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HIGHLIGHTS 
 A LiDAR-guided automatic airflow control system for precision sprayers was developed.
 Three models were built to measure the amount of airflow required for apple trees.
 The study confirmed that adjusting the fan inlet could control airflow penetration into tree canopies.
 Results suggest that the system can reduce spray drift and off-target losses.

ABSTRACT. The airflow discharged from orchard airblast sprayers is a primary component for successfully carrying spray 
droplets to the target trees. Because of the variation in orchard tree canopies, control of the airflow to minimize off-target 
loss during spray application is essential. An automatic airflow control system for precision sprayers was developed to 
maximize spray droplet coverage on targets and minimize off-target loss while considering the tree canopy densities. The 
primary component of the system was an iris damper, which was designed as a retrofit attachment on the fan inlet of a three-
point airblast intelligent sprayer. A 3D light detection and ranging (LiDAR) sensor was installed at the top of the sprayer 
to acquire the tree canopy data. A motor was employed to control the damper opening with a micro-controller. To develop 
the models required for automatic airflow control, field experiments were conducted at three canopy density orchards with 
different cultivars (GoldRush, Gala, and Fuji). A total of 15 trees (five trees from each cultivar) were randomly selected, 
and five different damper openings (openings 1, 2, 3, 4, and 5) were tested for each tree. Opening 1 represented the same 
air inlet as a traditional precision airblast sprayer, while openings 2, 3, 4, and 5 were the sequentially reduced air inlets of 
the sprayer. A canopy density measurement algorithm was scripted to measure the canopy point density of individual trees. 
Three models were built to show relationships between (1) tree canopy point densities and airflows; (2) canopy densities 
and damper openings; and (3) damper opening and motor steps. The combination of the two models (2 & 3) was used to 
assess the amount of airflow required for a specific canopy density. Field validations for medium and high-density trees 
showed that the system achieved adequate spray penetration at the top, middle, bottom, back-left, and back-right positions 
of the tree sections and reduced off-target loss at the ground and edge of next row sections using openings 4 and 2, respec-
tively. However, the mechanical motion of the damper required 3 s to move from minimum to maximum opening, so the 
average canopy density was recommended to control the airflow. The overall results suggested that the automatic airflow 
control system could reduce spray drift and off-target losses and improve spray application efficiency in orchards. 
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he size and characteristics of orchard tree cano-
pies vary significantly depending on growth 
stages, cultivars, production practices, and grow-
ing season lengths. Variations of tree canopy char-

acteristics are very common among different aged trees and 
cultivars throughout the growing season in different orchard 
blocks. The high variability of canopy characteristics can 
even be possible within trees in the same orchard block 
(Colaço et al., 2019). Conventional sprays using air-assisted 
sprayers apply constant-rate chemicals to fruit trees with 
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little or no consideration of tree canopy characteristics, 
which results in either over or under dosing with non-uni-
form spray deposition distribution (Owen‐Smith et al., 
2019). Inefficient chemical applications cause spray drift 
and pose potential risks to human health, ecosystems, and 
the environment (Pivato et al., 2015). 

To overcome these challenges, precision sprayers 
equipped with advanced sensors have been developed with 
the capability to include tree canopy characteristics in spray 
decisions. This capability is a large step forward toward im-
proving spray technologies. The sensors calculate the size, 
shape, foliage density, and foliage volume of individual trees 
and then control the sprayers to apply an adjusted spray vol-
ume accordingly to match the canopy architecture. This new 
spray technology reduces off-target deposition and increases 
application efficiency (Zhang et al., 2018). Among these sen-
sors are digital cameras, ultrasonic, and LiDAR. Digital cam-
eras offer high-resolution images to calculate canopy charac-
teristics, but they are highly sensitive to illumination varia-
tions that provide inferior results (Barbedo, 2019). Ultrasonic 
sensors can detect canopies and gaps between trees through 
the transmission and reception of sound waves towards the 
target trees and manipulate the control of nozzles (Escolà et 
al., 2013; Palleja and Landers, 2015; Tumbo et al., 2002), 
with significant reductions in off-target losses (Jeon and Zhu, 
2012; Llorens et al., 2010). Ultrasonic sensors may not be af-
fected by illumination variation, but low measurement reso-
lution, limited penetration capability, high dependency on the 
tractor speed, signal interference among adjacent sensors, 
and weather conditions are the main limitations of these sen-
sors (Colaço et al., 2018). Therefore, ultrasonic approaches 
may not be practical for real-time precision spraying. 

The LiDAR sensors transmitting infrared laser beams 
through a lens towards the orchard trees can penetrate small 
gaps in vegetation canopies and provide a fast measurement 
of canopy architecture with high resolution, which is not af-
fected by weather conditions (Berk et al., 2016). These sen-
sors have been used to detect tree presence, canopy size, and 
leaf density in orchards, nurseries, and vineyards with stable 
and independent accuracy while taking three-dimensional 
measurements (Chen et al., 2012; Liu and Zhu, 2016). They 
have also been successfully integrated into variable-rate pre-
cision sprayers tested in real-time field conditions, which re-
sulted in uniform spray distribution with higher efficacy and 
efficiency (Boatwright et al., 2020; Cai et al., 2019; Chen et 
al., 2012). 

Canopy density is an important measurement that can 
characterize tree structure and determine the appropriate 
spray volume for precise agrochemical applications (Hu and 
Whitty, 2019; Mahmud et al., 2021a; Wei and Salyani, 
2005). Several studies have been conducted using LiDAR 
sensors, which showed high precision for tree canopy den-
sity measurements. Hu and Whitty (2019) used a mobile ter-
restrial system with 2D LiDAR to measure the canopy den-
sity distribution of a trellis structure and standalone apple 
orchards. The average correlation coefficient of the canopy 
density measurement was about 0.90. Mahmud et al. (2021a) 
measured the tree canopy density using a 3D LiDAR in high 
and low-density orchards and achieved a high correlation of 
0.95 in low-density orchards compared to 0.82 in high-

density orchards. Berk et al. (2020) calculated leaf area den-
sity using a 3D LiDAR and obtained a maximum correlation 
of 0.80 when establishing the relationship between tree can-
opy volume and leaf area density. Béland and Kobayashi 
(2021) reported the potential of using a multi-view terrestrial 
LiDAR sensor to map forest leaf area density even in dense 
tree areas. Mahmud et al. (2021b) used a 3D LiDAR-guided 
sensor fusion approach for tree canopy density correction 
considering uneven terrain conditions and reported a possi-
ble off-target spray reduction of 15.45%. 

