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SUMMARY:: Pesticide application has contributed to increase the crop yield worldwide. Electronic control units,
sensors, actuators, onboard computers, geographic information systems and satellite remote sensing have been
employed in modern agricultural machines to safely, quickly, and accurately monitor and control machine operation
and record data for real-time or offline analysis. The aim of this study was to develop an automated boom sprayer
prototype with section control for pesticide application, thereby obviating the need for manual operator intervention
and reducing the risks of contamination. A complete prototype was developed containing three independent
application circuits. Spray quality was assessed using water-sensitive paper and a working pressure of 59.46 bar. The
following parameters were determined: volumetric median diameter, numeric median diameter, droplet density,
coverage percentage, and droplet volume. The flow rate of each nozzle was in accordance with manufacturer
specifications. The prototype was robust and effective in quickly alternating between boom sections without manual
intervention of the operator.

Keywords: Pesticide application. Technological innovation. Spray nozzle. Section control.

PROTOTIPO DE AUTOMACAO PARA PULVERIZADORES DE BARRA

RESUMO: A aplicacdo de pesticidas tem contribuido para o crescimento da produtividade agricola do Pais, por
conseguinte, controladores eletrbnicos tém sido utilizados na agricultura moderna. A eletrénica embarcada na
agricultura é representada pelo uso de sensores, atuadores, computadores de bordo, softwares e sistemas de
informagdes geograficas via satélite instalados nas maquinas agricolas. Seu objetivo € monitorar a operacdo das
maquinas, realizar algum tipo de controle automatico e registrar dados para analise posterior ou em tempo real. Os
sistemas de automacdo permitem monitorar e controlar o funcionamento de um sistema fisico de forma segura,
rapida e precisa. O objetivo deste trabalho foi o desenvolvimento de um protétipo de automacao para a transi¢cdo de
bicos de pulverizadores com um dispositivo eletrénico embarcado, diminuindo os riscos de contaminacdo ao
operador por ndo haver contato manual na substituicdo. Foi desenvolvido um protétipo completo contendo 3
circuitos de aplicacdo controlados de forma independente para cada tipo de conjuntos de pontas. As aplicagdes foram
realizadas sobre papel hidrossensivel, cujos bicos na pressdo de trabalho estavam calibrados em 59.46 bar, em que
foi avaliado a qualidade de aplicacdo com o levantamento dos seguintes pardmetros: didmetro mediano volumétrico
— DMV, didmetro mediano numérico — DMN, densidade de gotas, % de cobertura e volume das gotas. Os resultados
dos testes de vazdo ficaram de acordo com os dados do catalogo fornecido pelo fabricante das ponteiras testadas. O
protdtipo apresentou-se robusto e eficiente para a utilizagdo pratica, sendo possivel realizar a troca das ponteiras de
forma rapida e sem contado manual do operador.

Palavra-chave: Automacdo, Aplicacdo de Agrotdxicos, tecnologia embarcada.
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Agricultural spraying finds a variety of applications in the management of modern crops.
It allows controlling weeds (MOHAMED et al., 2018), protecting plants from pests and diseases
(KAUR et al., 2019), and applying nutrients and fertilizers. The environmental and productivity
advantages of no-till farming depend on the correct use of this agricultural technique. For an
effective pesticide application, it is necessary to take into account some important factors,
including type of crop, pest, and product; sprayer type and calibration; and climatic conditions.
The appropriate climatic conditions for spraying are those that result in low evaporation rate and
drift losses, and allow plants to absorb and translocate the material: average temperature of 10°C;
average relative humidity of 81% (BALSARI et al., 2017), and wind speed of 3 and 7 km h™'
(BAIO et al., 2019). In periods of intense rainfall or drought, optimum spraying conditions may
occur only for a few hours or not at all, contributing to the development of pathogens
(GRAMMATIKIS et al., 2020).

