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Abstract
The pulse width modulation (PWM) spray system is the most advanced technology to 
obtain variable rate spray application without varying the operative sprayer parameters 
(e.g. spray pressure, nozzle size). According to the precision agriculture principles, PWM 
is the prime technology that allows to spray the required amount where needed without 
varying the droplet size spectra which benefits both the uniformity of spray quality and 
the spray drift reduction. However, some concerns related to the effect of on–off solenoid 
valves and the alternating on/off action of adjacent nozzles on final uneven spray coverage 
(SC) have arisen. Further evaluations of PWM systems used for spraying 3D crops under 
field conditions are welcomed. A tower-shaped airblast sprayer equipped with a PWM was 
tested in a vineyard. Twelve configurations, combining duty cycles (DC: 30, 50, 70, 100%) 
and forward speeds (FS: 4, 6, 8 km  h−1), were tested. Two methodologies, namely field-
standardized and real field conditions, were adopted to evaluate the effect of DC and FS 
on (1) SC variability (CV%) along both the sprayer travel direction and the vertical spray 
profile using long water sensitive papers (WSP), and (2) SC uniformity  (IU, index value) 
within the canopy at different depths and heights, respectively. Furthermore, the SC (%) 
and deposit density (Nst, no stains  cm−2), determined using short WSP, were used to eval-
uate the spray application performances taking into account the spray volumes applied. 
Under field-controlled conditions, the pulsing of the PWM system affects both the SC vari-
ability measured along the sprayer travel direction and along the vertical spray profile. In 
contrast, under real field conditions, the PWM system does not affect the uniformity of SC 
measured within the canopy. The relationship between SC and  Nst allowed identification of 
the ranges of 200–250 and 300–370 l  ha−1 as the most suitable spray volumes to be applied 
for insecticide and fungicide plant protection products, respectively.
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Abbreviations
CV  Variability of spray coverage expressed as coefficient of variation (%)
DC  Duty cycle (%)
Dlev  Canopy depth levels, namely external and internal portions
FS  Forward speed (m  s−1)
IU  Uniformity Index (Index Value)
Hlev  Canopy height levels, namely bottom, middle and top portions
LP  Water sensitive paper line position within the frame used to hold it
Nst  Deposit density averaged over leaf sides expressed as number of stains per unit 

area  (cm2)
Nst-lo  Deposit density at the lower leaf side expressed as number of stains per unit area 

 (cm2)
Nst-up  Deposit density at the upper leaf side expressed as number of stains per unit area 

 (cm2)
PWM  Pulse width modulation
SC  Spray coverage averaged over leaf sides (%)
SClo  Spray coverage at the lower leaf side (%)
SCup  Spray coverage at the upper leaf side (%)
WSP  Water sensitive paper

Introduction

The European Green Deal, and more specifically the Farm to Fork Strategy, strives to 
reduce the overall use of agrochemicals by 50% by 2030 (EC, 2020). In this respect, the 
European Commission will enhance the implementation of Integrated Pest Management 
(IPM). Besides alternative control strategies, such as crop rotation and mechanical weed-
ing, precision spraying techniques can help to achieve this goal.

A perfect spraying system ultimately aims to deliver and deposit a precise amount of 
active ingredient uniformly and exclusively upon a target area. Ideally, only the exact 
(minimum) amount of product required to achieve the desired biological effect would be 
released and all product discharged from the sprayer would reach the desired target (Giles 
& Comino, 1989). Achieving this goal is extremely challenging for agricultural spray 
applications; nevertheless, pesticide losses, under- and over-application, as well as inad-
equate coverage and deposition, should be avoided as much as possible to safeguard the 
environment, food safety and human health.

Conventional spray applications generally apply agrochemicals at a constant rate (l  ha−1) 
throughout the field, irrespective of pest/disease presence, planting system, crop density or 
tree canopy characteristics, which contribute to a lower application efficiency. In vineyards, 
orchards and other fruit productions high variability within and between trees in foliage 
density, canopy shape and size, typically results in trees being over- or under-sprayed when 
using a constant rate application (Chen et al., 2019; Salcedo et al., 2020; Zhu et al., 2008).

The quality of pesticide application can potentially be improved by accurately determin-
ing the spray rate based on the canopy structure and enhancing the accuracy of the spray 
rate (Campos et  al., 2020; Miranda-Fuentes et  al., 2015). Indeed, variable-rate sprayers, 
which adjust the application rates using flow controllers based on information from real-
time or sensor-guided canopy detection systems (e.g. ultrasonic, infrared, light detection 
and ranging—LIDAR, and stereo vision sensors) (Balsari et al., 2009; Berk et al., 2016; 
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Comba et  al., 2019; Palleja & Landers, 2015; Zhang et  al., 2018), have been shown to 
improve spray application efficiency and reduce off-target losses (Cai et  al., 2019; Chen 
et al., 2019; Gil et al., 2007; Jeon & Zhu, 2012; Llorens et al., 2010).

Variable rates can be achieved through pressure-based systems, injection systems, or 
pulse width modulation (PWM) systems. Pressure-based systems have been shown to have 
a slow response time and affect nozzle performance, specifically droplet size and spray dis-
tribution (Giles & Comino, 1989). Similarly, direct injection systems that inject the active 
ingredient upstream of the nozzle, were reported to show application errors caused by lag 
effects (Anglund & Ayers, 2003). The PWM technology controls the nozzle flow rate by 
pulsing an electronically-actuated solenoid valve directly upstream of the nozzle. The flow 
is changed by controlling the relative proportion of time each solenoid valve is open (duty 
cycle). The system therefore allows real-time flow rate changes while maintaining the oper-
ating pressure (Butts et al., 2019). The effects of PWM flow control on droplet sizes and 
velocities were found to be relatively minor, especially compared to pressure-based sys-
tems (Giles, 2020; Giles & Ben-Salem, 1992; Giles & Comino, 1990; Giles et al., 2002; 
Gopala Pillai et al., 1999).

For this reason, PWM technology that allows control of spray droplet size and flow rate 
of each nozzle independently has been extensively used in the development of innovative 
variable rate sprayers in accordance with the precision agriculture principles to spray only 
where and how much is needed. This technology has lead to promising results in reducing 
both chemical inputs and spray drift. For example, Salcedo et al. (2020) reported more than 
65% spray volume reduction with a laser-guided PWM-controlled variable rate air-blast 
orchard sprayer compared to a constant rate application with the same sprayer (by disabling 
the PWM control system) in two-year old apple trees, while still providing sufficient spray 
deposits and coverage for effective fungicide and insecticide applications (proposed by pes-
ticide manufacturers) without over-application. Furthermore, in this study, it was proven 
that the use of PWM solenoid valves improved distribution uniformities of both spray dep-
osition and coverage. Previously, Chen et al. (2013) found similar results.

Despite promising results, concerns still exist regarding the spray coverage accuracy 
and uniformity with the PWM system due to the solenoid on/off latency and the alternating 
on/off action of adjacent nozzles in some systems. Mangus et al. (2017) identified through 
lab based simulation that, although an accurate flow rate was emitted per pulse (regardless 
of duty cycle and number of nozzles activated), spray coverage accuracy decreased as duty 
cycle decreased, meaning lower duty cycles resulted in a lower percentage of area receiv-
ing the target application rate, and thus in more under- or over-application. In the early 
stages of PWM technology development, Giles and Comino (1990) found that a reduction 
in duty cycle resulted in spray distribution patterns with significantly more spray deposit 
directly underneath the nozzles and reductions in the outer regions of the pattern. The dis-
tortion was relatively minor for the tested flat-fan nozzles and severe for the solid-cone 
nozzles. Although several authors have recently studied the effect of PWM on droplet size 
spectra, activation pressure and flow rate at different duty cycles with different nozzle types 
(Butts et  al., 2018, 2019; Deng et  al., 2020; Llorens & Hewitt, 2019; Wei et  al., 2020), 
very few studies on the use of PWM in field conditions are available in the literature, espe-
cially for 3D crops, where the interest for the PWM system for variable rate applications 
increases daily. Therefore, more studies in real field conditions are needed to better under-
stand the efficacy of PWM systems in applying chemicals to valuable, widespread crops, 
such as vineyards and orchards.

The objective of this study was to test the effect of PWM duty cycle and sprayer forward 
speed on the spray coverage variability (i) along the sprayer track and canopy height at the 
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edge of the canopy using long water sensitive papers (WSP; plot L), and (ii) along the can-
opy height and canopy depth using short WSPs (plot S) in a 11 years old vineyard at full 
growth stage. Contextually, an estimation of the most suitable spray volume to obtain an 
efficient spray application that minimizes overspray and maximizes the potential efficacy of 
plant protection products was also carried out.