The primary component of airblast sprayers is a single fan 
that discharges airflow to carry spray droplets into target 
trees (Fox et al., 2008). The fan is driven by the tractor power 
take-off (PTO) located at the rear of the machine. For preci-
sion spray applications, appropriate spray deposition and 
coverage require that the volume of air released from the fan 
must be matched with the tree canopy density. Droplets can 
easily pass through the canopy if the airflow is too strong or 
cannot penetrate into the canopy if the airflow is too weak. 
Currently, sprayers typically discharge constant airflows that 
are independent of the tree canopy density. In most cases, 
the airflows are either too high or too low, resulting in either 
over- or under-sprayed crops (Zhu et al., 2008). Another ma-
jor problem is that the fixed air velocity profiles can cause 
off-target deposition to air and ground (Gu et al., 2014; Zhu 
et al., 2006). Although significant amounts of research have 
been conducted on nozzle flowrate control (Khodabakhshian 
and Javadpour, 2021; Partel et al., 2021; Seol et al., 2022), 
very few studies have investigated automatic airflow control 
for orchard sprayers, particularly in real-time. Pai et al. 
(2009) designed and placed a deflector plate at the air outlet 
to control the airflow during spray operation, but the limited 
space at the air outlet hindered their system. A Cornell Uni-
versity engineer developed a circular airflow reducer (lately 
called the Cornell "doughnut") mounted on the fan inlet of 
orchard sprayers back in the 1980s. This method has been 
evaluated by European and American researchers to manu-
ally control airflow to improve spray application efficiency 
for orchard and vineyard sprayers. Marucco et al. (2008) de-
veloped a manually adjusted airflow velocity adjustment 
system for air blast sprayers and evaluated the spray deposi-
tion by considering the different airflow velocities and 
sprayer forward speeds. Their study focused on adjusting the 
airflow velocity based on the sprayer’s forward speed in-
stead of using the canopy density information of trees. Gu et 
al. (2012) installed an iris damper at the air inlet (rear of the 
sprayer) to manually regulate air velocities and later at-
tempted to vary the airflow rates by changing the fan inlet 
diameter, considering different sized trees and canopy den-
sities (Gu et al., 2014). Both experiments were conducted in 
laboratory conditions with fewer trees, which is usually dif-
ferent from field conditions. The literature review indicates 
that most previous research efforts were unable to automati-
cally control the airflow in field conditions, which is needed 
for successful spray coverage on targets with reduced off-
target loss. 

The primary goal of this research was to develop an auto-
matic control system for precision orchard sprayers to regu-
late airflow based on canopy foliage density in real time. The 
automatic control was achieved by manipulating the air inlet 
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diameters using an iris damper to simultaneously match the 
foliage density measurements using a LiDAR sensor under 
field conditions. The specific objectives were to (1) investi-
gate the airflow penetrations on different tree densities with 
five different damper openings; (2) evaluate the spray cov-
erage on different tree densities with different damper open-
ings; (3) establish relationships between tree canopy points 
and airflow penetration, and tree canopy points and damper 
openings; and (4) evaluate the performance of the automatic 
system in orchard conditions. 

MATERIALS AND METHODS 
INTEGRATION OF THE AIRFLOW CONTROL SYSTEM 

An automatic airflow control system was developed by 
integrating a 3D LiDAR range sensor, a micro-controller, a 
stepper motor, and an iris damper into an existing intelligent 
sprayer (fig. 1a). The three-point hitch-mounted airblast in-
telligent sprayer (Smartguide Systems Inc., Indianapolis, IN, 
USA) was used as a base unit. This was a standard PTO-
powered sprayer (Pak Blast 150, Rear's Manufacturing Co., 
Coburg, OR, USA) equipped with a 2D LiDAR scanner, six-
teen hollow cone nozzles (eight per side) coupled with sole-
noid valves, a 567 L (150 gallon) tank, a PTO-driven axial-
flow fan (30 inches (0.76 m) diameter; 32° blade pitch), and 
a tablet computer (Samsung Electronics Co. Ltd., Suwon-Si, 
South Korea). The axial-flow fan had two operating speeds 
(540 and 1000 rpm). The 1000 rpm speed was used since 
some dense tree canopies were involved in the study. The air 
outlet of the sprayer was formed with an inverted U‐shaped 
slot of 1.44 × 0.13 m on each side along its periphery. Under 
the standard fan setting, the total calculated volume rate of 
air output was about 16 m3ꞏs‐1. 

The 3D LiDAR range sensor (Model# VLP-16, Velodyne 
LiDAR, San Jose, CA, USA) was mounted at the center of 
the sprayer unit with an aluminum frame at 1.9 m above 
ground level. It had the ability to scan up to 0.3 million points 
per second with an accuracy of ±3 cm. Tree canopies were 
scanned by the 3D LiDAR sensor, and the scanned infor-
mation was saved on a laptop computer (Dell Technologies 
Inc, Round Rock, TX, USA) which was placed on the tractor 
unit. The scanner produced 16 vertically separated beams 

(eight at the left and eight at the right) with an angular reso-
lution of 2° to scan the fruit trees (Mahmud et al., 2021a). 

The iris damper (Continental Fan Manufacturing Inc., 
Buffalo, NY, USA) was retrofitted to the sprayer air inlet for 
airflow control (fig. 1a). It consisted of a casing, damper 
blades, and a regulator. The internal and external diameters 
of the iris damper were 0.80 m (31.4 in) and 0.81 m (32 in) 
(fig. 1b). The iris damper adjusted air inlet openings to con-
trol outlet airflow based on tree canopy variability. A high 
torque planetary geared stepper motor (NEMA 17, OSM 
Technology Co. Ltd., Ningbo, China) was attached to the 
regulator of the iris damper to precisely control the air inlet 
opening. The motor had a 0.035° step angle with NEMA 17 
bipolar 4-wire, a planetary gearbox ratio of 50:9:1, a rated 
current of 1.68 A, and a resistance of 1.65 ohms. An Arduino 
Mega 2560 microcontroller board (Arduino LLC, Somer-
ville, MA, USA) controlled the airflow regulator through the 
step motor to adjust the air inlet openings. 

