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Abstract: Air-assisted spraying is a commonly used spraying method for orchard plant protection
operations. However, its spraying parameters have complex effects on droplet distribution. The
lack of large-scale 3D droplet density distribution measurement methods of equipment has limited
the optimization of spraying parameters. Therefore, there is a need to develop a method that can
quickly obtain 3D droplet distribution. In this study, a 2D LiDAR was used to quickly scan moving
droplets in the air, and a test method that can obtain the visualization of 3D droplet distribution was
constructed by using the traveling mode of the machine perpendicular to the scanning plane. The 3D
droplet distribution at different positions of the nozzle installed in the air-assisted system was tested
at different fan rotation speeds, and the methods for signal processing, point cloud noise reduction,
and point cloud division for 2D LiDAR were developed. The results showed that the LiDAR-based
method for detecting 3D droplet distribution is feasible, fast, and environmentally friendly.
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1. Introduction

Air-assisted spray technology is currently the most widely used pesticide application
technology for plant protection in orchards. The basic principle is to deliver pesticide
droplets to all parts of the canopy through strong airflow generated by a fan to achieve
droplet deposition uniformly and improve pesticide efficacy [1]. The airflow of the fan
not only increases the droplet deposition inside the canopy by opening the branches and
leaves outside the canopy, but it also raises the adhesion of the pesticide droplets on the
back of the leaves as a consequence of promoting the swing of the branches and leaves.
In traditional orchard air-assisted sprayers and tower sprayers, adjustments to the wind
field are typically made by modifying the length and angle of the deflector, as well as the
mounting position. However, multi-channel orchard air-assisted sprayers provide more
precise wind field adjustments by enabling the adjustment of the position and spray angle
of each outlet. As the research in the field of air-assisted spraying has progressed, an
increasing number of parameters have been found to be related to its effect, which has
made it challenging to determine the optimal design of air-assisted spraying [2].

The conventional method for testing spray distribution in orchards was carried out
based on the amount of droplet deposition, mainly using a vertical deposition distribution
test bench [3]. However, this test method requires multiple tests at various distances to
obtain a two-dimensional spatial distribution, and obtaining a three-dimensional spatial
distribution is challenging. Due to the high cost of actual testing and the difficulty of
reproducing the environment, much of the optimization work for the orchard sprayer
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was based on computational fluid dynamics (CFD). CFD-based technology can realize the
simulation of two-phase flow to achieve the tracking of droplet particles and calculate the
results of droplet spatial distribution [4,5], but there is still a discrepancy between CFD
simulation outcomes and actual results [6].

Laser imaging is an imaging measurement technique that utilizes the reflection of
particles in the air against an emitted light source. The most common laser imaging
techniques include particle droplet image analysis (PDIA) and particle image velocimetry
(PIV). PDIA uses a laser or monochromatic light source as a background to rapidly capture
high-resolution images of droplets which are then identified and analyzed for the size,
velocity, and direction of droplet motion using two consecutive teens [7,8]. However, the
observable field of view of PDIA is too small to track a large range of droplets, and PDIA can
only analyze droplets within the focal plane. On the other hand, PIV is a technique for the
velocity analysis of droplet particles within the laser plane using high-speed photography,
and this method has higher requirements for the camera as well as for the purity of the
background during the computation [9,10].

LiDAR technology has been applied in agriculture as early as 1984 [11]. Since then,
with the continuous advancement and optimization of LiDAR technology, its widespread
adoption in agriculture has been increasingly observed [12–15]. Particularly in the 21st cen-
tury, LiDAR technology has developed rapidly, and at the same time, with the gradual
popularization of unmanned vehicles, the price of LiDAR has been gradually reduced,
which makes it popular in agriculture, an extremely cost-conscious field. The multipurpose
function of LiDAR is also gradually being explored, for example, Seol et al. achieved
simultaneous target and drift detection using LiDAR mounted on a variable rate sprayer,
showcasing its potential to optimize pesticide application and minimize environmental
impact [16,17].

For drift testing, the use of lidar for spray drift testing was investigated in 1997, where
the LiDAR was mounted on a horizontal and vertical rotating mechanism, respectively.
This was achieved by scanning in a 2D plane using a pulsed LiDAR and using the LiDAR
reflection signal intensity to obtain a 2D measurement of the plume [18]. However, the
research on spray 3D distribution is currently focused more on drift measurement [19,20],
with less emphasis on spray droplets. Li et al. used 3D LiDAR to achieve the droplet
distribution measurement of a single nozzle and performed quantitative analysis [21], and
Boqin Liu et al. used 3D LiDAR to perform droplet detection on the air-assisted unit and
fitted the deposition based on the droplet density distribution [22]. However, there is still a
lack of research on the processing of LiDAR visualization effects.

