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Abstract: Droplet collectors are commonly utilized to gauge the effect of pesticide deposition on
crops. However, the varying surface characteristics of these collectors can lead to disparate data
outcomes. Notably, water-sensitive paper is limited in humid environments, hindering rapid droplet
deposition evaluation. Consequently, the selection of appropriate droplet collectors based on the
environmental conditions is imperative. This study involved the use of five typical droplet collectors
to establish a method for the swift and accurate evaluation of spray effectiveness, employing various
spray liquids. It was observed that the surface free energy of five widely used droplet collectors was
measured as follows: 35.11 mN m−1 for semigloss paper, 33.81 mN m−1 for coated paper laminated
with polyvinyl chloride, 48.38 mN m−1 for kromekote paper (KP), 33.90 mN m−1 for polyvinyl
chloride cards, and 39.95 mN m−1 for water-sensitive paper. When comparing the outcomes of
deposition tests across these five collectors, it was noted that the results pertaining to droplet density
were minimally influenced by the surface properties of the collectors with droplet coverage following.
The volume of deposition was found to be the most susceptible to the surface characteristics of the
collectors. Therefore, in the context of collecting and processing droplets, prioritizing droplet density
as the metric for evaluation proved to be more reliable than using the other indicators.

Keywords: droplet collector; surface properties; droplet deposition; droplet density; droplet coverage;
pesticide application equipment

1. Introduction

Pesticides are indispensable for managing pests, diseases, and weeds throughout the
crop growth cycle, necessitating a rational and scientific approach to their application.
Precision application is commonly recognized as an important factor in the scientific use
of pesticides. Precision application, alongside properties of the pesticide, using pesticide
application equipment (PAE), is one of three main factors affecting control effectiveness [1].

In practical agricultural settings, a meticulous evaluation of spray quality is instrumen-
tal in enhancing both the spray techniques and the overall pesticide application technology.
Key detection indicators that serve as metrics for this evaluation include droplet cover-
age [2], droplet density [3] and deposition [4]. The size sprayed during the application
varies, influencing their distribution uniformity [5]. According to ASABE S572.1 [6], the
volume median diameter (VMD) for fine droplets ranges from 145 to 235 µm, while for
coarse droplets, it spans from 341 to 403 µm. Coarse droplets are noted for their good pene-
tration and deposition within the crop canopy [7], though they are prone to aggregation [8]
and potential runoff from crop surfaces. Conversely, fine droplets are characterized by
their uniform distribution and high adherence to targets, potentially elevating pesticide
efficiency up to 50% [9]. However, fine droplets are also more susceptible to meteorological
factors, leading to issues such as evaporative drift, which can pose risks of phytotoxicity
and environment harm.
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The deposition results of droplets with different particle sizes directly affect the
droplet density, coverage, and deposition. Therefore, the precise and accurate collection
and evaluation of droplets are paramount in assessing spray quality. Employing droplet
collectors to collect and analyze pesticide droplets [10] offers a rapid and straightforward
method for both the qualitative and quantitative assessment of spray quality. Achieving the
desired control effect is contingent upon ensuring the droplets attain the optimal droplet
density, coverage, and deposition on the target [11].

The measurement of droplet deposition properties has been a focal point of extensive
research. In various field and orchard environments, WSP is predominantly utilized as
droplet collectors [12–14]. Moor et al. [14] were pioneers in using WSP for droplet col-
lection and analysis, deriving parameters like droplet size and density through image
processing. Fritz et al. [15] established a database for spray deposition rates and droplet
sizes by analyzing WSP images with DropletScan, facilitating rapid screening and evalua-
tion. Tadić et al. [16] employed WSP processed through digital image analysis and ImageJ
software to assess the impact of technical spraying factors on leaf area coverage in apple
orchards. Wang et al. [17] used WSP to collect droplets. They then analyzed the data with
DepositScan software to determine average rates of deposition and to deduce key parame-
ters such as the uniformity and coverage of the droplets. Qin et al. [18] replaced pesticide
sprays with the dye rhodamine B and employed polyester cards as droplet collectors for
their research.