AIRFLOW CONTROL MODEL DEVELOPMENT 
Canopy Density Measurement 

To determine the canopy density variability of the trees, 
the number of canopy points of individual trees was calcu-
lated based on data collected from the scanner. Data were 
collected from three different sized trees in three different 
orchard sites. The first site was planted with GoldRush cul-
tivar (trees with medium canopy density, planted in 2009, 
trained as tall spindle, BBCH: 75), the second site with Gala 
cultivar (trees with high canopy density, planted in 2002, 
trained as tall spindle, and BBCH: 75), and the third site with 
Fuji cultivar (trees with low canopy density, planted in 2016, 
trained as tall spindle, BBCH: 75). The orchard sites were 
located at the Penn State Fruit Research and Extension Cen-
ter, Biglerville, Pennsylvania, USA. Five trees from each site 
were studied, which provided a sufficient number because 
the variation of tree canopies within an orchard block was 
not high. Trees were randomly picked from different rows to 
cover the entire experimental plot. The trees were classified 
as low, medium, and high densities based on the number of 
canopy points scanned by the LiDAR scanner. The trees 
were scanned from a constant height (1.9 m above ground 
level) regardless of tree size. Trees randomly selected from 

       
 (a)  (b)  

Figure 1. Automatic airflow control system mounted on LiDAR-guided orchard sprayer: (a) hardware integration and (b) iris damper. 
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three rows (two trees from the first two rows and one from 
the third row) were scanned from each site. A LiDAR data 
acquisition program was developed in MATLAB® (The 
MathWorks Inc., Natick, MA, USA) to scan the trees. To 
receive point cloud data from the scanner, a default User 
Datagram Protocol (UDP) port value of 2368 was used. 
A custom velodynelidar() function was used to initiate the 
tree scanning. The frame size in the x, y, and z-axis direc-
tions was defined before data collection (tree scanning). 
A start() function began the data acquisition. The acquired 
data were stored on the laptop computer for future calcula-
tion of the number of canopy points from the scanned trees. 

The tree canopy density measurement procedure de-
scribed by Mahmud et al. (2021a) was employed to calculate 
canopy point density for 15 scanned trees from the three 
sites. Each scanned tree included point cloud data that rep-
resented the geometric coordinates of tree canopies. Point 
cloud data were transformed to render the canopy points 
straight like the original orientation of the trees. The point 
cloud data that represented points from the ground and other 
sources (including trees from the same and different rows) 
were removed during pre-processing. Only the canopy 
points from the experimental trees were segmented by set-
ting the region of interest (ROI). The ROI was different 
among the three cultivars due to different tree heights and 
widths. An ROI of -0.5 to 0.5 m in the x-axis, -3 to -1 m in 
the y-axis, and -2 to 2.5 m in the z-axis were used for 
GoldRush and Gala trees with medium and high densities, 
respectively. Although the plant spacing was different 
among these two varieties, the ROI used in the x-axis direc-
tion was the same because the canopy width of the two cul-
tivars was the same. Due to the larger plant-to-plant distance, 
there were gaps between GoldRush trees, whereas the Gala 
site had a narrower plant-to-plant distance; therefore, trees 
were highly dense. An ROI of -0.4 to 0.4 m in the x-axis, -3 
to -1 m in the y-axis, and -1.5 to 1.5 m in the z-axis were 
used for Fuji trees with low density. Individual ROI canopy 
points were counted using the custom findPointsInROI() and 

select() functions. The first function was applied to find the 
canopy indices, and the second function was applied to count 
the number of ROI canopy points. The total number of 
counted points was used to assess the density of targeted 
trees (fig. 2). 

Airflow Measurement 
To determine the effective airflow required for trees of a 

particular density, the airflow was measured and spray oper-
ations were performed with different iris damper air inlet 
openings. Five different openings were investigated: open-
ing 1, opening 2, opening 3, opening 4, and opening 5, with 
opening diameters of 0.80 m (31.4 in), 0.69 m (26.97 in), 
0.57 m (22.62 in), 0.46 m (18.27 in), and 0.34 m (13.3 in), 
respectively (figs. 3a to 3e). The maximum and minimum 
opening diameters of the damper were 0.80 m and 0.34 m. 

Airflow was measured at the backside of the trees about 
0.64 m from the tree trunk with all the damper openings one 
at a time. The 0.64 m distance was chosen because this was 
the distance from the edge of the trees at the backside to the 
trunk (fig. 3f). A handheld Kestrel 3550AG weather meter 
(Kestrel Instruments, Boothwyn, PA, USA) at a constant 
height of 1.55 m measured the airflow. The constant height 
was used to maintain the uniformity of the data collection. 
One airflow reading was recorded from one damper opening 
under the same wind condition (low wind). A total of five 
airflow readings were recorded from one experimental tree. 
The maximum airflows were recorded. All experiments were 
conducted at the end of June 2021 during low wind condi-
tions with wind speeds between 0 and 1.5 kmꞏh-1. 

Spray Coverage Measurement 
The spray operation was conducted five times on each 

tree with the five damper openings. The spray operation was 
accomplished using the intelligent sprayer with one damper 
opening at a time in each targeted tree. The spray volume 
discharged from the sprayer was automatically controlled by 
the tree canopy density. Water sensitive papers (WSP) (Syn-
genta Crop Protection AG, Basel, Switzerland) with a size 

 
 (a)  (b)  (c)  

Figure 2. Scanned apple trees from three orchard sites (a) canopy points from GoldRush cultivar tree, (b) canopy points from Gala cultivar tree, 
and (c) canopy points from Fuji cultivar tree. 
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of 26 mm × 76 mm were used to measure spray coverage as 
a spray deposition indicator to validate the airflow control 
system. They were placed at twelve different locations on 
the tree before each spray operation (fig. 4). The twelve lo-
cations were three at the ground (L1, L2, and L3), bottom 
(L4), middle (L5), top (L6), two at the backside at the same 
height of L5 parallel to the driving direction (back-left and 
back right when facing toward the tree) of the tree (L7 and 
L8), and four at the edge of the next tree row (L9, L10, L11, 
and L12). Coverage uniformity was assessed using the 
WSPs because of their simplicity of visualization (Salyani 
and Fox, 1999; Cerruto et al., 2019) (fig. 5). The papers were 
collected after drying and stored in sealed bags until they 
were analyzed. After collecting WSPs for one spray opera-
tion with one damper opening, the new WSPs were placed 
for the second damper opening for the next spray operation. 
The WSPs were placed for five rounds for each tree, for a 
total of five damper openings. The WSPs were scanned in 
the laboratory using a portable business card scanner (CSSN 
Inc., Los Angeles, CA, USA) with imaging resolution at 
600 dpi and a scan capability width of up to 10.5 cm. The 
spray coverage on each WSP was assessed using the Depos-
itScan program (Zhu et al., 2011). 