Materials and methods

Droplet size and velocity characteristics

Preliminary tests were conducted to determine the effect of PWM duty cycle and the pres-
ence of a solenoid valve on the spray droplet size and velocity characteristics. Labora-
tory trials were conducted at the ILVO Spray Technology Lab using the DynaJet® Flex 
7140 PWM system at the default setting of 20 Hz (TeeJet, Spraying Systems Co., Whea-
ton, Illinois USA). Measurements were performed using a Phase Doppler Particle Ana-
lyser (PDPA), as described by Nuyttens et al. (2007). The PDPA laser used was an Aero-
metrics PDPA one dimensional system (TSI, Minneapolis, USA). When a droplet passes 
through a small sampling volume, formed by two intersecting laser beams, light is scat-
tered by refraction. From the light scattering characteristics, droplet sizes and velocities 
are obtained. Measurements were carried out with the standard flat fan nozzle XR8002 VS 
(TeeJet, Spraying Systems Co., Wheaton, Illinois USA) at 4 duty cycle settings (30%, 50%, 
70%, 100%) at 0.40 MPa and at a distance of 0.5 m below the nozzle. Tests were carried 
out without air support using a single nozzle set-up, and were repeated three times.

Sprayer characteristics and configurations tested in field trials

A prototype vineyard sprayer developed in the ambit of the H2020 OPTIMA project 
(http:// optima- h2020. eu/), i.e. Smart Synthesis (Caffini S.p.a., Palù, Verona, Italy), was 
employed. It is a trailed sprayer with a 1 000  l polyethylene tank and an innovative 
axial fan with an electrical engine (KEB automation KG, Barntrup, Germany). The fan, 
700  mm in diameter and consisting of nine blades, sucks in the air from the front of 
a tower shaped air conveyor (Fig. 1a). The latter is equipped with multiple adjustable 
deflectors placed internally at the edge of the air-jet outlet, thus allowing direction of 
the airflow to match the canopy height. An electric-control varies the orientation of the 
whole air conveyor with respect to the central axis of the air-jet discharge system back-
wards and forward, thus determining the incidence angle of both airflow and spray jets 
on the canopy. The sprayer was equipped with a DynaJet® Flex 7140 PWM system 
(TeeJet, Spraying Systems Co., Wheaton, Illinois, USA). On each side of the sprayer, 
a vertical boom was mounted to the air-conveyor, each containing eight PWM sole-
noid valves coupled with a single nozzle holder, placed at 180 mm spacing along the 
boom (Fig. 1b). The PWM valves varied the duty cycle of the pulse signals to change 
the spray outputs (at a frequency of 20 Hz). The PWM system uses a blended pulse in 
which every other nozzle operates at an alternate frequency. So, below 50% DC, two 
adjacent nozzles can be off at the same time, resulting in no spray for very short periods 
of time (less than 25 ms at 20 Hz) and thus possibly zones with no or low amounts of 
spray deposit resulting in a high variation in spray coverage. In this study, each trial was 

http://optima-h2020.eu/
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undertaken at a constant spray application rate by using a fixed duty cycle (30%, 50%, 
70%, 100%) which was manually set through a dedicated DynaJet control unit at the 
start of each trial.

The sprayer was equipped with standard flat fan nozzles XR8002 VS (TeeJet, Spray-
ing Systems Co., Wheaton, Illinois USA). The trials were carried out at a working pres-
sure of 0.40 MPa, corresponding to a nominal nozzle flow rate of 0.91 l  min−1. Based on 
a preliminary check of the vertical spray profile, considering an intended canopy target 
height of 2.0 m, only the bottom six nozzles on each side of the sprayer were activated. 
The upper nozzles (N7, N8, N15, N16) were turned off (Fig. 1b). The internal air deflec-
tors were adequately adjusted to match the canopy height and to minimize spray losses 
over the target height. All trials were conducted at a fixed fan revolution speed of 1 600 
rev  min−1, producing an average airflow of 17 050  m3  h−1. The mean air velocity at the 
air outlet was 20.4 m  s−1. The electric axial fan ensured a fixed and constant fan revolu-
tion speed, irrespective of the PTO revolution speed, throughout the duration of the tri-
als. The air conveyor was placed orthogonal to the rows (90° relative to the central axis 
of the air-jet discharge system) in all trials (Fig. 1a).

In total, twelve sprayer configurations, deriving from the combination of four PWM 
duty cycles (30, 50, 70, 100%) and three forward speeds (4.0, 6.0 and 8.0 km  h−1 cor-
responding to 1.11, 1.67 and 2.22  m   s−1, respectively) were tested resulting in spray 
application rates ranging from 87.8 up to 585.0 l  ha−1. Three replicates were conducted 
for each configuration tested. The main variables examined are summarized in Table 1. 
The order in which configurations and replications were tested was fully-randomized 
using Excel software function.

Fig. 1  Smart synthesis vineyard sprayer featured by tower shaped air-jet discharge system, axial fan with 
electrical engine, and PWM DynaJet® system controlling the sprayed liquid rate of 16 nozzles. a Aerial 
view and b back view. During the field trials the nozzles N7, N8, N15 and N16 were disabled
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Field test location and vineyard characteristics

In September 2020, field trials were carried out in an espalier-trained vineyard (cv: Bar-
bera) at growth stage BBCH 89 “Berries ripe for harvest” (Lorenz et al., 1994) located at 
DiSAFA facilities in Grugliasco, Turin, Italy. The vine rows were 62 m long and oriented 
NW–SE (146° azimuth) (Fig. 2). Planting distances were 2.8 m between rows and 0.8 m 
within rows with a resulting density of 4 464 vines  ha−1. To accurately characterize the 
vineyard crop, the point quadrat technique (PQT) was used as described in detail by Grella 
et al. (2019) and Vitali et al. (2013). At six blocks, distributed in the first two rows (three 
blocks per row), and at four vine canopies per block, PQT measurements were taken in the 
vegetative strip at heights between 0.4 and 2.2 m. The average vineyard height from the 
ground was 2.08 m with a vegetative strip of 1.48 m and a canopy width of 0.48 m. The 
mean vegetative parameters were 2.2 leaf layers, 13.1% gaps, and a leaf area index (LAI) of 
1.31, calculated according to Pergher and Petris (2008).

Experimental plot layout and sampling system

The trials were carried out in the two outermost rows of the vineyard. Along each of these 
rows, two test plots (L and S) were established (Fig. 2). Each plot was characterized by a 
total area of 174  m2 (31.0 m × 5.6 m).

The variability of spray coverage at the edge of the canopy along (i) the sprayer track 
and (ii) the canopy height was measured in plot L under field-standardized conditions by 
spraying only from one side of each row (Fig.  2). For this purpose, long strips of WSP 
(500 mm × 26 mm, Syngenta Crop Protection AG, Basel, Switzerland) were used. Field-
standardized conditions were obtained by avoiding interaction of the spray with the leaves, 

Table 1  Sprayer configurations tested with the smart synthesis vineyard sprayer using 12 active TeeJet XR 
8002 VS nozzles at 0.4 MPa

a ID unique is a unique combination composed of Forward Speed (FS4, FS6 and FS8 corresponding to 4, 6 
and 8 km  h−1, respectively) and Duty Cycle (DC30, DV50, DC70 and DC100 corresponding to 30, 40, 50 
and 100%, respectively)

ID  uniquea PWM duty cycle 
(%)

Tot. flow rate (l 
 min−1)

Forward speed (m 
 s−1)

Applied volume (l 
 ha−1 of ground area)

FS4_DC30 30 3.3 1.11 175.5
FS4_DC50 50 5.5 1.11 292.5
FS4_DC70 70 7.6 1.11 409.5
FS4_DC100 100 10.9 1.11 585.0
FS6_DC30 30 3.3 1.67 117.0
FS6_DC50 50 5.5 1.67 195.0
FS6_DC70 70 7.6 1.67 273.0
FS6_DC100 100 10.9 1.67 390.0
FS8_DC30 30 3.3 2.22 87.8
FS8_DC50 50 5.5 2.22 146.3
FS8_DC70 70 7.6 2.22 204.8
FS8_DC100 100 10.9 2.22 292.5
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while still allowing interaction between the spray plume and the air-jet from the sprayer, 
as the latter influences the spray droplet trajectories. This was done to gain insight into the 
effect of the PWM system and alternating nozzles on the theoretical spray coverage with 
minimal interference of other factors. To evaluate the variability of spray coverage along 
the sprayer track, two ad hoc wooden frames held the long WSPs horizontally at three dif-
ferent heights, namely at 0.8 m (grapes band), 1.4 m (middle of the vegetation strip) and 
2.0 m (top of the vegetation strip) from the ground (respectively H1, H2, and H3; Fig. 3a 
and b). To evaluate the variability of spray coverage along the canopy height, two addi-
tional wooden frames held long WSPs vertically from 0.5 to 2.0 m from the ground at three 
advancing distances each 1.0 m apart (respectively D1, D2, and D3; Fig. 3c and d). In each 
sampled position, namely at the three canopy heights and at the three distances along the 
row, three long WSPs were aligned next to each other in order to simulate a unique WSP 
collector of 1 500 mm length with a total exposed surface of 390  cm2 (Fig. 3a and c). In 
both cases, one frame was placed on the right side of row 1 and the other on the left side 
of row 2 to evaluate the target coverage of the spray-jet generated by respectively the left 
and right side of the sprayer (Fig. 3b and d). The frames were positioned at the edges of the 
canopy, thus avoiding interference with canopy leaves, and were maintained in the same 
position for all trials and replicates. The wooden frames were distributed in the test plot 
ensuring 7 m distance between the frames used to measure the variability of spray coverage 
along the sprayer track and those used to assess the variability along the canopy height. Per 
replicate, a single sprayer pass in the alley between row 1 and 2 was carried out by apply-
ing pure water (Fig. 2a).