Many studies have honed in on image processing and algorithm development, yet
the choice of collector material has received comparatively scant attention. Roten et al. [19]
discovered that KP is effective for gathering data only at lower deposition rates, absorbing
merely a portion of the droplets when deposition rates escalate. Chen et al. [20] used filter
paper for the collection and detection of droplets with deposition quantified through the
concentration of eluted droplets. Munjanja et al. [10] reviewed various methodologies
for ascertaining off-target pesticide deposition, endorsing chromatographic paper as the
superior detection medium. Zheng et al. [21] identified a limitation of WSP in that it reacts
to non-target water molecules, potentially skewing results. To address this issue, they
designed a specialized detection card for agricultural spraying. This card can distinguish
between the specific ions in the target droplets and water molecules, utilizing a color
reaction that involves ions such as NH4

+, PO4
3−, NO3

−, and Fe2+.
Collectors with diverse material properties are tailored for different environments.

Cunha et al. [22] suggested that WSP has significant limitations in use, as it is sensitive
to humid environments and can turn blue in high humidity. In southern China, where
the climate is humid, WSP may change color due to air humidity after being placed for
some time. Moreover, WSP also cannot be used in paddy fields. Another limitation is that
droplets tend to adhere together when using WSP, potentially compromising the precision
of detection. For these reasons, deposition results obtained after image processing using
WSP are not accurate [23]. Chen et al. [24] summarized and compared several of the current
mainstream methods in droplet size experiments: the WSP method, oil pan method and
laser particle size method. The laser particle size gives the most accurate results and is
simple to use, but the instrument is expensive and limited by the site [21]. The WSP method
and its image processing method are the most used. The oil pan method is one of the most
cumbersome to operate and has been least used to date.

In summary, although WSP is the main means of droplet detection in fields and or-
chards, with the advantages of simplicity, speed, and low cost [23], its disadvantage is al-so
obvious: WSP cannot be used in humid environments. Therefore, the use of various droplet
collectors becomes necessary. Moreover, the choice of collectors and indicators is a critical
yet often overlooked aspect in the evaluation of spray efficacy [10] with the potential to
markedly influence the results. More work needs to be undertaken to standardize droplet
evaluation methods, including the choice of the most appropriate collector and indicators
for different situations to obtain comparable and accurate data.
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The above reasons were our main motivation to undertake the subject of our study, in
which we compared the test effects of different material collectors and the effects of different
droplet collectors on droplet collection effects and deposition rules. In this study, the color
reaction and tracer method were considered as the basis, a variety of materials were used
for the droplet collector, such as WSP, KP, polyvinyl chloride card (PVCC), coated paper
covered with polyvinyl chloride (CPP), and coated art paper (SP). The data on droplet
density, coverage, and deposition, as well as their surface free energy, were used to assess
differences in different materials. To emulate actual field operations, two commonly used
pesticide adjuvants were incorporated into the spray mixture. The resultant variance in
droplet collectors’ test outcomes due to different adjuvants was analyzed. This study holds
significant value for farmers and initial experiment testers, enabling them to swiftly and
precisely gauge pesticide spray effectiveness. This, in turn, facilitates informed adjustments
in pesticide application techniques.

2. Materials and Methods
2.1. Surface Properties of Droplet Collectors

To measure the surface free energy of droplet collectors, it is imperative to utilize pure
liquids with known surface tensions. The surface tension of several liquids was first deter-
mined. The pendant drop method was the chosen test procedure, utilizing the Attension
Theta (Biolin Scientific, Gothenburg, Sweden) contact angle measurement instrument. The
surface tension (Young-Laplace) modality was activated within the OneAttension version
4.0, enabling the instrument to autonomously measure and calculate surface tension based
on the curvature of the droplet.

To broaden the applicability of droplet collectors to materials with different surface
properties, five collectors were chosen after initial experiments. Reagents used in this study
were deionized water, analytically pure dimethyl sulfoxide (DMSO) liquid (Sinopharm,
Beijing, China), and Ponceau 4R solution (Lion Head, Shanghai, China). Additionally,
solutions containing two adjuvants were selected: Maifei adjuvant (Grand AgroChem,
Beijing, China) and Kendo adjuvant (Jie Kang, Tianjin, China).

To ascertain the surface free energy of five distinct droplet collectors, the sessile drop
method was employed. The volume of the dispensed droplets was maintained at 6 µL.
Subsequent to droplet discharge, the pipette tip was gently lowered to facilitate contact
between the droplet and the collector. The device then autonomously monitored and logged
the contact angle over a duration of 10 s. This procedure was repeated with analytically
pure DMSO liquid, using an identical methodology to measure the contact angles of the
five droplet collectors.