Model Development 
The iris damper had a damper position adjustment nut, 

allowing different openings with different angular inputs. 
The relationship between the stepper motor steps and the 

 
 (a)  (b)  (c)  

 
 (d)  (e)  (f)  

Figure 3. Five different damper openings were used for study (a) opening 1 (0.8 m dia), (b) opening 2 (0.69 m dia), (c) opening 3 (0.57 m), (d) open-
ing 4 (0.46 m dia), (e) opening 5 (0.34 m dia), and (f) experimental setup of anemometer at height of 1.55 m for airflow measurements. 

Figure 4. Experimental setup for spray coverage test with water-sensi-
tive papers placed (marked as orange rectangle) at twelve different lo-
cations (L1 to L12) (L1, L2, L3 on ground, L4 at 0.8 m, L5 at 1.6 m,
L6 at 2.4 m, L7 & L8 at 1.8 m, L9 & L10 at 2.2 m, L11 & L12 at 1.4 m).
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openings of the iris damper was established (fig. 6). This 
model was used for the motor step input for later studies in 
both airflow control model development and field validation 
of the developed airflow control system. 

The relationship between the canopy point densities and 
recorded airflows from the five different damper openings 
was established. The appropriate damper opening for the 
trees was selected based on counting the highest number of 
WSPs with uniform spray coverage among the five open-
ings. The uniformity of coverage was computed by dividing 
the mean coverage by the 20th percentile coverage. The air-
flow was chosen from the damper opening and was proven 
effective for the particular tested tree. For example, the 
sprayer with a damper opening of 0.69 m (26.97 in) diameter 
and corresponding airflow of 8.5 kmꞏh-1 resulted in a total of 
eleven (out of twelve) WSPs with uniform spray coverage 
on tested tree no. 4 (canopy point density of 13,000), higher 
than other openings. The opening of 0.69 m and airflow of 
8.5 kmꞏh-1 were then chosen for that type of tree. A similar 
procedure was followed for all the trees. Based on the eval-
uation of spray coverage on WSPs, three damper openings 
were chosen for three sites with low, medium, and high-den-
sity trees. The recorded canopy points of trees and their ef-
fective damper openings were used to develop a mathemati-
cal model to predict the required damper opening and air-
flow for any sized tree. The corresponding airflows from the 
selected three damper openings and canopy points were used 

to develop a mathematical model for predicting inlet airflow 
with canopy point changes. 

ALGORITHM FOR AUTOMATIC DAMPER CONTROL 
An algorithm was developed to adjust the damper open-

ing based on tree canopy points to provide appropriate air-
flow for adequate spray coverage on the tree. Figure 7 shows 
the workflow diagram of the algorithm. Figure A1 shows the 
pseudo-code of the algorithm written with MATLAB®. The 
algorithm initialized the 3D LiDAR sensor that was used to 
scan the trees. The Arduino port was opened to build a serial 
communication between the computer and the micro-con-
troller. The initial damper position was set to zero at the be-
ginning. The zero position meant the damper was at its max-
imum opening of 0.80 m in diameter. The readframe() func-
tion read frames from the LiDAR sensors. The frames were 
processed one after another using a loop. The frames cap-
tured the scanned point clouds of the trees. Each frame was 
oriented differently from the original tree; therefore, the 
transformation was performed to make the shape of point 
clouds similar to the scanned tree. The transformation con-
sisted of two steps at the defined coordinate using transfor-
mation equations 1 and 2. First, each coordinate of tree point 
clouds was oriented at 90° counter-clockwise around the 
z-axis, and second, the resulting coordinate was rotated 90° 
clockwise around the y-axis. 

Counter-clockwise rotation (90°) around z-axis 

  
γ γ 0 0

sin γ cos γ 0 0
γ 90

0 0 1 0

0 0 0 1

z

cos sin

R 

 
 
  
 
 
 

 (1) 

Clockwise rotation (90°) around the y-axis 

  
β 0 β 0

0 1 0 0
 β 90

β 0 β 0

0 0 0 1

y

cos sin

R
sin cos



 
 
  
 
 
 

 (2) 

The transformed tree point clouds had points from the 
ground and points from other trees located in the same and 
other rows. The ROI extracted points from the targeted tree 
based on the average tree width, height, and canopy depth of 
the corresponding sites (GoldRush and Gala). The ROI 
of -0.62 to 0.62 m in the x-axis, -3 to -1 m in the y-axis, and 
-2 to 3 m in the z-axis were used. The same ROI was used 
for all sites due to their same tree canopy width. To remove 
the ground points, the M-estimator SAmple Consensus 
(MSAC) algorithm was used, which is a variant of the Ran-
dom Sample Consensus (RANSAC) algorithm (Torr and 
Zisserman, 2000). This algorithm found the outlier points 
from the acquired point clouds. The outlier points were re-
moved to obtain only the tree canopy points (without ground 
points). To count the tree canopy points of each tree, the 
number of indices within the ROI was calculated using 
findPointsInROI(), select(), and indices.count() functions. 
The LiDAR frames also covered the open area between trees 
and partial trees. The algorithm set the threshold value for 

 (a)  (b)  

Figure 5. Water sensitive paper placed in tree (a) before and (b) after
spray operation. 

Figure 6. Relationship between damper opening diameter and motor
steps. 
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the orchard sites to avoid these frames for the damper con-
trol. A minimum threshold of 5,000 canopy points for me-
dium-density trees (GoldRush) and 10,000 for high-density 
trees (Gala) was used. The threshold value was computed 
from the calculated minimum canopy points in a tree from 
each of the respective sites (based on section 2.1.3: tree can-
opy points density measurements). The algorithm skipped 
five frames after completing one iteration. For example, if it 
processed frame number one, then the next process frame 
number would be seven. The number of frames to be skipped 
was calculated based on the average canopy width of each 
site, the LiDAR frame rate, and the ground speed of the 
sprayer. The tree canopy width was about 1.24 m, the Li-
DAR frame rate was five frames per second, and the sprayer 
ground speed was about 1 mꞏs-1 (3.6 kmꞏh-1). The five frames 
from the LiDAR could have the same information from the 
same tree; therefore, one frame was sufficient to process one 
tree and avoid overlap based on the canopy width and 
sprayer speed. 