The spray coverage inside the canopy was measured in plot S under real field conditions 
by spraying both sides of the rows (Fig. 2). Real field conditions were obtained by allowing 

Fig. 2  a Schematic of trial layout for the spray coverage measurements in field-standardized conditions 
(plot L) and in real field conditions (plot S). b Aerial view of the vineyard field trial area
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both interaction of the spray and the air-jet with the leaves. For this purpose, the sampling 
strategy described by Grella et al. (2020) was adopted. The spray coverage was assessed 
at nine sampling positions per vine arranged at three heights (1: bottom, 2: middle, 3: top) 
and three depths (A: right edge, B: middle, C: left edge). At each sampling location, two 
paired short WSPs (76 mm × 26 mm, Syngenta Crop Protection AG, Basel, Switzerland), 
attached to the upper and lower leaf surface, were directly stapled to the leaf. In the process 
of selecting sample locations on real vines, the guidelines were to staple the WSP as close 
to the designated location as possible, given that there were leaves available for stapling. 
Where and when possible the WSPs were stapled to the same leaves. If not possible, the 
nearest leaves were selected. Within row 1 and 2, one canopy vine per row was sampled 
and the two sampled canopies were situated 11 m apart (Fig. 2a). The proposed sampling 
strategy is broadly used to assess leaf coverage under real conditions during spray applica-
tion field trials (Hołownicki et al., 2002; Rincón et al., 2020; Salcedo et al., 2020; Salyani 
et al., 2013).

Fig. 3  Three-dimensional schematic and real-field sampling positions of the WSP lines for the evaluation 
of spray coverage homogeneity a, b along the sprayer track at three heights (H1, H2, H3) and c, d along the 
canopy height at three advancing distances (D1, D2, D3). Each WSP line is composed of three long WSPs 
aligned and clipped to the wooden structure. The grey, dashed lines represent the tree row volume (Color 
figure online)
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The two plots were sprayed consecutively using pure water, meaning that the sprayer 
started the spray application in plot L in the alley between rows 1 and 2, and continued 
the application in plot S without stopping, then the left side of row 1 and the right side of 
row 2 were sprayed in plot S only (Fig. 2a). At the end of each spray application, the WSPs 
were collected, labelled using a unique code, and stored under controlled, dry conditions.

The environmental conditions were monitored over the full duration of the trials using a 
weather station placed 15 m away from the sprayed area in a crop free area, at the intersec-
tion of the test plots (Fig. 2a). The weather station was equipped with a sonic anemometer 
232 (Campbell Scientific, Logan, UT, USA) at 4.0 m height to measure wind speed and 
direction relative to the spray track, and two thermo-hygrometer HC2S3 probes (Campbell 
Scientific) placed at 2.0 and 4.0 m heights to measure air temperature and relative humid-
ity (RH). All measurements were taken at a frequency of 0.1 Hz and all data were recorded 
automatically by a data logger CR800 (Campbell Scientific). The mean air temperature was 
22.8 °C, mean RH was 54.5%, average wind speed recorded in each trial was always below 
1.48 m  s−1. The weather conditions accomplish the optimal conditions for spray applica-
tion defined by the best management practices (BMPs) (TOPPS-Prowadis Project, 2014). 
In all cases, the trials were conducted in “light air” conditions (Barua, 2005), making the 
data derived from the different trials broadly comparable. The weather data recorded dur-
ing the trials are shown for each configuration and replicate in Table 6 in appendix.

Sample processing and WSP analysis

Prior to the sample analysis, the long WSPs were cut into sections of 50 mm (ten sections 
per long WSP). Each collector line composed of three aligned long WSPs (1500 mm × 
26 mm) thus generated 30 sections (Fig. 12). From each collector line, the 30 WSP sec-
tions (50 mm × 26 mm,  ntot = 12,960) were then fixed on a single rigid support next to each 
other. The short WSPs (76 mm × 26 mm,  ntot = 1,296) were also fixed to a single rigid sup-
port. The WSPs were then scanned and images were produced at a resolution of 600 dpi 
using a HP Color Laser Jet Pro MPF M479dw printer with integrated scanner (HP, Palo 
Alto, California, U.S.A.). A specially programmed image processing macro (Miranda-
Fuentes et al., 2016; Zhu et al., 2011) in ImageJ (National Institutes of Health, Bethesda, 
MD, USA) (Rueden et  al., 2017) was used to determine the spray coverage parameters. 
Spray coverage (%) was calculated as the percentage area covered with the spray deposits 
on the WSP and deposits density (no stains  cm−2) was determined as the number of spray 
deposit stains per unit of WSP target area (Cerruto et al., 2019).

Data analysis

All statistical analyses were performed using IBM SPSS Statistics (Version 26) predictive 
analytics software for Windows. The data were tested for normality using the Shapiro–Wilk 
test and by visual assessment of the Q–Q plots of Z-scores for both the spray coverage and 
deposits density. Residuals analyses were also performed. An Arcsin[…] transformation 
was used to achieve residual normality and homoscedasticity of data, expressed as percent-
age. The data derived from the two test plots were analysed separately.
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Regarding the long WSPs (plot L), the coefficient of variation (CV, %) of the spray 
coverage was calculated per sampling position and used as indicator for variability of the 
spray coverage along the sprayer track  (CVsprayer track for the horizontal lines) and along 
the canopy heights  (CVcanopy height for the vertical lines). A three-way analysis of variance 
(ANOVA) was used to establish the effect of the independent variables duty cycle (DC), 
forward speed (FS) and the position of the WSP sampling line (LP) on the dependent vari-
ables  CVsprayer track and  CVcanopy height.

A four-way ANOVA was used to test the effect of the independent variables DC, FS, can-
opy depth (Dlev) and canopy height (Hlev) on the dependent variables, spray coverage (SC, 
%) and deposit density  (Nst, no of stains  cm−2) obtained from the S plot. The dependent vari-
ables were considered separately for the upper  (SCup and  Nst-up) and lower  (SClo and  Nst-lo) 
leaf sides and as an average of both sides (SC and  Nst). Prior to the analyses of variance, the 
random effects of sampled row and replicates were investigated and the null hypotheses were 
accepted. In all cases, the means were compared using a Duncan post-hoc test for multiple 
comparison (p < 0.05).

If significant differences were observed among FS and DC, the uniformity of spray cov-
erage among samples on each vine canopy was evaluated for each configuration by means 
of the uniformity index  (IU) using Eq. 1. The index was originally proposed by Chen et al. 
(2013) and recently used by Salcedo et al. (2020) considering only the upper leaf side, but 
was adjusted here to take into account the uniformity of spray coverage measured on both leaf 
sides. To further investigate the effect of FS and DC on the uniformity of spray coverage under 
real-field conditions, a two-way ANOVA was performed using IU as dependent variable.

where:
IU: uniformity index for spray coverage (0 to 1, with higher values indicating greater uni-

formity); i: order of comparison (1, 2,…, C2
n_up

 or 1, 2,…, C2

n_low
 ); n_up or n_low: number of 

groups in a direction to be compared (n is 3 for the y-direction, i.e. canopy depth, or z-direc-
tion, i.e. canopy height) for the upper (n_up) or lower (n_low) leaf sides; C2

n_up
 or C2

n_low
 : total 

number of possible combinations of two comparisons (e.g. C2

3_up
 = 3 for either the y or z 

direction and C2

3_low
 = 3 for either the y or z direction); ui: outcome of Duncan post-hoc test for 

comparison of the two groups in one combination (ui = 0 when they are significantly different, 
and ui = 1 when they are not significantly different).