There were two methods of calculating the surface free energy: the Zisman model
and the OWRK (formed by combining the models of Owens, Wendt, Rabel, and Kaelble)
model. Zisman [25] posited that the cosine of the contact angle θ is directly proportional
to the corresponding liquid’s surface tension. When cos θ equals 1 (indicating a contact
angle of 0◦), the surface tension aligns with the surface free energy. The OWRK [26–28]
model divided interfacial interactions into two types: polar and dispersive. It calculated
the solid’s surface free energy based on the contact angles formed by different liquids on
the solid’s surface. According to the Young equation [29], the solid surface free energy
can be calculated using the contact angle. Therefore, the surface free energy for various
materials can be calculated using the contact angle cosine values and surface tension data
for two different liquids.

The OWRK equation is expressed as follows:

γsl = γsg + γlg − 2
√

γd
sgγd

lg − 2
√

γh
sgγh

lg (1)



Agronomy 2024, 14, 305 4 of 16

In conjunction with the Young equation:

1 + cosθ = 2
√

γd
sg


√

γd
lg

γlg

+ 2
√

γh
sg


√

γh
lg

γlg

 (2)

γsg: interfacial tension between solid and gas; γsl: interfacial tension between solid
and liquid; γlg: interfacial tension between liquid and gas; γd: London dispersion force; γh:
polar interaction.

2.2. Droplet Collection Test Design and Deposition of Different Droplet Collectors

The spray tests utilized two types of nozzles: the conventional flat fan nozzle LU 12002
(Lechler, Metzingen, Germany) and the air-induction nozzle IDK 12002 (Lechler, Metzingen,
Germany), representing fine and coarse droplets, respectively. Operating under a pressure
of 1.5 bar and a travel speed of 2 m s−1, the spray volume was recorded at approximately
96 L ha−1. This volume falls within the low-volume spraying range of 40 to 200 L ha−1.

Ambient conditions during the tests were monitored using an anemometer (DLY-
1603A, DELIXI, Shanghai, China), recording a wind speed of 0.1 m s−1, a temperature
of 12.5 ◦C, and a relative humidity of 65%. The spraying operation employed a boom
sprayer with droplet collectors mounted on an aluminum frame for droplet capture. Five
types of collectors were utilized: WSP (75 × 25 mm, Syngenta, Basel, Switzerland), KP
(80 × 30 mm, Deli, Zhejiang, China), PVCC (80 × 59 mm, Wewin, Chongqing, China), CPP
(60 × 40 mm, Wewin, Chongqing, China), and SP (60 × 40 mm, Wewin, Chongqing, China).
These collectors were arrayed linearly, spaced 30 cm apart, perpendicular to the sprayer’s
trajectory. The vehicle accelerated over 500 cm to ensure that the sprayer passed through
the collection area at a consistent speed, allowing a uniform droplet collection. The different
collectors were arranged in parallel at an interval of 30 cm (Figure 1).
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Figure 1. Schematic diagram of test sample arrangement. Where A indicates the sprayer’s acceleration
phase, B indicates the sprayer’s constant velocity phase, C indicates the sprayer’s deceleration phase.
Numbers 1 to 9 represent, respectively, WSP, KP, SP, CPP, PVCC, the nozzle, the driving route, the
sprayer tire, and the sprayer boom.

Ponceau 4R (Maximum absorption wavelength 508 nm ± 2 nm), chosen for its excellent
light resistance, water solubility, and efficiency in reagent usage, thus conserving time and
labor costs [30], was used as a tracer during spray application. A stock solution of Ponceau
4R was prepared at a concentration of 1.5 g L−1. The sprayer was meticulously calibrated,
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setting the nozzle 50 cm above the collectors. Post-spraying, the samples were allowed to
dry; then, they were affixed to blue cardboard and stored away from light.