Therefore, this study proposed a visualization method based on LiDAR for droplet
distribution measurement technology. By moving the machine perpendicular to the LiDAR
scanning plane, the 2D LiDAR scanning data were reconstructed into a 3D spatial distri-
bution. The three different installed nozzle positions and three different fan speeds were
adjusted, the noise and background of the point cloud were removed, and the point cloud
was aligned. The reconstructed 3D spatial distribution of the droplet cloud provides a fast,
inexpensive, and visualized method for structural and application parameter settings for
orchard air-assisted sprayers and similar machines.

2. Material and Method
2.1. Installation of LiDAR

The LiDAR (LMS111, Sick, Waldkirch, Germany) was mounted on a tripod at a height
of 2.35 m above the ground, and the maximum detection of the LiDAR range is 20 m. The
communication cable and power cable (12 V DC) were then connected to the device. The
LiDAR was fixed on the tripod after rotating 90 degrees, and the vertical direction of the
LiDAR was set as the X-axis parallel to the ground, and the vertical direction from the
ground was set as the Z-axis. The travel route of the machine was planned 6 m away from
the LiDAR, and the travel route was not less than 6 m. The travel direction is set as the
Y-axis, perpendicular to the detection plane (XOZ), so as to establish a three-dimensional
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coordinate system. The LiDAR scanning frequency was set to 25 Hz, and the scanning
angle was set at −45~225◦ with a 0.25◦ interval. The first echo signal was selected, and the
fog filter was turned off.

2.2. Spraying System

The spraying system utilized in this experiment consisted of 3 main components: the
air-assisted system, the liquid pump, and the nozzle. The air-assisted system includes a
brushless motor (X5212S, Sunnysky, Columbus, OH, USA), a carbon fiber propeller (2055,
T-Motor, Nanchang, China), an electronic speed controller (X-Rotor 80A-HV, Hobbywing,
Shenzhen, China), and a motor signal generator (DC6. HJ Facalhobby, Shenzhen, China).
The nozzle used was a TR8004 (Lechler, Metzingen, Germany) operating at a pressure
of 0.3‘MPa. To achieve 3D space detection with a 2D LiDAR, it is necessary to move the
machine or LiDAR in a direction perpendicular to the scanning plane to obtain a similar
result to CT tomography, which can then be reconstructed in 3D space. The whole system
was powered by 220 V and the operator pushed the system along the predetermined route
at a forward speed of 0.5 m/s, which is the Y direction in Figure 1. In this test, the fan was
set at 1500 rpm, 2500 rpm, and 3500 rpm, and the axial wind speeds at 50 cm were 3 m/s,
7 m/s, and 10 m/s. The nozzle positions were provided with three mounting heights
located at the edge of the fan: above the axis (H1), at the center of the axis (H2), and below
the axis (H3), as shown in Figure 2. All spraying tests were conducted at night with an
ambient wind speed of less than 0.5 m/s.
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Figure 1. (a) LiDAR and sprayer setup layout (XOZ plane). Dotted line is the detected range of 

LiDAR (from 45~315° in XOZ plane). (b) Sprayer and droplet cloud in XYZ coordinate system. Color 

means the heights from yellow (highest) to blue (lowest). 

 

Figure 2. Nozzle setup layout. Above the axis (H1), center of the axis (H2), below the axis (H3). 

Figure 1. (a) LiDAR and sprayer setup layout (XOZ plane). Dotted line is the detected range of
LiDAR (from 45~315◦ in XOZ plane). (b) Sprayer and droplet cloud in XYZ coordinate system. Color
means the heights from yellow (highest) to blue (lowest).
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2.3. Data Processing
2.3.1. Point Cloud Calculation from LiDAR

All data processing was performed in MATLAB 2022b (MathWorks, Natick, MA, USA)
(CPU i7-8559U, RAM 32 GB). The XYZ coordinates of the point cloud were calculated
based on the time and distance information obtained from the LiDAR data, as shown in
Equations (1)–(3):

Xi = Di· sin(αi) (1)

Yi = Ti·v (2)

Zi = Di· cos(αi) (3)

where Di and Ti are the original LiDAR data, which are the distance from point i to LIDAR,
“mm”; scanning time, “ms”. αi is the scanning angle, which is known by checking the
table in the manual, “◦”. v is the traveling speed of the machine, which is 0.5 m/s in
this experiment.