The mechanical motion of the damper regulator took 
about three seconds to move from maximum opening to min-
imum opening, which limited the system control speed for 
responding to individual tree canopy densities. Therefore, 
average canopy densities were used instead of the canopy 
point density of a single tree to control the damper because 
the LiDAR scanner speed was faster than the damper adjust-
ment speed for the required opening. Another reason was 
that trees that grew in the same row or even in the same or-
chard block could have relatively uniform canopy density. 
Therefore, adjusting/controlling the damper opening based 
on the average density of a few trees should be acceptable 
for spraying trees in the same row or the same orchard block. 
Average canopy density was computed for damper control 
before spraying. The algorithm captured and then averaged 
the canopy point densities from ten trees in a row (fig. 8). 
The average canopy density was used to calculate the re-
quired damper opening and motor steps using the two mod-
els from the previous section. The motor steps and direction 

Figure 7. Workflow diagram of algorithm developed for automatic damper control scripted in MATLAB®. 

 

Figure 8. Canopy points scanned from ten consecutive trees of tested orchard site (Gala). Different colors represent Z value (height) of point cloud.
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(clockwise) were sent to the microcontroller through serial 
communication. The motor rotational direction was clock-
wise (+ve) because the initial position of the damper was set 
to full open. A stepper motor control program was uploaded 
to the Arduino to receive steps and rotation information to 
control the damper openings for automatic airflow control 
during the spraying operation. 

FIELD VALIDATION OF DEVELOPED AIRFLOW  
CONTROL SYSTEM 

Field tests were conducted on calm days (low wind con-
ditions) to evaluate the performance of the automatic airflow 
control system. As stated in the algorithm development sec-
tion 2.3, the airflow control system was tested in two orchard 
sites: GoldRush orchard with medium density and Gala or-
chard with high density. These two orchards were the same 
sites where the initial experiments were conducted, but the 
field tests were performed with different rows and trees 
1.5 months later. The row spacing was 2.66 m. The plant 
spacing in a row was 1.68 and 1.24 m for GoldRush and 
Gala, respectively. However, average tree canopy widths in 
both sites were the same (about 1.24 m ± 0.3 m). 

Figure 9 illustrates the experimental setup for the airflow 
control system field validation. Five trees were randomly se-
lected from three rows in each site. Two types of tests were 
conducted: controlling the damper opening based on individ-
ual tree canopy point density and controlling the damper 
opening based on the average tree canopy point density from 
ten consecutive trees in a row. The damper control based on 
an individual tree was tested to compare the actual airflow 
generated by the system at the back of the tree with calcu-
lated or theoretical airflow based on the airflow model.  

Two airflow models were used for two test sites. The 
models were airflow = 2047.2 × canopy points-0.65 and air-
flow = 2535.9 × canopy points-0.653 for GoldRush and Gala, 
respectively. These two models were chosen from five rela-
tionships using five damper openings. The models were se-
lected based on the average tree canopy points of each site 
and their required damper openings. For example, the aver-
age canopy point of the GoldRush site was 9,566, and there-
fore the calculated required damper opening was 0.59 m. 
Based on the airflow models from five damper openings, the 
model developed with damper opening 3 (an opening with a 
diameter of ~0.57 m) was very close to the required opening. 

Therefore, the airflow speed model with opening 3 was used 
for the theoretical airflow calculation for the GoldRush site. 
A similar procedure was followed for the Gala site, where an 
airflow speed model with opening 2 was used. 

The algorithm developed in section 2.1.5 was used for ex-
perimental airflow measurements, and the loop iteration was 
set to one because one frame was used to calculate canopy 
points and the required damper opening for a target tree. Air-
flows were measured at the back of the tree after the required 
damper opening was reached. The number of canopy points 
and measured airflow were recorded for analysis. The aver-
age canopy points density was also calculated using the same 
algorithm, but the loop iteration was set to 10 (i = 1:55; skip-
ping five frames). The average canopy point density was 
computed to observe the tree canopy variability within a 
row. Three average canopy point densities from three rows 
were calculated to adjust the damper opening separately for 
each row. Based on the average canopy point density in each 
row, the damper opening and spray operations were per-
formed on targeted trees. The WSPs were placed at 12 loca-
tions (same as initial experiments) for evaluating spray cov-
erage. A similar procedure was followed for the WSP col-
lection after spray operation and analysis. 

STATISTICAL ANALYSIS 
One-way Analysis of Variance (ANOVA) along with 

Tukey's test determined the difference of spray deposits 
among five different openings using Minitab® 19 statistical 
software (Minitab® Inc., State College, PA, USA). The co-
efficient of determination (R2) was calculated between tree 
canopy points and airflows for performance evaluation. 
A Duncan post-hoc test was performed after a one-way 
ANOVA to evaluate the difference of spray deposits among 
six sections of the tested orchard sites. 

RESULTS AND DISCUSSION 
AIR PENETRATIONS AT VARIOUS DENSITY TREES 

Figure 10 shows the maximum airflows recorded at the 
backside of the test trees from three sites with five different 
openings. The sprayer ground speed was 3.6 kmꞏh-1. Overall, 
air penetration through canopies was higher in the lower-
density trees compared to the medium and higher-density 
trees. As the tree canopy points increased, the air penetration 

 

Figure 9. Experimental setup for validating airflow control system (blue trees represent scanned trees to control damper for spray operation, and 
red box represents targeted trees). 
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through the canopies decreased. The high-density trees nor-
mally had more canopy points that could substantially block 
the air from passing through the canopy to reach the ane-
mometer. This implies that the high-density trees require a 
high airflow to transport droplets through the canopies, 
while the lower airflow should be sufficient for low-density 
trees. These results agreed with Pai et al. (2009), who high-
lighted the necessity of airflow control due to canopy varia-
tions. The recorded airflows from the damper openings 
showed good correlations with the number of tree canopy 
points. The R2 values of the “airflow-canopy relationship” 
were 89.5%, 81.2%, 83.8%, 86.9%, and 87.6% for openings 
1, 2, 3, 4, and 5, respectively. The small difference between 
the R2 values using different openings might be due to a 
slight variation of wind at the specific locations of the exper-
imental sites. 