2.3. Analytical Methods

The droplet was scanned using Depositscan version 1.2 [31] with a resolution of
600 ppi. Subsequently, ImageJ version 1.6.0 [32] was employed for measuring droplet
density, droplet coverage, and estimating deposition. These parameters are pivotal in the
assessment of spray performance. When coffee ring effects (caused by the radial flow of
suspended or dissolved solutes from the center to the edge of the droplet due to the fixed
edge of the droplet) were evident in the scanned images of certain droplet collectors, the
color threshold was modified to compensate for these rings, thereby enhancing the accuracy
of the data (Figure 2).
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Figure 2. Image comparison image before and after adjusting the color threshold. Where (A) repre-
sents the original scanned image, (B) represents the circle in the center as the coffee ring, (C) represents
the filled coffee ring, (D) represents the post-color threshold adjustment image.

Two methodologies were implemented to compute the deposition for five types of
droplet collectors in this experiment. ImageJ version 1.6.0 was utilized for analyzing
the collectors and estimating deposition post-image scanning. For collectors amenable
to elution, deposition measurement was executed through enzyme calibration (Bio-Rad,
Hercules, CA, USA) subsequent to elution.

This process involved diluting the stock solution by a factor of 100 and then employing
10 mL of deionized water to rinse off the Ponceau 4R from the filter paper. Here, 200 µL of
the eluate was used to measure absorbance in a 96-well plate. Previous studies indicated
that CPP and PVCC achieved a recovery rate exceeding 95%. In contrast, SP exhibited a
lower recovery rate due to incomplete elution, while KP and WSP were not amenable to
elution. Consequently, only for CPP and PVCC, deposition measurement was performed
using both image analysis and the elution method.

The deposition calculation formula is as follows:

VC =
VW × FL

CCL × FLC
(3)

FLC: the fluorescence intensity of the diluted mother solution; FL: the fluorescence
intensity of the diluted mother solution; CCL: the dilution factor of the mother solution; VC:
the amount of liquid medication deposited on the collector; VW : the volume of eluent used
for washing.

3. Result
3.1. Contact Angle and Surface Free Energy of Different Collectors

Table 1 delineates the contact angles and their cosines for five types of collectors when
using deionized water and DMSO. The static surface tensions of deionized water and
DMSO were determined to be 71.34 mN m−1 and 39.82 mN m−1, respectively. Moreover,
the surface tension of the Ponceau 4R solution was recorded at 70.98 mN m−1. After the
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addition of Maifei and Kendo adjuvants, the surface tensions altered to 32.33 mN m−1 and
52.26 mN m−1, respectively.

Table 1. Contact angle and contact angle cosine of 5 droplet collectors.

Collector Material γ (mN m−1) Contact Angle (◦) cosθ

SP DMSO 39.82 36.74 ± 2.34 0.80
Deionized Water 71.34 72.48 ± 2.55 0.30

CPP DMSO 39.82 32.57 ± 1.10 0.85
Deionized Water 71.34 84.97 ± 0.30 0.088

KP DMSO 39.82 14.94 ± 2.69 0.97
Deionized Water 71.34 52.13 ± 1.46 0.61

PVCC DMSO 39.82 32.30 ± 1.83 0.86
Deionized Water 71.34 85.59 ± 5.28 0.077

WSP DMSO 39.82 26.24 ± 0.19 0.90
Deionized Water 71.34 65.82 ± 1.88 0.41

The cosine values of contact angles for the five droplet collectors were plotted against
the respective liquid’s surface tension, and curves were fitted accordingly. The surface free
energy was computed when the contact angle cosine value was one. These findings are
presented in Table 2, which includes values calculated using both models.

Table 2. Surface free energy of 5 droplet collectors.

Collectors cosθ-γ
Surface Free Energy (mN m−1)

Zisman OWRK

SP y = −0.0159x + 1.4334 27.26 35.11
CPP y = −0.024x + 1.7968 33.2 33.81
KP y = −0.0114x + 1.4271 37.46 48.38

PVCC y = −0.0244x + 1.816 33.44 33.9
WSP y = −0.0171x + 1.5986 35.01 39.95

From Table 2, when the liquid was deionized water, the contact angles of the five
different droplet collectors were compared, resulting in PVCC > CPP > SP > WSP > KP. The
contact angles results showed that KP had the highest hydrophilicity; when KP was used,
the ponceau 4R solution could spread out to the greatest extent, while PVCC displayed the
poorest hydrophilicity, and the ponceau 4R solution did not spread out well on its surface.