In addition, the spray deposition qualities generated by the tested configurations were eval-
uated to define the most suitable spray application volume according to the treatment speci-
fication (e.g. insecticide or fungicide) in order to maximize the efficacy of spray application, 
while at the same time minimizing overspray. The thresholds provided by Syngenta Crop 
Protection AG and widely used by other authors were adopted (Chen et al., 2013; Miranda-
Fuentes et al., 2015; Salcedo et al., 2020). Overspray was defined as any situation with spray 
coverage greater than 30%, while effective insecticide and fungicide spray applications were 
considered at deposit densities higher than 30 and 70 stains  cm−2, respectively, which are 
rather conservative thresholds. To verify the suitability of the thresholds used, the linear rela-
tionship and the correlation between SC and  Nst, measured on both upper and lower leaf side, 
were evaluated for each configuration. Finally, dual y-axis charts with percentage of WSP not 
oversprayed and percentage of WSP with deposit density higher than the defined thresholds 

(1)IU =

∑C2
n_up

i
ui +

∑C2

n_low

i
ui

c2
n_up

+ c2
n_low
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(y-axes) were used to define the optimal spray application volume (x-axis) for both insecticide 
and fungicides spray application.

Results and discussion

Droplet size and velocity characteristics

An overview of the most important droplet size and velocity characteristics of the XR 8002 
nozzle spraying at 0.4 MPa pressure without solenoid valve and with solenoid valve work-
ing at different duty cycles (30%, 50%, 70%, 100%), and measured at 0.5 m under the spray 
boom is given in Table 2, with:

– Dv0.1,  Dv0.25,  Dv0.5,  Dv0.75,  Dv0.9 being the volume diameter (µm) below which smaller 
droplets constitute respectively 10, 25, 50, 75, and 90% of the total volume;

– vv0.1,  vv0.25,  vv0.5,  vv0.75,  vv0.9 being the droplet velocity (m  s−1) below which slower 
droplets constitute respectively 10, 25, 50, 75, and 90% of the total spray volume;

– V100 being the percentage of total spray volume with droplets ≤ 100  µm (%), also 
referred to as the driftables fines.

The PDPA measurements indicate that the addition of a solenoid valve to the spray sys-
tem and operated at 100% duty cycle slightly reduced the droplet size of the tested standard 
flat fan nozzle  (Dv0.5 no solenoid valve vs. solenoid valve at 100% DC = 250 vs. 228 µm). 
Duty cycle had no clear effect on droplet size, although a very small physical effect towards 
smaller droplets with reduced duty cycle was observed for the finest droplets  (Dv0.1,  Dv0.25, 
 Dv0.5), i.e. maximum 10  µm reduction from 100 to 30% duty cycle. The percentage of 
driftables fines  (V100) increased due to the presence of a solenoid valve and as duty cycle 
decreased. Butts et al. (2019) reported variable effects of the addition of the solenoid valve 
on the droplet size distribution from venturi nozzles but, similar to this study, they found 
a decrease in droplet size for most non-venturi nozzles. Those authors also measured the 
nozzle tip pressure and found a decrease in pressure across the solenoid valve with non-
venturri nozzles, which does not explain the decrease in droplet size from those nozzles. 
A lower  Dv0.5 in the presence of a solenoid valve could indicate a finer droplet size spec-
trum confirming the higher  V100 value. Further research should be conducted to identify 
the underlying cause. Unlike this study, Butts et al. (2019) found that droplet size gener-
ally increased and percentage of driftable fines reduced as duty cycle decreased, for both 
venturi and non-venturi nozzles. Similarly, Giles and Comino (1990) reported a significant 
effect of duty cycle on  Dv0.1 and  Dv0.5 for a flat fan nozzle, with an increase in droplet size 
as duty cycle decreased. According to those authors, the effects on droplet size spectra 
were most often observed as the generation of a few large droplets rather than a shift of the 
entire spectrum to larger diameters. In accordance with Butts et al. (2019), it is therefore 
suggested that the increase in spray drift potential with the PWM system due to the reduced 
droplet size is minimal, especially when compared to conventional sprayers implement-
ing similar flow rate changes. Wei et al. (2020) also reported increased droplet sizes with 
decreased duty cycles for XR 8001 to XR 8006 flat fan nozzles at 0.276 MPa using two 
different PWM systems from different manufacturers. These findings were explained by an 
increase in the travel distance of the spray sheet (i.e. the distance between the nozzle orifice 
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and the breakup of the sheet) with decreased duty cycle, making them more prone to larger 
droplets. Furthermore, when duty cycle decreased, the authors noticed an increase in pres-
sure upstream of the valve, whereas the activation pressure (i.e. the pressure between the 
valve and the nozzle orifice when the valve is open) decreased. The operating pressure was 
not adjusted when the duty cycle changed, contrary to this study. The droplet size distribu-
tion of the XR 8002 nozzle controlled by the TeeJet PWM system showed little variation 
with duty cycle in both the study of Wei et al. (2020) and in this study. Between 100 and 
30% duty cycle, Wei et al. (2020) found coefficients of variation of 1.7%, 2.1% and 4.0%, 
and maximum differences of 4 µm, 7 µm and 27 µm for  Dv0.1,  Dv0.5, and  Dv0.9, respectively. 
In this study, differences between 100 and 30% were up to 10 µm and coefficients of vari-
ation ranged from 3.8% for  Dv0.1 to 0.8% for  Dv0.9. At smaller droplet sizes, a larger vari-
ation was thus found in this study than in the study by Wei et al. (2020), whereas at larger 
droplet sizes, lower variation was found. These findings are hard to explain as different 
measuring methodologies were used. More specifically, Wei et al. (2020) measured 10000 
effective droplets over a 35 cm range of the long-axis spray pattern while not adjusting the 
operating pressure with changing duty cycle whereas, in this study, the entire spray pattern 
was scanned, a minimum of 10000 droplets measured and operating pressure was kept con-
stant at 0.4 MPa over the different duty cycles.

The addition of a solenoid valve also considerably reduced the droplet velocity of the 
tested standard flat fan nozzle  (vv0.5 no solenoid valve vs. solenoid valve at 100% DC = 5.6 
vs. 4.4 m  s−1). Droplet velocity was decreased by decreasing the duty cyle in this study. 
Giles and Ben-Salem (1992) also found decreased droplet velocities with decreased duty 
cycle with a flat fan nozzle (tested at 60%, 30% and 10% duty cycle), although the effects 
were relatively small and not always significant. Likewise, Butts et  al. (2018) reported 
decreased droplet velocities with decreased duty cycle for venturi and non-venturi nozzles, 
but found that the average droplet velocity either remained the same or slightly increased 
when a solenoid valve was operated at 100% duty cycle when compared to the standard 
configuration without a solenoid valve. The reduction in droplet velocity can be explained 
by the decrease in nozzle tip or activation pressure with the addition of a solenoid valve or 
with decreased duty cycle, as observed by Butts et al. (2019) and Wei et al. (2020) and as 
reported earlier. As suggested by Butts et al. (2018), the droplet velocity reduction using 
the PWM system could increase spray drift potential and reduce canopy penetration. How-
ever, Giles et al. (2002) demonstrated that the reduction in droplet velocity with flow rate 
was considerably lower with pulsed flow control than with conventional pressure control. 
This implies that the potential increase in drift potential with a PWM sprayer at lower duty 
cycles is lower than that obtained with a conventional sprayer with pressure-based control 
for a similar flow rate decrease.

Spray coverage under field‑standardized conditions (plot L)

The mean spray coverage measurements (SC, %) at the three canopy heights on the edges 
of the vine canopies are shown in Fig. 4. Irrespective of FS and DC, mean SC was always 
lowest at 2.0 m canopy height (H3) with a maximum of 27.2% at the highest spray volume 
applied (585.0  l   ha−1, FS4_DC100) and a minimum of 6.6% at the lowest spray volume 
(87.8  l   ha−1, FS8_DC30) (Table 7 in appendix). On the other hand, very high mean SC 
values were found at the other canopy heights, ranging from 28.4 to 87.2% at 0.8 m and 
from 38.6 to 86.8% at 1.4 m height for the extremes in spray volume, with a proportional 
increase in relation to the applied volume. The discrepancy between the lower canopy 
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heights (H1 and H2) and the highest one (H3) could be explained by the sprayer configura-
tion. On each sprayer side, only the six lower nozzles were activated (Fig. 1). According to 
preliminary tests, this should have been the best configuration to maximize the canopy dep-
osition and minimize the spray losses to the air. Compared to the lower heights, less spray 
was thus directed to the top of the vegetation, resulting in lower spray coverage at 2.0 m 
canopy height. For all canopy heights, mean SC increased with increasing DC. Further-
more, the differences in mean SC between 0.8 and 1.4 m became less pronounced as DC 
increases, suggesting the influence of DC on the vertical spray profile. Furthermore, Fig. 4 
shows more pronounced variations in SC profile at lower DC, regardless of FS, suggesting 
an effect of DC on SC variability along the travel direction. Indeed, this effect was con-
firmed by the three-way ANOVA which showed a significant effect of DC, FS and LP on 