Although all the damper openings provided strong corre-
lations, the recorded airflows were different. In general, the 
airflow at the backside of the tree increased as the damper 
opening increased. With the larger damper opening, rela-
tively more air entered the fan chamber, which released more 
air from the outlet. Higher airflow could result in higher 
movement of the spray droplets beyond the tree canopy. The 
movement of the spray droplets with the same airflow could 
be different depending on tree canopy densities. This implies 
the importance of tree canopy density measurement for 
sprayer airflow control. Although strong correlations were 
achieved from all damper openings, the spray droplet cover-
age could be different due to variations in canopy densities. 
The droplet coverage is an indicator of sprayer performance, 
showing spray operation quality to provide adequate disease 
and pest control. Therefore, it is important to identify which 
opening is suitable for which type of tree based on the eval-
uation of spray coverage. 

It is worth noting that the ambient wind speeds minimally 
affected these experiments because they were conducted at 
low wind conditions (wind speeds between 0 and 1.5 kmꞏh-1) 
as recorded by the nearby weather station. Also, the airflows 
were measured at the lower height of 1.55 m from the back-
side of the tree, which could have had a negligible effect 
from the low-speed wind. Measurements were taken at a 
fixed distance from the tree trunk to ensure consistency. 

SPRAY COVERAGE ON VARIOUS DENSITY TREES IN 

THREE ORCHARD SITES 
As shown in figure 11, spray coverages were significantly 

affected by the damper openings at the 95.0% confidence 
level. Spray deposits at the ground, top, middle, bottom, 
backside, and next row were compared separately among 
five damper openings. The sprayer discharged the same 
amount of spray volume for a targeted tree for all five open-
ings. Variations of the spray deposits were observed due to 
the change of the airflows (from different damper openings). 
A particular damper opening is considered good if it showed 
higher coverage on tree canopy sections (top, middle, bot-
tom, and backside), and lower coverage at off-target sections 
(ground and next row), would be chosen for those types of 
trees. Overall, damper openings 1, 2, and 5 provided signif-
icantly lower mean coverages at tree sections than opening 3 
and 4 in most cases. At openings 1 and 2, a portion of the 
spray droplets mostly discharged from the upper nozzles 
drifted to the open air and other rows before reaching the 
target trees, perhaps due to the high airflow. This resulted in 
higher coverages in the next row of the orchard, which were 
significant among other openings. This situation was also 
confirmed by visually observing WSPs on targets. For open-
ing 5, a portion of droplets was deposited to the ground, 
mostly from the lower nozzles. In other openings, mean cov-
erages were 45.9%, 49.9%, 57.6%, 37.2% (opening 3), and 

 

Figure 10. Relationship between tree canopy points and airflows from five damper openings. 
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49.0%, 53.9%, 62.4%, and 39.8% (opening 4) at the top, 
middle, bottom, and backside, respectively. The off-target 
coverages at the ground and next row were also lower. This 
might be due to the match of the airflow profile required for 
adequate spray coverage on these types of trees. The results 
showed no significant difference between openings 3 and 4 
for spray coverage at the bottom and backside, but the spray 
coverages were significantly higher at the top and middle 
sections for opening 4 compared to opening 3. Therefore, 
opening 4 was chosen for these types of trees (average height 
and canopy points were 3.6 m and 6242, respectively) for 
spray operations. 

Spray coverage results for the Gala orchard (with high-
density trees) using five different openings are presented in 

figure 12. The spray coverages at the middle and bottom sec-
tions showed no significant difference among the five 
damper openings; however, there were significant differ-
ences in droplet coverages for the top and backside. The den-
sity of tree canopies was higher in the middle and lower sec-
tions, blocking the majority of the spray droplets. For the top 
and backside sections, the sprayer did not generate enough 
airflow using openings 3, 4, and 5; thus, it could not deliver 
enough droplets to those sections with these three openings. 
Using openings 1 and 2, the spray coverages for those sec-
tions were relatively higher, but they were not significantly 
different. However, fewer droplets drifted to the next row 
with opening 2 compared to opening 1. On the ground, open-
ings 1 through 4 produced lower spray coverage than 

 

Figure 11. Spray coverages at six different sections for GoldRush orchard (medium density). Groups identified by same letter did not differ
statistically. Average spray coverage on different sections from five experimental trees is shown. Two boxes are presented as examples to illustrate
statistical comparisons of spray coverages between five openings for each section, where comparisons for each section are independent of each
other. 

 

Figure 12. Spray coverages at six different sections for Gala orchard (high density). Groups identified by same letter did not differ statistically. 
Average spray coverage on different sections from five experimental trees is shown. Two boxes are presented as examples to illustrate statistical
comparisons of spray coverages between five openings for each section, where comparisons for each section are independent of each other. 
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opening 5. Based on the spray coverage quantities at all sec-
tions, opening 2 was selected for these types of trees (aver-
age height and canopy points were 3.8 m and 12836, respec-
tively). 

Figure 13 shows the results of spray coverage using five 
damper openings in the Fuji orchard with low-density trees. 
Similar to the Gala orchard, the spray coverages at the mid-
dle and bottom tree sections showed no significant differ-
ences among all damper openings. Damper opening 5 pro-
vided greater coverages on all four tree sections than the 
other four openings. Some unexpected higher coverage re-
sults were observed with opening 1 than those with other 
openings, which might be due to increased ambient wind 
when opening 1 test was conducted. In comparison, the 
amount of spray deposits for opening 5 on downwind row 
trees was significantly lower than those with other openings, 
but the ground coverage was significantly higher. However, 
the mean ground spray coverage for opening 5 was about 
5.35%, which was much lower than those in the four tree 
sections. Thus, opening 5 was chosen for low-density trees 
(average height and canopy points were 3.1 m and 5085, re-
spectively). 