Furthermore, the surface free energy of several types of droplet collectors was calcu-
lated using the Zisman model and the OWRK model. According to the Zisman model, the
surface free energy of SP was the lowest at only 27.26 mN m−1. The higher the surface free
energy, the more liquid can be wetted and spread on the surface of the material, and the
better the hydrophilicity should be. However, a discrepancy was observed between the
contact angle results and the inferred hydrophilicity from the surface free energy, casting
doubt on the Zisman model’s accuracy.

The OWRK model’s calculations for surface free energy diverged from the Zisman
model’s, yielding values of 35.11, 48.38, and 39.95 mN m−1 for SP, KP, and WSP, respec-
tively. The OWRK model’s sequence for surface free energy values was PVCC < CPP < SP
< WSP < KP, aligning perfectly with the hydrophilicity rankings deduced from contact
angle measurements.

3.2. Differences in Droplet Density among Collectors

Figure 3 illustrates the droplet density outcomes for collectors composed of different
materials. ANOVA was applied to the droplet density data acquired using both fine and
coarse droplet nozzles.



Agronomy 2024, 14, 305 7 of 16

Agronomy 2024, 14, 305  7  of  16 
 

 

The OWRK model’s sequence for surface free energy values was PVCC < CPP < SP < WSP < 

KP, aligning perfectly with the hydrophilicity rankings deduced from contact angle meas-

urements. 

3.2. Differences in Droplet Density among Collectors 

Figure 3 illustrates the droplet density outcomes for collectors composed of different 

materials. ANOVA was applied to the droplet density data acquired using both fine and 

coarse droplet nozzles. 

 

Figure 3. Comparative analysis of droplet density among different collectors. Collectors labeled with 

different letters indicate statistically significant differences (p < 0.05). (A) Results obtained using the 

IDK 12002 nozzle; (B) results obtained using the LU 12002 nozzle.   

   

Figure 3. Comparative analysis of droplet density among different collectors. Collectors labeled with
different letters indicate statistically significant differences (p < 0.05). (A) Results obtained using the
IDK 12002 nozzle; (B) results obtained using the LU 12002 nozzle.

The analysis revealed that when employing the IDK 12002 nozzle, droplet densities for
water and solutions with added Kendo and Maifei adjuvants consistently ranged between
30 and 40 droplets per cm−2. Notably, all three liquids resulted in significantly elevated
droplet densities on PVCC, yielding densities of 38, 38, and 40 droplets cm−2 for water,
Kendo, and Maifei solutions, respectively. For water, the droplet density result of CPP was
30 cm−2. Only CPP was significantly different from PVCC, and there was no significant
difference between any of the other collectors. In solutions with Kendo or Maifei adjuvants,
droplet density disparities among the collectors were not substantial, except for PVCC,
which consistently exhibited higher densities.
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When using the LU 12002 nozzle, the droplet density of different collectors for the three
spray liquids was approximately 150 cm−2. The addition of the Maifei adjuvant marginally
reduced droplet density. Contrasting with the IDK 12002 results, PVCC’s heightened
droplet density was no longer pronounced. Specifically, using water as the spray liquid,
a significant discrepancy was only observed between WSP and PVCC. With the Kendo
adjuvant, KP stood out with a notably higher droplet density of 174 cm−2, distinguishing it
from other collectors significantly. With the Maifei adjuvant, the significant difference was
only between PVCC and KP, with PVCC recording a droplet density of 146 cm−2.

3.3. Differences in Droplet Coverage among Collectors

Figure 4 presented the coverage outcomes for the five droplet collectors.
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12002 nozzle; (B) results with the LU 12002 nozzle.
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The results in Figure 4 indicated that when using the IDK 12002 nozzle, the droplet
coverage of SP was significantly higher than other collectors. When utilizing water, Kendo,
and Maifei adjuvants, SP’s coverage rates were 18.1%, 19.5%, and 19.8%, respectively. For
water as the spray liquid, WSP’s average coverage was 10.4%. There were no significant dif-
ferences in the coverage between PVCC and CPP, but their values were considerably lower
than those of other collectors. Notably, SP’s highest coverage rate of 18.1% marked a 74.0%
increase over WSP. Even with the Kendo adjuvant, SP’s coverage remained significantly
higher than that of other collectors. Significant variations were observed between CPP and
all other collectors, while KP, WSP, and PVCC did not exhibit notable coverage differences.
With the addition of the Maifei adjuvant, only KP was not significantly different from WSP,
while all other collectors were significantly different from each other.