In view of this situation, the scientific community and the industry have been working to
optimize agricultural spraying. Ultra-low volume (ULV) application is a promising technique in
which quantities of less than 50 L ha™' are applied (the conventional amount is 150-250 L ha ')
(BAYER et al., 2011), thereby increasing the number of hectares covered per application.
However, there are still questions regarding the quality of droplet size and distribution in ULV
spraying. This study aimed to 1) to develop an automated boom sprayer prototype with three
different nozzle sections for laboratory testing, 2) evaluate the accuracy of the pressure gauge and
nozzle output, and 3) evaluate the parameters related to the application technology: volumetric

median diameter, droplet density, droplet volume, and coverage (%) of the sprayer.

MATERIAL AND METHODS
Automated boom sprayer

We developed an automated section control prototype that allows the operator to change
between three sections through command buttons without manually handling the nozzles. The
Arduino microcontroller activates one of three circuits, each controlling a different section of the
sprayer (Fig. 1). The prototype was assembled on a 2 x 0.90 x 0.90 m steel bench in the
Laboratory of Precision Agriculture and Machinery (LAMAP) of the Western Parana State
University, Cascavel, Parana, Brazil.

Figure 1. Flow chart of the automated boom sprayer prototype with an Arduino microcontroller.
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The control panel consists of three command buttons and a 16 x 2 LCD display (16
columns x 2 rows), which provides information on the active section. Section activation is
controlled by three 1/2-inch stainless steel solenoid valves containing a two-way servo control
(diaphragm) that is normally closed, operating at 12 V, minimum pressure of 14.50 psi, and
maximum pressure of 290.075 psi. A switched-mode power supply with an input of 127/220 V
and an output of 12 V is connected to the valves. Solenoid valve control was programmed into
the microcontroller using Arduino 1.6.1 software. The microcontroller provides an electric signal
to activate the section chosen by the operator. A 4 s interval was included after each section
selection to reduce the possibility of operator error (Fig. 2).

Figure 2. Flow chart of the circuits in the automated prototype.

©—> End of input »| Check the selected > Output delay (4 5) »| Actvare selected
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Source: authors

A

Because most pesticides must be dissolved or suspended in water for application, the
system was set up with a 200 L water tank. The circuit was pressurized using a piston pump
coupled to a 2 HP, 3 phase, 4 pole motor operating at 220 V, 60 Hz, and 1800 rpm. The spray

pump has a maximum flow rate of 18 L min™" at 800 rpm and a maximum pressure of 580.151

psi.
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The boom sprayer was assembled on a 2.45 m long, 0.23 m wide metal structure with
three 2.65 m long sections, each containing 5 nozzles distant 0.50 m from each other. Nozzle
spacing allowed a 60% spray overlap between adjacent nozzles.

Section booms were attached to a support with adjustable height (0.80-1.10 m). Sections
were composed of five BD-015 (low-drift flat fan), AD-03 (anti-drift flat fan), or CV-1A-015 (air
induction hollow cone) nozzles, which were supplied by Magnojet (lbaiti, Parana, Brazil). Nozzle
specifications are shown in Table 1.

The flow rate of each nozzle was evaluated in the laboratory and compared with the
values presented in the manufacturer’s manual. All tests were carried out using a working
pressure of 59.46 psi, as measured by a glycerin manometer. The tests were conducted from 2:00
p.m. to 6:00 p.m. on December 8, 2015, under a relative humidity of 86.20%, solar radiation of
498.49 W m?, precipitation of 0.0 mm, maximum temperature of 29.20 °C, and minimum
temperature of 18.60 °C (SIMEPAR weather information system). According to the
manufacturer, the flow rate at this working pressure is 700 mL min~' for BD-015, 1,430 mL
min~' for AD-03 nozzle, and 700 mL min~" for CV-IA-015. The flow rate was determined by
gravimetric analysis. Nozzles were turned on for 60 s, and the liquid spray was collected ina5 L
container. The containers were weighed on a precision balance (x 0.002 kg). Ten repetitions were
performed for each nozzle. Spray volume was calculated taking into account the density of water
(LkgL™).

Table 1. Technical characteristics of the spray nozzles used in the prototype.