AIRFLOW CONTROL MODEL 
An airflow control model was developed based on the 

evaluation of spray coverages using different damper open-
ings (fig. 14). The model shows strong prediction ability, 
with an R2 of 97.5%. It offers automatic calculation of the 
required damper opening in response to the number of tree 
canopy points received from the LiDAR sensor. Although 
the model was capable of predicting the damper opening for 
any number of tree canopy points, the automatic airflow con-
trol system was programmed to adjust the damper opening 
within the range between 0.34 and 0.80 m (lower and upper 

limits of damper opening diameter). Ideally, another orchard 
block with tree canopy density in the range of 8,000 to 
11,000 points could be selected for the test, but due to the 
limitation of resources, only three orchard blocks with den-
sities ranging from high to low were used. With the three 
orchard blocks and 15 trees in total, it was sufficient to create 
the model to predict the damper opening based on the canopy 
density as shown in figure 14. 

FIELD VALIDATION 
Comparison results from theoretical and experimental 

airflow measurements (table 1) reported a Mean Absolute 
Error (MAE) of 2.27 and 1.42 kmꞏh-1 and a Root Mean 
Square Error (RMSE) of 2.41 and 1.6 kmꞏh-1 for GoldRush 
and Gala orchards, respectively. The MAE and RMSE errors 
were lower in the high-density Gala orchard than in the me-
dium-density GoldRush orchard. There were no gaps be-
tween trees in the Gala orchard, which provided smaller 

 

Figure 13. Spray coverages at six different sections for Fuji orchard (low density). Groups identified by same letter did not differ statistically. 
Average spray coverage on different sections from five experimental trees is shown. Two boxes are presented as examples to illustrate the statistical
comparisons of spray coverages between the five openings for each section, where comparisons for each section are independent of each other. 

Figure 14. Relationship between tree canopy points density and re-
quired damper opening. 
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variations in measurements. Conversely, gaps between trees 
in the GoldRush orchard resulted in comparatively higher 
airflows than theoretical calculations because the air moved 
faster through the gaps. Tests in both orchards showed vari-
ations in the airflow measurements because of field variabil-
ities. 

The tree canopy variability within the same row and or-
chard block was evaluated by calculating the average canopy 
points from ten consecutive trees (scanned before reaching 
the target tree) and the individual target tree (table 2). The 
highest relative difference between average canopy points 
and individual tree points was 11.74%, which occurred in 
Row 1 of the GoldRush orchard. The canopy variability was 
comparatively higher in the GoldRush orchard than in the 
Gala orchard. This was because the trees in the GoldRush 
orchard were not trained adequately by modern tree training 
strategies. The Gala orchard was appropriately trained and 
showed low canopy variations among the trees in the row. 
This implies that the modern tree training strategy could sub-
stantially reduce the tree canopy variabilities of apple or-
chards. Furthermore, growers also prune trees to maintain 
low canopy variabilities in the same orchard in a growing 
season. These results indicate the potential for using one 
damper opening for a particular orchard block. However, the 
damper opening should be adjusted in different orchards 
with different tree sizes, ages, management practices, and 
cultivars. It is recommended to perform the spray operation 
during low wind conditions with no or minimal field varia-
bility. 

The targeted trees were sprayed using the damper open-
ing calculated from the average tree canopy points in an in-
dividual row. Since the canopy variations within a row were 
minimal, the average canopy points from the first scan of the 

row were used for the spray operation. This was also con-
venient because the damper opening was already adjusted. 
The amounts of spray coverage at six different sections were 
significantly different in two test sites (figs. 15 and 16). The 
bottom and middle sections received more spray droplets 
than the other sections in both sites. Overall, spray deposits 
at the top and backside sections were higher at the Gala site 
than at the GoldRush site. This was because the high-density 
Gala trees were able to block the major portion of air pro-
duced by the sprayer, resulting in high droplet coverage on 
those sections compared to the GoldRush orchard, where 
there were gaps between trees. The droplet coverage at the 
next row was also higher in this site than in the Gala site due 
to the gaps. However, ground coverages were small at both 
sites.  

DISCUSSION 
The major airflow attributes of airblast sprayers are their 

ability to agitate canopies and transmit spray droplets to the 
target tree sections. The requirement for airflow is different 
among trees and is primarily dependent upon tree canopy 
densities. High-density trees require relatively stronger air-
flow than medium-density trees, whereas relatively less air-
flow is required for low-density trees. However, identifying 
the airflow needed for particular canopy densities or orchard 
sites is challenging. Therefore, these results provide a poten-
tial approach for current precision airblast sprayers to match 
the airflow requirements of different canopy densities to re-
duce off-target spray coverages. Although this study was 
conducted with three types of tree canopy densities, the sys-
tem is not limited to these. The damper opening control 
model can calculate the required opening for any canopy 
density. However, the damper opening has maximum and 
minimum limits, and cannot go beyond that limit when the 
calculated opening is out of the range. It should be noted that 
the airflow control system was developed with a specific 
configuration of the sensor, motor, micro-controller, sprayer 
ground speed, fan speed, nozzle type, and flow rate. Hence, 
it is very important to maintain the same configuration when 
integrating with the precision airblast sprayers. 

Modern fruit trees planted in a row have low canopy den-
sity variation unless the trees are affected by severe diseases. 
This study reaffirmed that variation of the tree canopies 
within a row or even an orchard block was not high (maxi-
mum ~11.74%), which indicates the potential of a single 
damper setting for a row or an orchard block if they are the 
same variety and aged trees. The average canopy density of 
ten trees or even an entire row should be enough to identify 
the required effective airflow for a particular orchard block. 
Faster mechanical devices may make this system suitable for 
controlling airflow based on individual trees, although it is 
not critical due to lower canopy variation. The field valida-
tion results of our system provided improved droplet cover-
age within tree canopy sections and significantly reduced 
off-target coverage by controlling damper opening using av-
erage tree canopy points from ten consecutive trees. How-
ever, some tree sections showed lower spray coverage on 
WSPs due to field variabilities and uncertainties. For exam-
ple, sometimes sprayer airflow pushed leaves over top of the 
WSP, resulting in lower spray coverage on the WSP 

Table 1. Comparison between theoretical and experimental airflow
measurements during field tests.  

Test 
Orchard 

Tree  
No 

Canopy 
Points 

Theoretical  
Airflow  
(kmꞏh-1) 

Experimental 
Airflow  
(kmꞏh-1) 

MAE  
(kmꞏh-1) 

RMSE  
(kmꞏh-1) 

Orchard 1  
(GoldRush) 

1 10372 5.02 7.89 

2.27 2.41 
2  9799 5.21 7.4 
3  8530 5.7 6.92 
4  10724 4.91 6.59 
5  8404 5.76 9.17 

Orchard 2  
(Gala) 

1  12710 5.3 5.95 

1.42 1.6 
2  14111 4.95 3.54 
3  10291 6.08 8.72 
4  15795 4.6 2.9 
5  10735 5.92 6.63 

Table 2. Comparison between canopy points of the individual tree and
ten consecutive trees from the same row. 