When using the LU 12002 nozzle, the coverage of SP remained significantly higher,
measuring 22.7%, 26.8%, and 28.2% for the three spray liquids, respectively. When using
water, WSP’s coverage of 17.0% was significantly different from that of other collectors. The
addition of Kendo adjuvant resulted in KP, CPP, and PVCC displaying similar coverage
rates between 12.3% and 13.4%, which are markedly lower than with WSP and SP. With the
Maifei adjuvant, only KP and CPP showed no significant coverage differences, whereas
significant disparities were present among the rest of the collectors.

3.4. Differences in Droplet Deposition among Collectors

The deposition of the different droplet collectors was assessed using both image-
scanning and elution methods. Figure 5 showcased the deposition results for the vari-
ous collectors.

An ANOVA was conducted for the five types of droplet collectors. With the IDK 12002
nozzle and water as the spray liquid, the deposition on WSP, KP, and SP was markedly
higher compared to CPP and PVCC. The elution deposition for CPP and PVCC was 0.69 µL
cm−2 and 0.63 µL cm−2, respectively. With the addition of the Kendo adjuvant, the elution
deposition values of CPP and PVCC were 0.62 µL cm−2 and 0.60 µL cm−2, respectively.
KP and SP showed significantly higher deposition rates compared to other collectors. The
addition of the Maifei adjuvant did not yield significant differences between the scanning
and elution deposition results for CPP and PVCC. Across all three spray solutions, SP
consistently exhibited significantly higher deposition rates compared to other collectors. For
both CPP and PVCC, no notable differences were observed in deposition under identical
treatments. However, deposition results derived from image scanning were significantly
lower than those obtained through elution.

When the LU12002 nozzle was employed, the deposition of WSP and SP was sig-
nificantly greater when water was utilized as the spray liquid. There were significant
differences in elution and scanning deposition between CPP and PVCC. With the incorpo-
ration of the Kendo adjuvant, there were no significant differences between the deposition
of KP and elution deposition. The elution depositions of CPP and PVCC, measured at
0.57 µL cm−2 and 0.56 µL cm−2, respectively, exhibited no notable variance in scanning
deposition. Conversely, the introduction of the Maifei adjuvant markedly augmented the
scanning deposition of PVCC, surpassing its elution deposition. SP’s deposition markedly
outstripped those of the other collectors. The elution deposition values for CPP and PVCC
were recorded as 0.51 µL cm−2 and 0.45 µL cm−2, respectively. Echoing the findings
with the IDK 12002 nozzle, CPP and PVCC showed no significant differences in elution
deposition, while SP’s deposition consistently surpassed that of other droplet collectors.
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4. Discussion
4.1. Surface Free Energy

Section 3.1 highlighted the limitations of the Zisman model, notably its disregard for
intermolecular dispersion forces and polar interactions in calculating the surface free energy
of solid materials [26]. In contrast, the OWRK model amends this oversight by incorporating
these factors into the Zisman model’s framework [33]. Consequently, this study’s estimation
of surface free energy relied on the calculations provided by the OWRK model.
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Field tests revealed variations in the surface free energy across different plant leaves [34],
suggesting potential inaccuracies in spray effectiveness assessment when employing uni-
form droplet collectors. To mitigate this, we advocate for selecting droplet collectors that
closely match the surface free energy of the target crop, ensuring a more precise evaluation.
Previous studies by Gu et al. [35] and Toraman [34] calculated the surface free energy of
various crop leaves, as shown in Table 3.

Table 3. Surface free energy (mN m−1) of leaves of common crops [34,35].

Plant Species Minimum Maximum Average

Eggplant 44.6 52.6 48.6
Tomato 32.4 35.5 34.0

Luffa cylindrica 39 43.4 41.2
Chinese cabbage 31.5 36.2 33.9

Cabbage 32.8 36.8 34.8
Spinach 41.3 46.4 43.9
Wheat 30.6 33.8 32.3

Rice 36.3 39 37.7
Peanut 29.8 32.6 31.2

Soybean 38.6 43.8 41.2
Grape 32.2 36.6 34.4
Peach 28.6 33.5 31.1

By comparing these values with the surface free energy of the droplet collectors
utilized in this study, we can select droplet collectors that are more suited to specific crops.
This approach enables a more precise representation of droplet wetting and spreading
on crop surfaces. For instance, the surface free energy of KP aligns closely with that of
eggplants. PVCC and CPP exhibit surface free energies akin to those of crops like Chinese
cabbage and wheat, while SP’s surface free energy is comparable to that of cabbage. WSP’s
surface free energy parallels that of crops such as Luffa cylindrica and soybeans. Thus, in
conducting spray tests on these crops, the droplet collectors employed in this study can be
effectively utilized.

