3 79.6 26.6 8.01 13.98 697.3
32-lower 16 9 71.8 32.2 14.23 22.95 697.3

32-ground 22 0 94.2 5.3 1.22 0.78 697.3

33-upper 22 3 53.8 25.1 9.52 10.19 440.5
33-lower 14 10 42.4 29.5 10.24 9.05 440.5

33-ground 22 0 96.1 1.5 0.87 1.07 440.5

34-upper 22 1 76.7 28.7 5.78 6.94 284.3
34-lower 21 2 79.7 26.9 7.37 12.09 284.3

34-ground 24 0 96.7 0.6 0.68 0.27 284.3

35-upper 22 2 60.8 34.5 8.82 11.26 372.8
35-lower 14 11 48.2 30.9 23.40 16.06 372.8

35-ground 24 0 97.0 0.4 0.60 0.26 372.8

36-upper 21 3 54.4 28.3 9.08 13.00 192.0
36-lower 12 8 51.7 37.7 18.05 23.76 192.0

36-ground 24 0 95.6 4.8 1.48 3.86 192.0

37-upper 18 6 60.8 24.2 13.68 13.62 330.9
37-lower 13 10 61.3 30.7 12.27 12.38 330.9

37-ground 21 0 96.1 1.0 1.00 0.55 330.9

Table A2. Selected parameters of all 37 tests.

Test Number 1 2 3 4 5 6 7 8

Height (cm) 65 65 65 65 65 53 53 53
Nozzle distance (cm) 50 50 50 50 50 40 40 40
Number of nozzles 2 2 2 2 2 3 3 3

Nozzle type (l/min) at 300 kPa 2.4 1.6 1.6 1 0.8 0.8 0.8 0.8
Nozzle inclination (◦) 2 2 −22 −22 −22 −22 −22 −22

Air inclination (◦) 0 0 0 0 0 0 0 0
Speed (km/h) 2.45 2.45 2.50 2.51 2.35 2.45 2.45 2.00
Pressure (kPa) 197.5 216.7 223.2 248.7 390.0 251.8 428.1 322.9
Flow (l/min) 1.95 1.36 1.38 0.91 0.91 0.73 0.96 0.83

Average plant height (cm) 7 7 7 7 7 7 7 7
PWM 1 motor (%) 100 100 100 100 100 100 100 80
PWM 1 pump (%) 77 60 60 45 52 52 77 62

Test Number 9 10 11 12 13 14 15 16

Height (cm) 53 53 53 27 27 27 27 37
Nozzle distance (cm) 40 50 50 50 25 25 25 25
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Table A2. Cont.

Test Number 1 2 3 4 5 6 7 8

Number of nozzles 3 3 2 2 3 3 3 3
Nozzle type (l/min) at 300 kPa 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8

Nozzle inclination (◦) 0 0 0 0 20 −20 −20 −20
Air inclination (◦) 30 30 30 30 30 30 30 30

Speed (km/h) 2.25 2.25 3.60 4.15 4.15 3.86 3.91 3.86
Pressure (kPa) 191.4 399.3 397.0 271.8 269.4 267.0 239.0 152.4
Flow (l/min) 0.64 0.92 0.92 0.76 0.76 0.75 0.71 0.57

Average plant height (cm) 7 7 7 7 7 7 14 14
PWM 1 motor (%) 100 100 73 100 100 100 100 100
PWM 1 pump (%) 77 84 84 55 55 55 55 55

Test Number 17 18 19 20 21 22 23 24

Height (cm) 37 37 37 49 49 49 49 49
Nozzle distance (cm) 25 25 25 50 40 50 50 50
Number of nozzles 3 3 3 2 3 2 2 2

Nozzle type (l/min) at 300 kPa 0.8 0.8 0.8 0.8 0.8 1.0 1.2 0.8
Nozzle inclination (◦) 0 45, −45 45, −45 −20 −20 −20 −20 0

Air inclination (◦) 30 30 30 0 0 0 0 24
Speed (km/h) 4.32 3.86 3.62 2.51 2.51 2.70 3.97 3.12
Pressure (kPa) 296.4 198.3 199.9 264.3 249.0 271.0 329.0 661.4
Flow (l/min) 0.80 0.65 0.65 0.75 0.73 0.95 1.26 1.19

Average plant height (cm) 14 14 14 14 14 14 14 14
PWM 1 motor (%) 100 100 100 68 68 68 100 80
PWM 1 pump (%) 60 45 45 39 52 47 60 84

Test Number 25 26 27 28 29 30 31 32

Height (cm) 49 49 49 49 65 65 65 65
Nozzle distance (cm) 50 50 50 25 50 50 50 50
Number of nozzles 2 2 2 3 2 2 2 2

Nozzle type (l/min) at 300 kPa 0.8 0.6 0.6 0.6 0.6 2.4 1.6 1.6
Nozzle inclination (◦) 0 0 0 45, −45 20 0 0 −20

Air inclination (◦) 30 30 30 30 30 0 0 0
Speed (km/h) 3.18 3.38 3.48 4.15 3.00 2.57 2.45 2.35
Pressure (kPa) 395.6 405.0 495.0 361.5 617.1 219.3 207.4 218.1
Flow (l/min) 0.92 0.70 0.77 0.66 0.86 2.05 1.33 1.36

Average plant height (cm) 14 14 14 14 14 14 14 14
PWM 1 motor (%) 80 90 80 100 100 62 62 62
PWM 1 pump (%) 52 45 52 56 65 75 56 58

Test Number 33 34 35 36 37

Height (cm) 65 65 49 49 49
Nozzle distance (cm) 50 50 50 50 50
Number of nozzles 2 2 2 2 2

Nozzle type (l/min) at 300 kPa 0.8 1.0 1.2 0.6 0.8
Nozzle inclination (◦) −20 −20 −20 −20 0

Air inclination (◦) 0 0 0 30 30
Speed (km/h) 2.45 4.00 4.06 3.72 3.29

Pressure (mbar) 380.6 269.4 331.4 2959 3865
Flow (l/min) 0.90 0.95 1.26 0.60 0.91

Average plant height (cm) 14 14 14 14 14
PWM 1 motor (%) 62 100 100 100 80
PWM 1 pump (%) 51 46 60 36 52

1 pulse width modulation.
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