Test 
Orchard 

Tree 
Row 

Canopy 
Points 

Average Canopy 
Points of Ten 

Consecutive Trees 

Relative 
Difference 

(%) 

Orchard 1  
(GoldRush) 

Row 1 
10372 9154 11.74 
9799 8891 9.27 

Row 2 
8530 9312 9.17 
10724 9494 11.47 

Row 3 8404 8923 6.18 

Orchard 2  
(Gala) 

Row 1 
12710 11661 8.25 
14111 13149 6.82 

Row 2 
10291 11189 8.73 
15795 14437 8.60 

Row 3 10735 11480 6.94 
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(fig. 17). The position of the airflow measurements was also 
a cause of measurement error between theoretical and exper-
imental airflows. Although the measurements were taken at 
a fixed distance and position from the tree trunks, the varia-
bility of canopy densities in front of the anemometer caused 
some deviation in airflow measurements, resulting in errors. 

Overall, the experimental results reaffirmed that adjust-
ing the fan air inlet could control airflow penetration into tree 
canopies and reduce off-target spray coverage and drift. In-
stead of adjusting airflow for individual trees, it is more re-
alistic to control the damper opening based on the average 
tree canopy density of a row or an orchard block for variable-

 

Figure 15. Spray coverage on five tested trees in GoldRush site (medium density) with opening 4. Letters represent homogeneous groups obtained 
by Duncan post-hoc test (p ≤ 0.05). Groups identified by same letter did not differ statistically. 

 
 

 

Figure 16. Spray coverage on five tested trees in Gala site (high density) with opening 2. Letters represent homogeneous groups obtained by 
Duncan post-hoc test (p ≤ 0.05). Groups identified by same letter did not differ statistically. 
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rate spraying. The current system can be applied for practical 
use. The process of scanning trees and then adjusting open-
ing sizes based on the average canopy density of 10 consec-
utive scanned apple trees was automatic. However, the con-
trol per tree requires a faster mechanical system and control-
ler improvement. The average canopy densities need to be 
measured before the spray operation. One-time measure-
ment of the average density should be sufficient for an or-
chard block with the same tree age, cultivar, and density. 
Continuation of this study with faster mechanical systems 
and advanced motors and controllers with different tree can-
opy densities could meet the needs for very precise airflow 
controls and could guide the development of the automatic 
airflow control system for real-time airflow adjustment and 
spray operation for individual trees. 

CONCLUSIONS 
An automatic airflow control system was developed to 

distribute adequate air to successfully carry droplets from the 
sprayer to the target trees by reducing off-target coverage 
and drift. The system consisted of an electro-mechanical 
controller which had the capability of changing air inlet di-
ameter with an iris damper. Three different tree canopy den-
sities (low, medium, and high) were studied, and results 
showed that air penetration decreased as canopy density in-
creased. The airflow to the targeted tree decreased as the air 
inlet diameter decreased. The damper opening 2 offered 
higher spray coverage on high-density trees than the other 
openings. However, this opening was not suitable for spray-
ing medium-density and low-density trees. The damper 
opening 4 could be suitable for medium-density fruit trees 
and opening 5 for low-density trees. These recommendations 
were made based on calculated tree canopy points in the 
month of June. When the tree canopy points are increased, 
the recommendations might need to be reconsidered. The 
airflow control system was able to calculate the required 
damper opening and the airflow requirement for uniform 
spray coverage and reduced drift compared to traditional 
precision airblast sprayers used in tree fruit orchards and per-
formed the function in real-time based on average tree can-
opy density from ten consecutive trees. 

Even though the system had the capability of changing 
airflow based on tree canopy densities, the slow mechanical 
motions of the airflow regulator limited the control based on 
individual trees. However, this system can control airflow 
for future precision or variable rate airblast sprayers for tree 
fruit orchards, which demonstrates the potential of using this 
system for successful spray applications. 
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Figure A1. Algorithm for automatic damper control in the orchard condition scripted in MATLAB®.  

Input: scanned lidar frame 

Output: steps, direction 

initialize lidar 
initialize arduino 
initial damper position, 𝐃𝐩          0 
frames          readframe(lidar) 
for each data i in frames do 
     point cloud, 𝐏𝐜          get a new frame started with data i (frames, i) 
     transformation, 𝐓𝐌𝐩𝐜          transform point cloud to oriented like real tree (Pc) 

     tree points, 𝐓𝐩𝐜          find point cloud within individual tree region of interest (TMpc ) 

     inPlanePointIndices, 𝐈𝐩          find in plane point indices from the tree points (Tpc ) 

     outliers, 𝐎𝐩          find outlier points from the segmented tree points (Tpc ) 

     ground point clouds, 𝐆𝐩𝐜          find ground points based on Tpc  and Ip  

     tree canopy points without ground, 𝐓𝐩𝐰𝐜           calculate after removing outliers (Op) 

     final tree point indices, 𝐅𝐭𝐩           select the remaining points within tree region of interest 

     number of canopy points, 𝐍𝐜𝐩          count number of canopy points of each tree 

     if  Ncp  > 5000 then                    (for high density,  Ncp  ൐ 1000ሻ 
          canopy points, 𝐂𝐩          Ncp   (this if statement will help to exclude open area between trees) 
      end if 
     i          i + 5 
 end for 
    total canopy points, 𝐓𝐂𝐩          summation of all canopy points from captured trees 

    average canopy points, 𝐀𝐂𝐩          TCp divide with number of frame captured 

    damper opening, 𝐃𝐨𝐩         calculate from developed model using tree canopy points 

    motor steps, 𝐌𝐬𝐭          calculate from developed model using damper opening 
    if Dp= 0 then 

        required damper position,𝐃𝐫𝐩          𝐌𝐬𝐭 

   else   
        𝐃𝐫𝐩         subtraction from motor steps and Dp     
   end if 

   if Drp > 0 and Drp  < 29000 then 

         steps           Drp  

         direction           clockwise 

   end if 

   steps, direction           send to arduino through serial communication 

    Remove all processed information 
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