4.2. Droplet Density

Droplet density is a critical metric for assessing the effectiveness of droplet deposition.
Boina et al. [3] suggested using droplet density as auxiliary data in evaluating operational
effectiveness. Hou et al. [36] utilized droplet density as a criterion to assess the effectiveness
of using drones for optimizing citrus tree management. Similarly, Meng et al. [37] also
considered droplet density as a measure to evaluate the improved efficiency of using
drones for wheat aphid management, particularly focusing on the effectiveness of adding
adjuvants to the spray solution in unmanned aerial vehicle spraying.

The study revealed that the variance in droplet density of droplet collectors with
differing surface properties was marginal when spraying fine or coarse droplets. In other
words, when different droplet collectors were used for testing, the surface characteristics
of the collector did not affect the results when droplet density was used as the evaluation
index. Therefore, droplet density emerges as a preferred indicator for assessing droplet
collection and analyzing deposition effects [38].

It was worth mentioning that the droplet density of WSP and SP was generally small
and not significantly different when spraying fine and coarse droplets. This was due to
the fact that both WSP and SP have small contact angles and good hydrophilicity, allowing
for better wetting and spreading of droplets on their surfaces, leading to droplet adhesion
in both types of collectors (Figure 6). Furthermore, the surface of WSP undergoes a color
reaction [39,40]. In addition to the simple wetting and spreading behavior of droplets on
WSP, chemical reactions occur over time until the reaction is complete, which results in
a smaller droplet density and larger droplet size after the image scanning. Additionally,
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droplets overlapping during spray operation also contribute to the severe adhesion of
droplets in both cases.
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4.3. Coverage

Droplet coverage serves as a critical metric for assessing the quality of pesticide
application. The use of various materials in droplet collectors, each with distinct surface
free energy, can influence droplet wetting and spreading on the collectors. This variance
significantly impacts the droplet coverage rates captured in scanned images. The droplet
collector’s hydrophilicity directly correlates with the completeness of droplet wetting and
spreading, consequently affecting the coverage rate obtained post-scanning.

Presently, the majority of coverage detection methodologies employ WSP [21,41],
although some opt for KP [19] for image processing and the calculation of droplet coverage
rates. Grella et al. [42] studied the effectiveness of using various spray volumes in vineyards
with a pulse width modulation (PWM) sprayer, focusing on droplet density and coverage to
evaluate the spray’s performance against the system’s duty cycle and the sprayer’s speed. In
a similar vein, Shan et al. [43] investigated how the size and volume of droplets affected the
success of herbicide application in wheat fields, using Unmanned Aerial Vehicles (UAVs).
They used droplet coverage and density as key measures for assessment. Additionally,
Qi et al. [38] emphasized the importance of droplet density and coverage in evaluating
the effectiveness of spraying, particularly when studying how UAVs’ operational settings
impact droplet deposition on trellised pear orchards.

In terms of coverage outcomes, PVCC and CPP demonstrated significantly reduced
coverage compared to the other three droplet collectors. This discrepancy is intimately
linked to the coffee ring effect [44], which is a phenomenon where suspended or dissolved
solutes migrate radially from the droplet’s center to its periphery due to the fixation of the
droplet’s edge [45]. The central region of droplets exhibiting the coffee ring effect appears
lighter, potentially leading to inaccurate assessments of coverage and deposition in ImageJ.
In this study, the color threshold of the images was meticulously adjusted using ImageJ to
mitigate the influence of the coffee ring effect.