Fig. 4  Spray coverage (%) on the WSP sections obtained from the WSP lines placed horizontally at dif-
ferent heights above the ground (H1 = 0.8  m, light-blue circles; H2 = 1.4  m, red squares; H3 = 2.0  m, 
green triangles-down) for the different forward speed and duty cycle combinations. The symbols show the 
mean ± standard error of the mean. The applied volumes (l  ha−1) are also shown for the different combina-
tions of duty cycle and forward speed (Color figure online)

Table 3  Results of the three-way ANOVA (p < 0.05) for the spray coverage coefficient of variation (CV, %), 
analysed separately for the horizontal  (CVsprayer track, %) and vertical  (CVcanopy height, %) WSP lines

a Statistical significance level: NS p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001

Sources DF p > (F) Significancea DF p > (F) Significancea

CVsprayer track (%) CVcanopy height (%)

Main effects
 Forward speed (FS) 2 2.58E-40 *** 2 5.97E-17 ***
 Duty cycle (DC) 3 3.62E-29 *** 3 5.63E-21 ***
 WSP line position (LP) 2 9.75E-75 *** 2 0.010 **

Interactions
 FS × DC 6 0.168 NS 6 0.001 ***
 FS × LP 4 0.001 *** 4 0.911 NS
 DC × LP 6 8.31E-09 *** 6 0.942 NS
 FS × DC × LP 12 0.467 NS 12 0.968 NS
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 CVsprayer track (Table 3). Despite different spray volumes due to differences in FS, DC thus 
influences the uniformity of spray coverage along the sprayer travel direction, with higher 
variability at lower DC. The not significant interaction FSxDC indicates that the influence 
of DC on SC variability is independent of FS. Concurrently, the spray coverage variation 
increased with increasing FS irrespective of DC level. This trend can be explained by a 
decrease in application volume, as well as a decrease in air volume delivered per linear-
meter of row when the FS was increased. Świechowski et al. (2004) demonstrated that the 
penetration of air in the canopy was fully affected by the sprayer travel speed especially for 
a cross-flow sprayer characterized by high volume/low speed air jet, affecting the SC uni-
formity in vineyard (Cerruto, 2007). Based on a visual assessment of Fig. 4, the variation 
in spray coverage was lowest at 2.0 m canopy height. The significant interactions FSxLP 
and DCxLP furthermore suggest effects of both FS and DC on the vertical spray profile, 
not only along the sprayer travel direction.

To illustrate the effects on the vertical spray profiles, the mean spray coverage values 
(SC %) at three distances along the canopy height are shown in Fig. 5. The visual analy-
sis shows that, independent from FS and DC, the SC profiles at the three distances align 
almost perfectly. Indeed, very little SC variation was noticed between the different vertical 
WSP lines. Over the 3 distances, SC ranged from 74.3 to 76.7% at the maximum spray 
volume and from 21.8 to 24.0% at the minimum spray volume (Table 7 in appendix). As 
already mentioned, the use of only the lower six nozzles per sprayer side explains the lower 
SC in the top part of the WSP lines. The highest SC was measured at the central part of the 
WSP lines. However, irrespective of FS, increasing DC increased SC at the bottom part of 
the vegetation, resulting in values equal or similar to those observed at the central part. SC 
was also found to increase with DC at the central and top of the vegetation, but to a lesser 
extent than at the bottom. The three-way ANOVA shows a significant effect of DC, as well 
as FS, LP, and the interaction FSxDC on  CVcanopy height (Table 3). The significant interac-
tion FSxDC underlines the combined effect of FS and DC on the vertical spray profile irre-
spective of the sprayer travel position. Interestingly, the significant effect of LP confirms 
the results achieved using horizontal WSP lines: the DC and FS affect the SC variability 
along the travel direction.

The effect of DC on both  CVsprayer track and  CVcanopy height was investigated in more detail 
for each FS separately using a Duncan post-hoc test for multiple comparisons. The results 
are shown in Fig. 6a and b for  CVsprayer track and  CVcanopy height, respectively. A clear trend 
within FS was observed, with a decrease in CV, and thus a decrease in SC variability, as 
DC increases from 30 to 100%, although not always significant. Regardless of FS, the 
 CVsprayer track measured for the extremes 30 and 100% DC were in all cases significantly 
different while intermediate values measured for 50 and 70% DC were not significantly dif-
ferent. Concurrently, two groups could be distinguished for  CVcanopy height with 30 and 50% 
DC being significantly different from 70 and 100% DC, except at the lowest forward speed 
of 4 km  h−1 where  CVcanopy height at 70 and 100% DC also significantly differed. In general, 
 CVcanopy height was higher than  CVsprayer track due to the lower coverage in the top part of the 
canopy. Finally, the comparison of  CVsprayer track obtained from configurations FS4_DC50 
and FS8_DC100, where the same volume was applied (292.5 l  ha−1) by different combina-
tions of DC and FS, were significantly different, confirming the effect of DC and FS on the 
variability of spray coverage.

The use of the field-standardized methodology, with WSP lines fixed on a rigid wooden 
frame and completely exposed to the spray jets without interference of vine leaves, allowed 
a broad comparison of the effect of DC on the SC variability, both along the sprayer 
travel direction and within the spray profile. However, this practice deviates from reality 
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as, during real spray applications, the leaves move due to the sprayer fan airflow and they 
interfere with each other and with the spray cloud depending on their position within the 
vine canopy and on the canopy density. Although no similar experimental field research 
on 3D crops is available in the literature, the effect of DC on  CVsprayer track (Fig. 6a) was 
comparable with the results found by Pierce and Ayers (2001). Those authors used boom 
sprayers and a similar method of measurement (CV % of SC measured along long WSP 
strips). Pierce and Ayers (2001), using PWM valves pulsing at 15  Hz frequency, found 
CV % higher (in the range from 65 to 10% for 25 to 100% DC) compared to those found 
in this study (in the range of 25 to 15% for 30 to 100% DC at 8 km  h−1). Recently, Mangus 
et al. (2017) found similar results using a dynamic, theoretical, on-ground spray coverage 

Fig. 5  Spray coverage (%) on the WSP sections obtained from the WSP lines placed vertically at different 
advancing positions (D1 = 0 m, light-blue circles; D2 = 1 m, red squares; D3 = 2 m, green triangles-down) 
for the different forward speed and duty cycle combinations. The symbols show the mean ± standard error 
of the mean. The applied volumes (l  ha−1) are also shown for the different combinations of duty cycle and 
forward speed (Color figure online)
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simulation for a boom sprayer equipped with a PWM system pulsing at 10  Hz. They 
reported that the coverage might result in scarce homogeneity due to areas with under- or 
over-spray. A similar trend with an increase in SC homogeneity due to increasing DC was 
also found by Jiang et  al. (2016) with a single nozzle under dynamic laboratory condi-
tions. The effect of FS on the SC homogeneity, evaluated along the sprayer travel direc-
tion, confirmed the results found by Deng et al. (2013) in laboratory experiments. Those 
authors suggest that, as higher travel speeds can enhance the spray heterogeneity along the 
travel direction (especially when low DC are used), the appropriate traveling speed during 
pesticide application with PWM system should be carefully chosen so that a more uniform 
spray distribution is achieved. While in the literature similar results were found as those 
presented here, it must be emphasized that they refer to experiments carried out with boom 
sprayers under controlled laboratory conditions and lower frequencies. Nevertheless, a few 
published data are available about the effect of PWM system (with special focus on DC) 
on the spray pattern along the boom. Although Pierce and Ayers (2001) suggest that puls-
ing nozzles had no effect on the spray pattern along the boom, Deng et al. (2020), working 
with flat fan nozzles (110° spray angle), demonstrated the effect of DC. According to those 
authors, DC affects (i) the distribution of the spray pattern as it narrows with decreasing 
flowrates and (ii) the spray angle as it reduces with decreasing flowrate. When the flowrate 
decreased from 100 to 40% (corresponding to the DC reduction), the average spray angle 
decreased by 49.8°. The increase in  CVcanopy height with the decrease of DC from 100 to 
30% (Fig. 6b) found in this study was probably attributable to the combined effect of both 
these phenomena described by Deng et  al. (2020). However, it should be noted that the 
spray angle can decrease or increase with duty cycle depending on the model and size of 
the nozzle, the flow rate, and the nozzle tip pressure. It is necessary to take into account 
that both the forces exerted by the liquid (flow rate, pressure) and the tangential forces pro-
duced by the valve are acting on the spray angle.