Figure 3a,e shows the original point cloud data. The test region of interest (ROI) was
selected, and the range was set to −2000 < X < 8000 mm. The preliminary ground fit was
performed using the pcfitplane function [23]; the reference vector was set to [0, 0, 1], the
and ROI range was set to min(Z) < Z < min(Z) + 200, and the ground splitting result is
shown in Figure 3b,f. The ground obtained from the splitting process was compressed
in the XOZ plane, and the ground slope was obtained by linear fitting and the ground
tilt angle β. The point cloud was then rotated by β degrees around the y-axis using a
transformation matrix [23]. The ground was re-fitted to the rotated point cloud using the
pcfitplane function [24] with the same parameters as the first fit. The result of this second
fit was shown in Figure 3c,g. The split ground information was then deleted and only
the non-ground information was retained. The non-ground information was rotated by
-β degrees around the y-axis using the transformation matrix to recover the droplet point
cloud information, as shown in Figure 3d,h.
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Figure 3. Point cloud results during the data processing, where (a–d) viewed at 45° from moving direc-
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Figure 3. Point cloud results during the data processing, where (a–d) viewed at 45◦ from moving
direction; (e–h) viewed at front direction (Y-axis). And (a,e) were original point cloud, (b,f) were after
first ground fit, (c,g) were after second ground fit and rotating, and (d,h) were the non-ground results.
Color means height (mm) from yellow (highest) to blue (lowest). Black is the background color to
enhance the show, which has no meaning.

The pcsegdist function was used to remove the discrete noise points [25], with a
minimum distance threshold of 500 mm. The part above X > 6000 mm is divided as the
machine part, and the coordinate points [Xs, Ys, Zs] of the machine head are derived. The
[Xs, Ys, 0] point is set as the origin of the coordinate system by Equations (4)–(6).

X′i = Xi − Xs (4)

Y′i = Yi − Ys (5)

Z′i = Zi + Zg (6)
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where the constant Zg in the z-axis calculation is the height from the ground, which is
2350 mm in this experiment.

2.3.2. Triangulation for Point Cloud of Droplet

All point clouds were gridded at 100 mm intervals, and the duplicate data were
removed. The detailed running code is shown in Code S1. The internal point cloud of the
spray body was removed to retain only the surface points (Point Cloud S1). The surface
points were triangulated using the alphaTriangulation function [26], and the triangulated
results were subjected to Laplace smoothing [27].

3. Results
3.1. Segmentation Points Cloud

The point cloud splitting results are shown in Figure 4, with the ground rendered in
white, the machine and operator in red, and the spray droplet portion represented by a
gradient from yellow to blue, indicating different heights, with yellow being the highest
and blue the lowest. The 3D display is shown in Video S1. It can be seen that the ground
separation results were good, except for the R3200-H3 treatment, where some of the ground
was not correctly identified. But almost all of the ground was identified accurately in the
other treatments. For the machine and the operator, the results of the three iterations of the
overlay are in the same position and the machine is correctly identified. The shape of the
spray droplets was also more direct and clearer, which can effectively describe the spray
droplet distribution for the different parameters.
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Figure 4. Integration result of 3 times repetition for all parameters, where white points mean the
points from ground, red points mean the points from sprayer and operator, and the colorful points
mean the points from droplet cloud. Where R1500 means the rotor speed is 1500 rpm; H1, H2, and
H3 means different nozzle installed position at the top, middle, and bottom, respectively.

3.2. Repeatability of Multiple Spraying

The high overlap between the sprayer head and the operator in the three replicates
provides evidence that using the head of the implement as the origin of the coordinate
axis is a valid approach. By using the coordinate system with the sprayer head as the
origin of the axis, the droplets from three different replicates exhibited good agreement
(Figure 5, Video S2), indicating the reproducibility of this test method. Moreover, the shape
of the spray from the same machine was approximately consistent, and the trajectories
were similar in both spray distance (X direction) and travel direction (Y direction).
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Figure 5. Integration result of 3 times repetition for all parameters, where white points mean the
points from ground, red points mean the points from 1st repetition, green points mean the points
from 2nd repetition, and the blue points mean the points from 3rd repetition.