The coverage was still low for both droplet collectors even after adjusting the image
thresholds, which is due to their large contact angles and suboptimal hydrophilicity. This
resulted in a diminished diffusion of spray droplets on these collectors, manifesting in no-
tably lower scanned coverage and deposition. The overestimation of SP coverage was due
to its lower surface free energy, making droplets more prone to spreading and consequently
leading to an inflated coverage measurement. Therefore, the experimental results implied
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that the use of droplet coverage as an evaluation metric may have some impact on the
results due to the use of different droplet collectors. The varying hydrophilicity of droplet
collector surfaces necessitates the selection of collectors with appropriate surface properties
to ensure an accurate assessment of spray quality using droplet coverage. Hence, droplet
coverage should be regarded as a secondary evaluative indicator alongside droplet density.
For more precise droplet coverage testing, it is crucial to account for the surface free energy
variations among different target crop leaves or to conduct direct scanning of the target
leaves for coverage assessment.

4.4. Deposition

Yang et al. [46] assessed the spray efficacy of a self-propelled boom sprayer in rice
paddies, identifying deposition as a key evaluative metric. Similarly, Wu et al. [47] focused
on spray deposition in greenhouse eggplant canopies, using it as the primary evaluation
parameter. Hong et al. [48] simulated the spray application of pesticides in an apple orchard
using CFD and studied tree deposition and non-target loss where deposition was the only
evaluation indicator for spray effectiveness.

However, the accuracy of image scanning methods for analyzing deposition test results
was questionable. The deposition values obtained through the elution method significantly
differed from those acquired by the scanning method regardless of whether the IDK12002
or LU12002 nozzle was used. Given the inaccuracy of measuring deposition with the
scanning method, deposition is not considered a reliable indicator of droplet evaluation if
evaluating the spray effect by scanning the droplet collector.

As pointed out by Zhu et al. [49], the area coverage of WSP consists of two-dimensional
data, while spray deposition contains three-dimensional data. When droplet overlap is
severe, WSP cannot accurately evaluate spray deposition. Munjanja et al. [10] also believed
that WSP, as a paper-based droplet collector, can only qualitatively evaluate deposition.

To conclude, it was found that the results analyzed by image scanning were not accu-
rate enough to replace the use of the elution method when testing for deposition. However,
when the droplet coverage was less than 30% and there was little droplet overlap [49],
WSP can be used to quantify deposition. When using a droplet collector, deposition was
not a good indicator of spray effectiveness. Deposition, as three-dimensional data, was
converted into a two-dimensional area coverage data by image scanning, ignoring many
actual sedimentation issues such as droplet overlap. Furthermore, droplet sedimentation,
greatly influenced by the surface tension of crop leaves, means that sedimentation data
derived from image scanning with droplet collectors may not accurately reflect or serve as
a reliable evaluation index.

5. Conclusions

This study assessed the influence of various droplet collectors on droplet evaluation
metrics, employing different spray liquids. The results showed that the surface free energy
was different for different droplet collectors. During spray operations, using different
droplet collectors for droplet assessment results in varying impacts on droplet density,
coverage, and deposition. Additionally, the incorporation of adjuvants markedly influenced
the surface tension of the liquids. The study employed water and water mixed with two
commonly used adjuvants, aiming to determine whether the conclusions hold true for
spray liquids with different surface tensions. The results confirmed that alterations in
surface tension do influence droplet test outcomes. However, the trend of these changes
remained consistent across all five collectors. In other words, the conclusions drawn from
the experiments hold true for different commonly used spray liquids. Notably, a decrease in
surface tension led to a relatively stable droplet density and an increase in droplet coverage.

The measured surface free energy of the five droplet collectors facilitated the selection
of collectors with surface energies akin to the target spray surface. This allowed for a
more realistic assessment of spraying effectiveness and reflected the state of wetting and
spreading of droplets on the crop surface.
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Droplet density emerged as a critical metric for assessing spray effectiveness given
its relative insensitivity to the surface characteristics of the collectors. Droplet coverage,
influenced by the varying wetting and spreading capabilities of different collectors due
to disparate contact angles, should serve as a secondary metric. For instance, utilizing
PVCC and CPP as droplet collectors could yield unreliable results due to their specific
surface properties.

When droplet coverage is below 30% and droplet overlap is minimal, WSP could
quantify deposition. However, it is crucial to acknowledge that the area coverage de-
termined via image scanning represents merely two-dimensional data. The complexity
of estimating the depth of droplet penetration makes it challenging to accurately calcu-
late three-dimensional deposition. Consequently, using droplet collectors for evaluating
deposition metrics derived from image scanning is not advisable.
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