Spray coverage and deposit density under real field conditions (plot S)

The spray coverage results obtained under real field conditions (plot S) on the upper  (SCup) 
and lower leaf side  (SClo) are shown in Fig. 7 through a colour map for the different FS 
and DC combinations. Heterogeneous  SCup and  SClo were visually detected. As expected, 
within each FS, higher SC was obtained at 100% DC, when higher spray volumes were 

Fig. 6  Comparison of a  CVsprayer track and b  CVcanopy height for the different forward speed and duty cycle 
combinations. The bars show the mean ± standard error of the mean. Different letters and symbols on the 
bars denote significant differences (Duncan post hoc test, p < 0.05)
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applied, whereas lower values were measured at 30% DC. In addition,  SClo was always 
lower than  SCup with an average upper/lower ratio equal to 6.5, 8.1 and 6.7 for 4, 6 and 
8 km   h−1, respectively; the values were comparable to those found by Hołownicki et  al. 
(2002) in apple tree canopy working at 4 and 6 km  h−1. Detailed results averaged over the 
upper and lower leaf sides (SC) are shown in Table 8 in appendix. The four-way ANOVA 
(Table 4) shows that FS, DC and sample positions within the canopy, i.e. canopy depth 
(Dlev) and canopy height (Hlev), significantly affected spray coverage, but some differ-
ences occured depending on leaf side. The effect of FS and DC, as well as Dlev and Hlev 
on the spray coverage can be attributable to the different applied spray volumes. No signifi-
cant interaction effects were found for SC. The separate analysis of spray coverage accord-
ing to leaf side showed a significant interaction effect of DlevxHlev, underlining that the 
effect of canopy depth on spray coverage changes depending on the canopy height level. 
This confirms the heterogeneity of spray coverage within the vine canopies.

The two-way ANOVA showed no significant effect of FS [F(2,12) = 0.056, p = 0.946], 
DC [F(3,12) = 0.296, p = 0.827) or FSxDC [F(6,12) = 2.574, p = 0.077] on the uniform-
ity index  (IU) under real field conditions. Surprisingly, very similar  IU values (around 0.8) 
were reported for both FS and DC (Fig. 8). The  IU values obtained were in the same range 
as those found by other authors in a young apple orchard (Chen et al., 2013; Salcedo et al., 
2020), even though they only took into account the upper leaf side. The results found under 
real field conditions deviated from those obtained under field-standardized conditions 
in which the effect of FS and DC on the uniformity of spray coverage was well defined 
(Fig. 8 vs. Fig.6). This effect is not so surprising considering that, under real field condi-
tions, the short WSP were directly stapled to the leaves to simulate the real leaf behaviour 
influenced by the airstream and spray cloud generated by the sprayer, whereas, under field-
standardized conditions, the long WSP were fixed to wooden supports and were completely 
exposed. Even if the positive effect of DC on spray coverage (due to the increase in spray 
volume) is well defined, the effect of DC on the uniformity of spray coverage  (IU) was nul-
lified under real field conditions. The turbulent airflow generated by the airblast sprayer, 

Fig. 7  Mean spray coverage (%) on the WSP placed on the upper  (SCup) and lower  (SClo) leaf sides at dif-
ferent depths (A = right edge; B = middle; C = left edge) and heights (1 = bottom; 2 = middle; 3 = top) in the 
canopy for the different forward speeds and duty cycle combinations
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used to guide the spray jet into the canopy, eliminated the on–off effect of the PWM sole-
noids on the spray coverage uniformity inside the canopy, irrespective of DC used. Accord-
ing to Duga et al. (2015) the outlet airflow pattern from sprayers is strongly related to the 
spray deposition along the canopy height, thus underlining the importance of appropriate 
and dedicated adjustment of the airflow velocity and direction to the canopy architecture 
in order to maximize and to obtain uniform deposition throughout the canopy and concur-
rently reduce spray losses. Fox et al. (2003), investigating the variability of spray cover-
age, demonstrated through experimental field trials on nursery trees that, for a given spray 
volume, a factor four to five difference in spray coverage can be found between replicates 
with WSP collectors placed in the same location (stapled to the same leaf). This variation 
can be attributed to the interaction between leaves and sprayer airflow, as found by Li et al. 
(2021). Those authors studied the leaf movement under different airflow velocities and the 
influence of the leaf aerodynamic response on droplet coverage ratio.

Figure 9 displays a colour map of deposit density on the upper  (Nst-up) and lower leaf 
side  (Nst-lo) measured at three heights and three depths in the vine canopies for the dif-
ferent FS and DC combinations. In general, within FS, the deposit density increased with 

Fig. 8  Uniformity index  (IU) averaged over a forward speed and b duty cycle. The bars show the 
mean ± standard error of the mean

Fig. 9  Mean deposit density (no stains  cm−2) on the WSP placed on the upper  (Nst-up) and lower  (Nst-lo) 
leaf sides at different depths (A = right edge; B = middle; C = left edge) and heights (1 = bottom; 2 = middle; 
3 = top) in the canopy for the different forward speed and duty cycle combinations
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DC, both at the upper and lower leaf side. Furthermore, deposit density was always higher 
at the upper leaf side, except for FS4_DC100 and FS6_DC100 due to massive overlap of 
stains on the upper leaf side, as also described by Fox et al. (2003) and Grella et al. (2020). 
Table 4 shows the results of the four-way ANOVA. Even if the main effect of FS and DC 
on  Nst-up was not significant, the significant interaction FSxDC indicates that the effect 
of FS is dependent on the DC as the overlap of stains becomes more considerable as the 
applied spray volume increases, resulting in a flattening of deposit density, even if  SCup 
was considerably higher at higher spray volumes (Fig. 7). In contrast, the main effects of 
FS and DC on  Nst-lo were significant as the lower leaf side is generally less exposed to the 
spray jet, thus being less subjected to stain overlaps. Similarly, FS and DC had a significant 
effect on the deposit density averaged over both leaf sides  (Nst). In addition, Dlev and Hlev 
significantly affected  Nst-up,  Nst-lo and  Nst. Interestingly, the significant interaction FSxD-
CxDlev on  Nst-up indicates the effect of both FS and DC on the canopy spray penetration: 
generally lower deposit density was noticed for the middle depth of the canopy irrespective 
of height position, even if some exceptions can be observed (Fig. 9). Detailed results aver-
aged over the upper and lower leaf sides  (Nst) are shown in Table 9 in appendix.

Spray deposition qualities for the definition of optimal spray application volume

Figure 10 shows the relationships between SC and  Nst measured under real field conditions for 
the different FS and DC combinations. In line with Chen et al. (2013), WSP with SC higher 
than 30% (dash-dotted black line, Fig. 10) were classified as over-sprayed, thus taking into 
account that high coverage doesn’t necessarily imply an effective spray application (Garcerá 

Fig. 10  Plots of deposit density (no of stains  cm−2) and spray coverage (%) for the different forward speed 
and duty cycle combinations. Different colours represent the different applied spray volume (l  ha−1). Hori-
zontal dashed red and green lines represent the deposit density thresholds for effective insecticide (30 stains 
 cm−2) and fungicide applications (70 stains  cm−2), respectively. The vertical dash-dotted black line repre-
sents the spray coverage threshold for the overspray situation (30%). The thresholds were recommended by 
Syngenta Crop Protection AG (Color figure online)
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et  al., 2011). Thresholds of 30 and 70 stains  cm−2 were used to evaluate  Nst for effective 
insecticide and fungicide application, respectively (Salcedo et al., 2020; Zhu et al., 2011). As 
demonstrated by field trials conducted within best management practices training programs in 
agriculture (TOPPS-Prowadis Project, 2014), an increase in the application rate might increase 
the spray coverage but not the biological efficacy of the PPP. The scatter plots in Fig. 10 con-
firm that the increase of applied spray volume results in an increment of SC with a marked 
overspray situation. It is therefore often possible to reduce spray volumes without harming 
the treatment effectiveness. Indeed, in accordance to the results found by other authors (Grella 
et al., 2020), the best linear relationships between SC and  Nst were generally obtained with 
WSP characterized by SC below 20%. These relationships are presented in Table 5. However, 
even if only those WSP collectors were considered, the correlation between SC and  Nst dem-
onstrates that the Pearson’s coefficient (ρ) and determination coefficient  (r2) decrease with 
applied spray volume. It can therefore be concluded that besides WSP with SC above 20% 
(Fox et al., 2003; Salcedo et al., 2020), also those with SC below 20% but sprayed with exces-
sive spray volume are characterized by stain overlap. Although the 20% SC threshold was 
defined as the most suitable for  Nst evaluation of WSP collectors in order to minimize the 
effect of overlapping stains, the 30% threshold (as indicated by the WSP manufacturer and 
other authors) was nevertheless considered acceptable for  Nst measurements.