3.3. Triangulation of Different Parameters

Figure 6 illuminates the results of the triangulation of different nozzle installation
positions at varying fan speeds. The transparency setting of the droplet cloud indicates
that the opaquer part is denser, whereas the less dense part is represented by the edge of
the droplet cloud. In Figure 6a–c, the initial position of spray marked in a different color
could tell the nozzle position correctly. The red color shows that the nozzle was installed in
the upper part of the wind-fed spray and its droplet cloud starts higher than the green (H2,
center) and blue (H3, bottom). And the rotation speed at a low speed (R1500) and high
speed (R3200) did not significantly affect the wind-fed distance in the range of 1.8–4.5 m
in the wind direction. However, in the top view of direction, the mounting height had
little effect on the droplet cloud pattern under low-speed conditions (Figure 6d). Under
medium- and high-speed conditions (Figure 6e,f), the higher the mounting height, the more
backward the droplet cloud moved relative to the direction of travel. This result indicates
that the transport of droplets was faster at higher mounting heights.

The effect of the fan speed at the different nozzle installation was shown in Figure 7.
When the nozzle is installed on top (H1), increasing the fan speed from 1500 rpm to
2400 rpm can significantly increase the wind speed distance (Figure 7a) and reduce the
backward distance of the droplets (Figure 7d), which can help the droplets reach the target
faster and reduce potential drift. However, increasing the fan speed to 3200 rpm will not
improve the range any further. When the nozzle is installed in the center (H2), the effect of
changing the fan speed on droplet transport is not very significant (Figure 7b,e)). When
the nozzle is installed at the bottom (H3), increasing the fan speed can slightly reduce the
backward movement (Figure 7f).
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4. Discussion
4.1. Droplet Distribution

Due to the lack of large-scale three-dimensional droplet distribution test methods,
the development and parameter adjustment of orchard air-driven sprayers can only be
carried out through droplet deposition tests. However, the test in the actual orchard needs
to consume a lot of manpower and material costs. At the same time, due to the influence of
the canopy growth cycle, a large number of test samples are required to improve the test
accuracy. Therefore, a new method of droplet distribution visualization based on LiDAR-
based droplet detection was proposed. Although quantitative analysis was not performed
in this study, certain patterns could still be found by the variation in different parameters.

Normally, the nozzle was installed in the center of the air-assisted unit, but this is not
always correct, i.e., the nozzle installed at the top (H1) can help the droplet delivery at
the 2400 rpm fan speed (R2400), as shown in Figure 6b, as well as reduce the backward
direction drift, as shown in Figure 6e. Three different fan speeds were set, but the delivery
distance did not always increase with the higher fan speed (Figure 7), which is an important
and valuable point that can save a lot of energy. This phenomenon can give manufacturers
and users some ideas to improve the air-assisted sprayer.
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This detection method is also applicable to the air delivery system of the axial fan, as
well as the latest multi-unit air delivery spray system. It will greatly shorten the time for
tool design parameters and spray parameter optimization. Compared with the traditional
field test, this method is faster and does not require consumables. Also, the calculation
method does not require a large computing power compared with CFD technology. In
addition, with the recent popularization of unmanned vehicle technology, the price of
LiDAR has gradually decreased. This research has good generalization and universality.

Current studies using LiDAR to detect droplets tend to focus on drift rather than droplets.
The main methods used to quantify the distribution are droplet density [17,20,22,28] and
emission intensity [29,30]. Since the spatial density of droplets cloud is much higher than
that of drift, it is not easy for droplets to obscure droplets in the drift test, and the depth of
the test field is sufficient to achieve droplet density detection over a larger area. However,
for the detection of droplet distribution, the simultaneous detection of multiple locations
may be required, and the algorithm will be fused to finally meet the all-around accurate
detection of spatial distribution. While some LiDAR sensors can record multiple echo
signals, potentially resolving mutual occlusion between droplets, this may also increase
noise signals due to transmission and complex reflection within the droplet cloud, thereby
exacerbating subsequent visualization processing difficulties.

Meanwhile, the reflection intensity of LiDAR is easily affected by the detection an-
gle [21]. There has been even more in-depth research in the field of meteorology for the
LiDAR detection of water droplet clouds [31]. The difference in the size and detection
distance between these kind of raindrops and spray droplets is large, which can only
provide partial theoretical support and cannot be directly applied to the field of agricul-
tural spraying.

In conclusion, there are still many problems to be studied and worthy of research in the
fog droplet distribution detection method of lidar in the future. Based on the visualization
method of this study, the feasibility of this method has been preliminarily proven, and a
series of application scenarios have been proposed and better prospects have been made.