Parameter BD-015 AD-03 CV-1A-015
Pressure range (bar) 141 2-4.1 3.1-10.4
Recommended height (cm) 50-60 50-60 50-60
Recommended spacing (cm) 50 50 50
Manufacturer Magnojet Magnojet Magnojet
Flow rate (L m™") 0.36-0.70 1.00-1.43 0.62-1.10

Source: Manufacturer site, access link: http://www.magnojet.com.br

Droplet volume was assessed using 76 x 26 mm water-sensitive papers (Hypro®,
Syngenta Crop Protection, Basel, Switzerland). Because the prototype is stationary, the water-
sensitive papers were placed on top of a 1.10 x 0.10 m acrylic support on a remote-control mini-
car (Fig. 3) moving at an average speed of 7 km h™'. The spray coverage percentage was

estimated by scanning the water-sensitive papers under a table scanner with 600 dpi resolution.
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Images were processed using Gotas version 2.2 (EMBRAPA). This software was developed by
the Brazilian Agricultural Research Corporation for analysis of pesticide deposition. Volumetric
median diameter (VMD), droplet density, coverage percentage and droplet volume were

determined. The relative span was calculated according to Eq. (1).

Span = Dv9o~ Dv1o (1)

Dyso

Where Dyg is the droplet diameter below which 90% of the particle diameters fall, Dyso is the
volume median diameter (VMD), and Dy is the droplet diameter below which 10% of the
particle diameters fall.

Figure 3. Water-sensitive papers (a) after spraying with nozzles BD-015 (b), AD-03 (c), and CV-
IA-015 (d).
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Source: authors

Statistical analysis

For analysis of data homogeneity and normality, we calculated the measures of central
tendency (mean and median), dispersion (standard deviation, SD), coefficient of variation (CV),
and distribution (skewness and kurtosis). CV was classified according to Pimentel and Garcia
(2002) as low (homoscedasticity), for CV <10%; intermediate, for 10% < CV < 20%; high, for
20% < CV < 30%; and very high (heteroscedasticity), for CV >30%. Data analysis was
performed using the R Core Team software (2021), and graphs were constructed using Statistica
version 10 (StatSoft, Palo Alto, United States).

RESULTS AND DISCUSSION

The prototype showed good performance in tests simulating pesticide application. Table 2
presents the descriptive statistics for the flow rate of individual nozzles on the automated boom
sprayer prototype. Most flow rate values were within the manufacturer’s specifications, but AD-
03 and CV-1A-015 had some results above the limit. The CV was less than 10% for all tests,
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indicating a balanced distribution of flow. The anti-drift flat fan nozzle AD-03 had a higher CV
than other nozzle types.

Table 2. Flow rate (mL min~') delivered by individual nozzles on the automated boom sprayer

prototype.
BD-015 (low-drift flat fan nozzle)

Nozzle number Maximum Minimum Median Mean SD Ccv Boxplot
1 738 640 699 6962 3170 455% - | |
2 755 670 704 7063 27.95 3.96% - -
3 725 640 722 7066 27.90 3.95% -——
4 730 667 702 7046 2098 298% - |
5 780 660 737 7265 3607 496% - | -

AD-03 (anti-drift flat fan nozzle)
1 1478 1190 1423 1386 111.77 8.06% -
2 1534 1290 1463 1450 69.33 478% - | | -
3 1548 1240 1474 1438 9484 659% - | —
4 1510 1206 1486 1443 8273 573% 1
5 1590 1180 1492 1450 119.01 8.20% «{_ :
CV-1A-015 (air induction hollow cone nozzle)

1 706 660 690 7023 1057 1.50% - »
2 738 675 706 707.6 1813 2.56% ~—— | |—
3 746 696 705 7004 1612 2.27% ‘||
4 750 625 727 7103 876 123% - |-
5 782 616 754 7135 624 0.88% - D