Based on these criteria, the percentage of not over-sprayed WSP collectors and the percent-
age of WSP collectors characterized by  Nst higher than 30 and 70 stains  cm−2 were selected 
and plotted against the applied spray volume to obtain the best spray application volumes to 
minimize over-spray and maximize the density of spray deposition on the vine leaves as indi-
cated by the intersection of the curves. The results are shown in Fig. 11. Based on the vine-
yard field trials simulating spray applications under real field conditions, the most adequate 
spray volumes lie between 200 and 250  l   ha−1 for insecticide treatments and between 300 

Table 5  Linear relationships 
between the deposit density 
 (Nst, no stains  cm−2) and surface 
coverage (SC, %) for the WSP 
characterized by SC below 20%

The statistical significance and Pearson’s correlation coefficient (ρ) are 
also shown for each configuration
a ID univoque configuration is composed of combinations of Forward 
Speed (FS4, FS6 and FS8 corresponding to 4, 6 and 8 km  h−2, respec-
tively) and Duty Cycle (DC30, DC50, DC70 and DC100 correspond-
ing to 30, 40, 50 and 100%, respectively)
b Statistical significance level: NS p > 0.05; *p < 0.05; **p < 0.01; 
***p < 0.001
c Pearson’s correlation coeffieient

ID  univoquea Equations r2 p > (F) Sign.b ρc

FS4_DC30 y = 23.17 + 7.27x 0.845 1.94E-39 *** 0.919
FS4_DC50 y = 26.60 + 6.59x 0.838 3.24E-30 *** 0.916
FS4_DC70 y = 32.68 + 6.02x 0.719 6.63E-18 *** 0.848
FS4_DC100 y = 44.86 + 5.88x 0.496 1.94E-09 *** 0.705
FS6_DC30 y = 17.63 + 7.89x 0.830 7.41E-40 *** 0.911
FS6_DC50 y = 21.23 + 7.24x 0.803 4.51E-32 *** 0.896
FS6_DC70 y = 22.81 + 6.62x 0.774 2.69E-24 *** 0.880
FS6_DC100 y = 27.08 + 6.98x 0.735 1.07E-20 *** 0.856
FS8_DC30 y = 18.88 + 7.66x 0.806 5.07E-37 *** 0.898
FS8_DC50 y = 21.12 + 7.07x 0.825 1.00E-37 *** 0.908
FS8_DC70 y = 24.22 + 7.26x 0.772 8.77E-26 *** 0.879
FS8_DC100 y = 22.03 + 6.99x 0.787 3.49E-23 *** 0.887
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and 370 l  ha−1 for fungicide treatments. This is in contrast with the current practices adopted 
by vine farmers as outlined in the OPTIMA survey carried out in 2018, where average spray 
volumes when applying insecticides were slightly higher than those applying fungicides − 
370 vs. 317- (Marucco et al., 2019). To obtain an effective spray application able to minimize 
overspray and to maximize the deposit density needed according to the treatment specifica-
tions, the flat fan nozzle XR 8002 operated at different DC and FS gives the farmer a wide 
range of options to obtain the most adequate volume, especially when insecticides are applied 
and lower deposit density is required. When the spray application is intended for fungicides, 
higher FS are not recommended. Indeed, at 8 km  h−1, the curves do not intersect, meaning that 
a higher spray volume was needed to obtain an effective treatment. However, when the spray 
application was operated at 8 km  h−1 and 100% DC (FS8_DC100, 292.5 l   ha−1) the curves 
were very close to each other (Fig. 11b). Therefore, if the farmer decides to perform a spray 
application at 8 km  h−1 or higher, than nozzles with bigger orifices are recommended. Nev-
ertheless, the proper selection of DC to obtain the defined adequate spray volumes, allowed 
obtaining less than 25% of over-sprayed leaves and guaranteed more than 80% and 75% of 
leaves with  Nst higher than 30 and 70 stains  cm−2 when insecticide and fungicides are applied, 
respectively, irrespective of FS (Fig. 11).

Conclusions

The PWM spray system was demonstrated an effective technology to apply variable rate 
spray application for precision agriculture in 3D crops like vineyards. It allowed the digital 
control of flow rate and spray droplet size from agricultural nozzles without concerns for 
possible under-sprayed canopy zones in the range of 30–100% duty cycle.

Fig. 11  Dual y-axes charts illustrating the relationships between the percentage of not oversprayed WSP 
collectors (light-blue triangles-filled) and the percentage of WSP collectors characterized by a deposit den-
sity higher than a 30 stains  cm−2 for insecticide treatment, or b 70 stains  cm−2 for fungicide treatment (red 
pentagon-filled), with indication of the applied volume (l  ha−1), shown separately for the different forward 
speeds. The vertical dashed black line represents the applied volume at which the curves intersect (Color 
figure online)
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In particular, from the experimental results it can be concluded that:

(1) Under field-controlled conditions, the on–off effect of the PWM system affects not only 
the variability of spray coverage measured along the sprayer travel direction, but also 
along the vertical spray profile. Even if the average spray coverage variability increases 
with increased forward speed, the magnitude of the duty cycle effect in enhaning the 
variability increases as the duty cycle decrease from 100 to 30%, irrespective of for-
ward speed.

(2) In contrast, under real field conditions, the on–off effect of the PWM system does not 
affect the uniformity of spray coverage measured within canopies at different depths 
and heights, neither did the adopted forward speed show a significant effect. In addi-
tion, the applied volume, a combination of different forward speeds and duty cycles, 
was fully reflected by the differences in both spray coverage and deposit density meas-
ured on the upper and lower leaf sides.

(3) Furthermore, the relationships between spray coverage and deposit density allowed 
identification of the most suitable spray volumes for effective insecticide and fungicide 
spray applications in order to minimize the overspray and simultaneously maximize 
the desired deposit density according to the treatment specifications.

In general, the pulsing of the PWM valves has an effect on the spray coverage homo-
geneity, but this effect was not retrieved under real field conditions, most likely due to the 
interaction between leaves and sprayer airflow that moves the leaves and carries the spray 
droplets to the target canopy, and the large variation typical of field applications (e.g. due 
to the aforementioned air support, canopy density, etc.). Therefore, under real field con-
ditions no concerns about possible under-sprayed canopy zones related to the use of the 
PWM system were noticed. Furthermore, the use of the PWM system gives farmers a wide 
range of options to obtain the most adequate spray application rate according to the treat-
ment specifications without changing the spray pressure, and therefore the droplet size 
spectra produced, with expected benefits in terms of drift reduction.

Appendix

See Fig. 12 and Tables 6, 7, 8 and 9.

Fig. 12  Example of WSP line composed of three aligned long WSPs (150 mm × 26 mm) from which 30 
WSP sections (50 mm × 26 mm) were derived. The Coefficient of Variation (CV, %) was then calculated 
within each WSP section for the evaluation of coverage homogeneity
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Table 6  Weather conditions recorded during the trials, split by replicates

Configa & repli-
cates

Temperature RH Wind speed Wind direction

Mean ∆ h1–
h2

Mean ∆ h1–
h2

Min Max Mean Dominant Mean

(°C) (°C) (%) (%) (m  s−1) (m  s−1) (m  s−1) (° azimuth)

FS4_DC30
 1 18.0 − 0.32 73.1 0.50 0.12 3.41 1.48 NNE 32
 2 22.2 − 0.25 56.6 0.34 0.02 2.01 0.67 E 84
 3 22.9 − 0.09 63.7 0.35 0.13 3.11 1.40 SSE 155

FS4_DC50
 1 18.4 − 0.26 60.7 0.29 0.02 2.81 0.61 NNE 87
 2 23.7 − 0.27 52.4 0.36 0.01 4.08 1.36 SW 206
 3 22.3 − 0.22 65.1 0.50 0.10 2.88 0.91 ESE 120

FS4_DC70
 1 19.5 − 0.36 66.5 0.74 0.03 2.89 1.18 NW 9
 2 22.6 − 0.26 57.0 0.55 0.01 3.37 1.02 SSE 169
 3 25.4 − 0.01 51.0 0.03 0.03 2.63 0.94 E 83

FS4_DC100
 1 23.9 − 0.31 40.9 0.15 0.04 3.49 1.27 E 134
 2 25.2 0.02 41.5 − 0.04 0.04 3.33 1.14 S 161
 3 24.1 − 0.32 51.3 0.52 0.02 3.27 1.27 NNE 51

FS6_DC30
 1 26.2 − 0.08 34.2 0.13 0.03 1.97 0.66 SSE 34
 2 23.4 − 0.38 52.5 0.52 0.05 3.03 1.33 NNE 57
 3 23.2 − 0.13 61.0 0.52 0.01 2.38 1.03 SSE 148

FS6_DC50
 1 20.1 − 0.26 52.1 0.23 0.02 1.94 0.80 SSE 132
 2 24.7 − 0.26 47.0 0.35 0.06 3.65 1.35 SSE 179
 3 20.7 − 0.16 69.4 0.31 0.11 2.29 1.10 SSE 150

FS6_DC70
 1 21.0 −0.37 63.0 0.86 0.01 2.23 1.03 NNE 51
 2 19.1 − 0.35 68.8 0.33 0.06 1.75 0.92 NW 3
 3 26.9 − 0.29 45.9 0.46 0.04 2.62 0.96 W 233

FS6_DC100
 1 23.2 − 0.22 41.7 0.25 0.08 2.97 1.05 SSE 175
 2 25.4 0.02 40.2 − 0.19 0.01 2.03 0.84 SSE 136
 3 25.8 − 0.14 49.0 0.11 0.07 3.32 1.34 ESE 135