4.2. LiDAR Droplet Detection Method

Because of the limitations of the current actual test methods, this test cannot be used
as a confirmatory test, but the accuracy of this test can still vary from some aspects. For
example, the spray start position can be clearly observed in Figures 6 and 7. The droplet
cloud with the nozzle installed at the top (H1) started at about 1600 mm from the ground,
as shown in Figure 7a; the nozzle installed at the center (H2) started at about 1350 mm, as
shown in Figure 7b; and the nozzle installed at the bottom (H3) started at about 1100 mm,
as shown in Figure 7c. This is consistent with the designed installation position of the
nozzle (Figure 2), and the pattern is also consistent at the three different fan speeds, where
the start positions almost completely overlap.

Whilst the size of the LiDAR (LMS111) spot diameter is approximately 1 mm, the size
of agricultural spraying droplets is generally between 100 and 500 µm. When the spot
is larger than the droplet particles, some of the laser light is reflected back to the LiDAR,
while some of the laser light still passes through or bypasses the droplets. Therefore, the
fog filter setting needs to be turned off in the LIDAR to prevent interference. For other
LiDAR models, the fog droplets can be detected by selecting to accept the first reflection
since they are the closest detected object. It is important to note that the LiDAR only records
the first reflected light, resulting in a better detection effect for the surface of the droplet
cloud closer to the LiDAR side compared to the inner and distal droplets cloud relative
to the LiDAR. This effect can be observed in Figure 3b,c, where a shadow on the ground
is visible after removing the droplet cloud. This shadow suggests that the LiDAR cannot
fully penetrate the droplet cloud to detect objects on the other side, indicating a limitation
in its detection capabilities. In light of the LiDAR’s limited ability to detect objects beyond
the surface of the droplet cloud near its side, there may be decreased detection efficacy for
droplet cloud objects further from the LiDAR. As evidenced in Figure 7b, there is minimal
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variation in the 0–2 m range with an increasing fan speed, although this may be due to the
reduced detectability of the LiDAR at this distance. Thus, careful consideration must be
given to interpreting LiDAR data, particularly when evaluating objects located far from the
LiDAR’s position.

4.3. Accuracy of 3D Model Based on Evaluated Speed

According to Equation (2), the Y-axis data are calculated by speed and time, and
the time recording is completed by the LiDAR itself, which has a high accuracy. The
accuracy of the Y-axis is mainly affected by the forward speed; therefore, the forward speed
used for scanning is crucial for achieving accurate results. The forward speed should be
stable, and the operator must practice several times to achieve a stable forward speed.
Higher forward speeds result in larger distances between scanning layers and lower spatial
resolution. Conversely, lower forward speeds result in longer scanning times and higher
static requirements for the scanned object. In addition, unstable environmental conditions
may negatively impact the results obtained with lower forward speeds. To ensure accurate
scanning of the droplet cloud, it is crucial to maintain its stability and stationary position
during the scanning process. Therefore, the scanning should be conducted under stable
environmental conditions, as was done in this study by selecting almost windless conditions.
However, under windy conditions, it may be necessary to increase the number of repetitions
and superimpose the results to obtain the final distribution, or to increase the step speed to
reduce the scanning time. In this case, the LiDAR scanning frequency should be increased
and the angular resolution reduced to compensate for the decrease in spatial resolution
in the direction of the driving axis caused by increasing the step speed, i.e., sacrificing
resolution in the scanning plane to improve resolution in the driving direction.

5. Conclusions

In this study, a LiDAR-based method was proposed for visualizing the 3D distribution
of droplets in wind-driven spraying. The method involved scanning the droplet distribution
at three different fan rotation speeds for three different nozzle installation positions using
2D LiDAR. The point cloud results were divided and noise was reduced for the open
environment, and triangulation was performed to visualize the shape of the droplet cloud
based on the fusion of multiple scans. The results showed that the proposed method
was feasible, had good reproducibility, and the effect of different spray parameters on
the droplet distribution could be analyzed based on the triangulation results. Although
this study did not perform actual test verification, it still presents and discovers some
regularities through experiments. Compared to the other measurement and simulation
methods of the droplet distribution, the LiDAR results provided excellent visualization
without requiring consumables or indicators, making it an environmentally friendly and
fast detection method. However, more research is still needed to evaluate the accuracy of
LiDAR for droplet distribution results, especially the experimental quantitative comparison
of droplet density.
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