CV, coefficient of variation; SD, standard deviation.
As can be seen from the control chart in Fig. 4, BD-015 produced flow rates within the

maximum and minimum limits. Only 80% of the flow rates delivered by AD-03 were within the
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optimum range, with 18% below the minimum and 2% above the maximum (Fig. 5) CV-1A-015
had two points above the minimum limit (Fig. 6). The highest flow rates were obtained using the
AD-03 section, which is in agreement with the results of Silva (2017), who observed that AD-03
produced larger drops and resulted in higher droplet deposition on the upper and lower leaves of
bean plants than other nozzle types. In the current study, BD-015 delivered the lowest flow rate
among the three nozzles. Bonadiman (2008) found that pesticide application using fine and
medium nozzles (as defined by the manufacturer) was more efficient in controlling caterpillars in
soybean than treatments using coarse nozzles. Note that the flow rate delivered by a nozzle varies
with pressure; more specifically, the relationship between flow rate (in L min~') and pressure (in
bar) is quadratic (MARONGONI, 2018). Therefore, to double the flow rate of a pesticide solution
through the nozzle, it is necessary to quadruple the pressure. However, the higher the pressure,
the greater the nozzle wear.

Figure 4. Control chart showing flow rates (mL min™") delivered by the BD-015 nozzle section
of the automated boom sprayer prototype.
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Figure 5. Control chart showing flow rates (mL min™") delivered by the AD-03 nozzle section of
the automated boom sprayer prototype.
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Figure 6. Control chart showing flow rates (mL min™') delivered by the CV-1A-015 nozzle
section of the automated boom sprayer prototype.
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Cunha, Teixeira and Vieira (2005) stated that results of pesticide spraying yields are
variable and emphasized that the effectiveness of the application is determined by the amount of
pesticide applied and the uniformity of spray distribution. For this reason, droplet size must be
carefully considered when selecting spray nozzles for a particular application. However, most
farmers do not attribute enough importance to this parameter, resulting in inefficient treatments
and a high risk of pesticide drift (CHECHETTO et al., 2013).

The mean time required for nozzle change and stabilization was 3 s. The simplicity and
speed of this procedure are a great advantage when the weather changes abruptly and a different
type of nozzle needs to be used to reduce the risk of pesticide drift and off-target contamination.
Santos et al. (2013), analyzing pesticide application in Sinop, Mato Grosso, Brazil, observed that
the wind has a great influence on the process between 10 a.m. and 3 p.m., when the solar
irradiation is high and wind gusts are more frequent. This observation reminds us that
microclimatic and topoclimatic conditions should be taken into account in strategic planning, and
should guide tactical decisions for optimal crop management. Such practices improve the

resilience of agricultural systems in face of adverse weather conditions.
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Exploratory analysis of droplet parameters revealed the versatility of the prototype. This
characteristic increases the operator’s control over spraying conditions, minimizes contact with
chemicals, and improves the safety of the application. The prototype can be further enhanced to
integrate a telemetry circuit for providing real-time meteorological information, a functionality
not explored in this study. This technology can be adopted in the precision agriculture (PA) that
has been advancing with new fronts, but it is still a challenge to connect a machine to a telemetry
system (MOLIN, 2017) or sensors to the different types of data acquisition and transmission
devices.

Droplet parameters (droplet number, diameter number, dispersion, droplet volume, droplet
density, coverage, Dyig, VMD, Dyg, and span) of the nozzle sections were analyzed to better
understand the application potential of the automated boom sprayer (Table 3). The CV-1A-015
section had a CV for droplet volume diameter of less than <34%. The AD-03 section showed the
highest CV for droplet volume diameter. A uniform coverage of spray droplets necessitates a
narrow volume distribution, or, in other words, a low CV of droplet parameters (VITORIA et al.,
2014).

A mean VMD of less than 250 um is associated with a higher risk of drift, especially of
droplets smaller than 100 um (CUNHA et al., 2004). All nozzles had a mean VMD above this
limit. The AC-03 section produced droplets with a mean VMD of 546.24 um because this nozzle
type is coarser than the others.

AD-03 resulted in higher droplet density than CV-1A-015 and BD-015 (Table 3). This
result indicates that AD-03 improved the interaction between the liquid and its target (water-
sensitive paper), producing a greater number of drops per square centimeter (REPKE;
TEIXEIRA, 2013). Span is a dimensionless variable expressing the spread of droplet size in the
spray (MELLO, 2021). BD-015 had the lowest span, and AD-03 the highest (Table 3).
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Table 3. Exploratory analysis of droplet parameters for the three nozzle sections of the automated
boom sprayer prototype.