FS8_DC30
 1 16.8 − 0.12 82.1 0.13 0.02 2.11 0.91 NNE 354
 2 25.3 0.04 40.7 − 0.38 0.08 2.09 0.90 ESE 147
 3 23.0 − 0.10 62.9 0.32 0.18 2.71 1.24 SSE 147

FS8_DC50
 1 21.1 − 0.18 44.6 0.22 0.01 2.39 1.02 S 173
 2 24.8 − 0.18 44.8 0.03 0.04 2.86 1.00 S 187
 3 20.9 − 0.12 68.3 0.27 0.03 1.92 0.83 SSE 156

FS8_DC70
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Table 6  (continued)

Configa & repli-
cates

Temperature RH Wind speed Wind direction

Mean ∆ h1–
h2

Mean ∆ h1–
h2

Min Max Mean Dominant Mean

(°C) (°C) (%) (%) (m  s−1) (m  s−1) (m  s−1) (° azimuth)

 1 21.7 − 0.26 60.5 0.46 0.13 2.93 1.26 S 163
 2 20.7 − 0.44 65.2 1.02 0.02 1.87 0.89 ENE 60
 3 27.0 − 0.26 46.6 0.59 0.07 2.79 0.95 SSE 56

FS8_DC100
 1 22.1 − 0.23 46.5 0.27 0.14 3.01 1.29 S 149
 2 24.9 − 0.12 43.0 − 0.11 0.01 2.01 0.90 E 103
 3 24.7 − 0.27 51.6 0.61 0.06 3.53 1.42 ENE 70

a ID univoque configuration is composed of combinations of Forward Speed (FS4, FS6 and FS8 correspond-
ing to 4, 6 and 8 km  h−1, respectively) and Duty Cycle (DC30,DC50, DC70 and DC100 corresponding to 
30, 40, 50 and 100%, respectively)

Table 7  Mean spray coverage (SC, %) and standard deviation of the mean (σ) obtained from the combina-
tion of forward speed and duty cycle, for the WSP lines placed at different sampling positions

a H1 = 0.8 m, H2 = 1.4 m and H3 = 2.0 m above the ground; D1 = 0 m, D2 = 1 m and D3 = 2 m along advanc-
ing distance

Forward speed 
(m  s−1)

WSP line 
 positiona

Duty cycle (%)
30 50 70 100

SC (%) ± σ SC (%) ± σ SC (%) ± σ SC (%) ± σ

Horizontal WSP lines
 1.11 H1 55.1 ± 7.8 74.5 ± 12 78.7 ± 4.8 87.2 ± 7.2
 1.11 H2 69.5 ± 9.0 82.6 ± 5.6 84.4 ± 6.8 86.8 ± 6.2
 1.11 H3 11.7 ± 6.2 17.4 ± 6.4 23.7 ± 7.9 27.2 ± 7.4
 1.67 H1 38.6 ± 6.8 49.1 ± 10.5 65.5 ± 6.2 69 ± 7.1
 1.67 H2 46.5 ± 5.7 60.5 ± 15.4 76.4 ± 7.2 74.4 ± 7.0
 1.67 H3 7.3 ± 2.9 9.9 ± 4.8 16.2 ± 5.8 16.6 ± 6.5
 2.22 H1 28.4 ± 6.9 39.6 ± 10.4 49.4 ± 6.8 57.1 ± 7.6
 2.22 H2 38.6 ± 10.4 50.5 ± 12.6 63.7 ± 8.7 65.4 ± 7.8
 2.22 H3 6.6 ± 4.3 7.4 ± 2.9 11.9 ± 4.4 14.5 ± 5.0

Vertical WSP lines
 1.11 D1 43.8 ± 16.7 61.9 ± 18.6 69.1 ± 20.1 76.7 ± 17.0
 1.11 D2 44.5 ± 16.5 57.2 ± 19.7 70.4 ± 18.7 75.1 ± 16.0
 1.11 D3 43.9 ± 16.5 60.1 ± 21.6 68.2 ± 19.7 74.3 ± 19.0
 1.67 D1 30.6 ± 12.9 41.5 ± 15.9 57.2 ± 18.4 58.1 ± 19.6
 1.67 D2 30.6 ± 12.2 40.9 ± 15.3 52.6 ± 17.1 56.6 ± 17.2
 1.67 D3 27.4 ± 11.3 40.8 ± 16.5 53.8 ± 19.8 58.2 ± 18.4
 2.22 D1 24 ± 10.1 31.7 ± 14.6 41.4 ± 14.8 48.1 ± 16.5
 2.22 D2 23.6 ± 9.5 30.1 ± 12.8 41.9 ± 14.4 46 ± 17.2
 2.22 D3 21.8 ± 9.6 29.4 ± 14.4 40 ± 14.3 48.1 ± 17.4
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Table 8  Mean spray coverage (SC, %), averaged over upper and lower leaf sides, and standard deviation of 
the mean (σ) obtained from the combination of forward speed and duty cycle, for the short WSP placed at 
different canopy depth and height positions

a Nine sampling positions arranged at three depths (A = right edge, B = middle, C = left edge) and three 
heights (1 = bottom, 2 = middle, 3 = top)

Forward speed 
(m  s−1)

WSP sample 
 positiona

Duty cycle (%)
30 50 70 100

SC (%) ± σ SC (%) ± σ SC (%) ± σ SC (%) ± σ

1.11 A_1 12.5 ± 11.7 23.9 ± 15.1 33.2 ± 19.7 34.2 ± 21.0
1.11 A_2 17.8 ± 21.8 18.7 ± 17 43.7 ± 33.2 43.6 ± 28.8
1.11 A_3 5.5 ± 4.8 8.9 ± 12.9 18.9 ± 20.8 18.6 ± 20.3
1.11 B_1 10.6 ± 14.5 19.9 ± 14.6 25.1 ± 27.1 25.8 ± 21.4
1.11 B_2 9.3 ± 6.9 28.7 ± 23.6 43.1 ± 35.4 26.3 ± 21.9
1.11 B_3 5.8 ± 4.8 5.1 ± 6.7 14.7 ± 14.6 13.9 ± 8.5
1.11 C_1 13.1 ± 12.3 17.0 ± 16.1 26.2 ± 26.7 34.9 ± 31.0
1.11 C_2 15.6 ± 14.9 34.0 ± 31.0 38.9 ± 38.0 45.8 ± 29.9
1.11 C_3 5.0 ± 4.6 10.8 ± 10.9 8.1 ± 5.1 9.9 ± 9.0
1.67 A_1 12.9 ± 11.8 16.9 ± 16.6 24.3 ± 17.1 22.4 ± 16.9
1.67 A_2 13.1 ± 14.6 14.0 ± 15.3 29.3 ± 24.7 24.4 ± 19.3
1.67 A_3 4.2 ± 4.0 4.9 ± 5.1 6.0 ± 5.2 17.0 ± 12.3
1.67 B_1 7.3 ± 7.2 12.4 ± 13.7 14.6 ± 14.1 23.6 ± 23.5
1.67 B_2 5.1 ± 4.5 16.1 ± 21.3 21.1 ± 26.2 24.4 ± 27.9
1.67 B_3 3.3 ± 4.4 4.7 ± 4.5 13.6 ± 17.1 15.9 ± 18.1
1.67 C_1 7.6 ± 6.6 24.6 ± 24.8 28.4 ± 27.7 25.6 ± 19.2
1.67 C_2 6.5 ± 3.9 18.0 ± 22.4 24.6 ± 21.6 30.9 ± 25.9
1.67 C_3 4.7 ± 4.0 5.8 ± 4.5 5.2 ± 6.5 11.4 ± 14.5
2.22 A_1 11.9 ± 13.7 13.3 ± 8.5 20.4 ± 14.4 23.7 ± 12.6
2.22 A_2 9.6 ± 11.9 13.0 ± 11.9 22.8 ± 24.2 29.0 ± 25.7
2.22 A_3 3.7 ± 2.5 5.8 ± 11.1 5.2 ± 5.4 7.9 ± 8.8
2.22 B_1 2.9 ± 3.0 6.1 ± 4.6 13.4 ± 13.6 20.2 ± 15.6
2.22 B_2 6.8 ± 6.2 10.6 ± 9.4 11.4 ± 15.8 20.8 ± 23.1
2.22 B_3 2.6 ± 1.7 4.9 ± 4.7 5.6 ± 7.7 12.4 ± 16.2
2.22 C_1 11.4 ± 14.3 9.1 ± 6.9 15.5 ± 13.2 20.0 ± 19.5
2.22 C_2 10.9 ± 11.8 10.4 ± 14.2 20.4 ± 15.3 23.7 ± 19.1
2.22 C_3 3.4 ± 2.6 4.3 ± 2.1 4.2 ± 3.3 7.7 ± 7.5
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