BD-015 (low-drift flat fan nozzle)

Parameter Maximum Minimum  Mean Median SD cv Boxplot
Dropletnumber ~ 6376.00  705.00 2468.92 247350 163605 66.27 4 | — -
Diameter number ~ 200.00  133.00 167.92 16400  20.30 12.09 ﬂ

Dispersion 2.68 0.71 1.25 0.97 069 5484 {[ |——
Density (droplets

) 33652 3014 12528 12875 8521 6802 4 ||— -
Coverage (%) 7.83 263 549 6.07 192 3492 — | |

Dyso (M) 199.42 9388 14704 15076 2015 1983  -— | }—-

Duso (HM) 50557 16341 25164 227.95 8725 3467 | |— -

Do (HM) 152884  279.80 48648 38002 33792 6946 | —— -

Span 2.70 0.70 1.30 1.00 070 5480 [ ——
CV-1A-015 (air induction hollow cone nozzle)

Dropletnumber ~ 3327.00  956.00 2130.58 190150 89961 4222 | | |-

Diameter number 21500 11000 15542 14900 3162 2035 | | |

Dispersion 1.67 1.07 1.40 1.38 020 1411 — [
Density (droplets

) 158.48  41.88  98.79 9450 4274 4327 m
Coverage (%) 6.10 200 393 3.82 126 31.92 %

Dygo (M) 28090 12761 18606 17131 5004 2689 | |——

Duso (HM) 772.84 38877 521.30 49023  111.13 21.32 —ALF—

Daeo (M) 140126 68412 90988 86745 18520 2035 || —— -

Span 1.67 1.07 1.40 1.38 020 1410 — | b
AD-03 (anti-drift flat fan nozzle)

Dropletnumber ~ 9852.00 192500 5169.42 5196.00 220040 42.57  +— | |—i -

Diameter number ~ 358.00 85.00 21425 19250  81.81 3818 %

Dispersion 2.95 1.27 1.77 1.66 050 2797 [ —-
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Density (droplets

) 504.07  97.99 22837 21138 11290 49.44 | | |— -
Coverage (%) 20.48 112 8.99 8.24 503 5599 -] —-
Dyso (UM) 46668  69.06  180.81 16502  109.01 6029 o [}—— -
Dyso (UM) 1121.07  196.74 54624 41230  321.09 58.78 B
Duso (HM) 1880.73  346.53 106321 989.58  472.68 4446 | [ |
Span 2.94 1.27 1.77 1.66 os0 2797 | }—-

D.10, droplet diameter below which 10% of the particle diameters fall; D5, volume median diameter (VMD); Dygo,
droplet diameter below which 90% of the particle diameters fall.

Droplet size can be determined either directly, in the air, or indirectly, by measuring the size
of droplets on artificial targets. Indirect measurements simulate the impact of drops on natural
targets and are important for evaluating spray drift and biological efficacy (MINGUELA,;
CUNHA, 2013). Droplet size was determined using water-sensitive paper. AD-03 produced the
largest drops in comparison with the other nozzles. Rohde et al. (2021) observed that the spray
deposition of AD and AD-IA nozzles were below the average for an effective pesticide
application in the post-reproductive stage of maize. BD-015 showed lower droplet diameter
values, that is, better deposition of spray droplets on the target. Cunha, Reis e Santos (2006)
investigated the spray deposition of different nozzles and observed that a higher soybean canopy
coverage was achieved when using fine nozzles. The authors observed that air induction nozzles
result in low target coverage because of the large droplets, which cannot penetrate the plant

canopy as efficiently as small droplets.
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Figure 7. Boxplot of droplet parameters (D10, Dyso, Dyveo, and span) for the three nozzle sections
of the automated boom sprayer prototype.
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CONCLUSIONS

The developed prototype was effective and allowed a quick exchange of boom sections
without affecting nozzle stability. In addition, it obliviates the need for direct contact between the
operator and the nozzles, reducing the risk of contamination. The flow rate of nozzles at 59.46 psi
was in accordance with the manufacturer’s specifications, showing that the transition between
boom sections was effectively carried out. The droplet parameters (VMD, droplet density,
coverage percentage, and droplet volume) of each nozzle were within the ranges established by

the manufacturer.
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