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INTRODUCTION
The ornamental industry produces an abundance of flowers, nursery shrubs, and 
trees to beautify our environment and improve our lifestyle. This abundance is 
predicated on the use of pesticides to protect them from pests. However, the ap-
plication efficiency of conventional pesticide spray technologies for crop protection 
is very low. Consequently, excessive pesticides are often applied to target and non-
target areas, resulting in greater production costs, worker exposure to unnecessary 
pesticide risks, and adverse contamination of the environment. The industry has 
constantly demanded the development of new advanced intelligent sprayers that 
delivers pesticides economically and accurately and requires minimum human in-
puts during the entire spray application process. 

The capabilities of conventional sprayers are limited and unable to optimize spray 
outputs and thus cannot compensate for the rapid changes of growth characteristics 
in nursery crops. Although traditional ultrasonic sensors coupled with variable-
rate sprayers are an improvement (Giles et al., 1987; Molt et al., 2000; Solanelles et 
al., 2006; Gil et al., 2007; Balsari et al., 2008), they are usually used for relatively 
uniform orchard trees but cannot evaluate nursery trees with wide growth diversi-
ties. Consequently, the high-speed ultrasonic sensors or laser scanners are needed 
for advanced sprayers that automatically adjust spray outputs based on canopy 
sizes. The laser scanners offer promising opportunities to detect tree canopy char-
acteristics due to their fast response to the target surfaces (Wei and Salysni, 2004; 
Lee and Ehsani, 2008; Rosell Polo et al., 2009).

The objective of this research was to develop advanced and affordable spray sys-
tems that employ intelligent technologies to continuously match system operating 
parameters to crop characteristics during pesticide applications. Significance of 
this research would be to provide critical technology to increase application effi-
ciency and reduce uncertainty associated with current pesticide sprayers used in 
nursery crop production, and to achieve real cost benefits to producers, consumers, 
and environments with new pesticide application strategies.

MATERIALS AND METHODS
Two types of experimental variable-rate precision sprayers were developed as an 
introduction of new generation sprayers for nursery crop applications. The first one 
was an economic, hydraulic vertical boom spraying system which was proposed to 
spray relatively small narrow trees such as liners, and the second one was an air-
assisted spraying system which was proposed to spray wide range of nursery crops. 

Variable-Rate Hydraulic Boom Sprayer. The intelligent variable-rate boom 
sprayer (Fig. 1A) integrated a 20 Hz detecting frequency ultrasonic sensing sys-
tem, a custom-designed sensor-signal analyzer and variable-rate controller, and 
variable-rate nozzles. The sensing system detected the occurrence of a plant, its size 
and volume, and the sprayer travel speed. The controller along with a microproces-
sor analyzed sensor signals and actuated pulse width modulated (PWM) solenoid 
valves in real time to automatically provide variable flows to nozzles. Laboratory 
tests were conducted to verify deposition uniformity inside canopies with various 
sizes of trees at different travel speeds. The laboratory field consisted of two rows 
of six different taxa of trees (Acer rubrum ‘Franksred’, A. freemanii ‘Jeffersred’, A. 
palmatum, Carpinus betulus, Malus toringo subsp. sargentii, and Prunus cistena). 
Tree taxa had different heights which ranged from 0.8 to 2.5 m, and their calipers 
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Figure 1. Ultrasonic sensor-controlled hydraulic vertical boom sprayer to provide variable-
rate functions based on tree size, shape, and occurrence.

A) Schematic diagram of ultrasonic sensors to detect canopy and 
control spray nozzles.

B) Ultrasonic sensor-controlled variable-rate sprayer in a  
laboratory field.

at 18 cm above the ground ranged from 0.5 to 5.4 cm. The travel speeds for the test 
were 3.2, 4.8, 6.4, and 8.0 km/h. Water-sensitive papers were mounted inside cano-
pies to measure the spray coverage, and a fluorescent tracer brilliant sulfaflavine 
was mixed with water to form spray solution to quantify spray deposits.

Variable-Rate Air-Assisted Sprayer. The intelligent variable-rate air-assisted 
sprayer (Fig. 2B) integrated a high speed laser scanning system, a custom-designed 
sensor-signal analyzer and variable-rate controller, variable-rate nozzles, and a 
multi-channel air-assisted delivery system. The sprayer intended to have the capa-
bility to achieve variable spray rates for different canopy volumes and densities, by 
using nozzles of one size to obtain different flow rates instead of changes of nozzles 
of different sizes. Spray consumptions between the intelligent sprayer and a con-
ventional air blast sprayer in an orchard were compared at three different grow-
ing stages. The comparison tests were conducted in April when trees just started 
sprouting, in May when trees developed half foliage, and in June when trees de-
veloped full foliage. Application rate for the conventional sprayer was 470 L∙ha-1  
(50 gpa) which was determined by a tree-row volume method.

RESULTS AND DISCUSSION
Tables 1 and 2 show the mean spray deposits and coverage inside canopies of 
six different taxa from the variable-rate hydraulic boom sprayer at travel speed 
of 3.2, 4.8, 6.4, and 8.0 km/h, respectively. The mean spray deposit and coverage 
inside canopies slightly varied with the changes in tree species (or tree size) and 
travel speed. For example, at 4.8 km/h travel speed for the six taxa of trees with 
their heights ranged from 0.8 to 2.5 m, the mean spray deposit ranged from 0.38 
to1.08 µL∙cm-2 and the mean spray coverage ranged from 9.2% to 20.4%. More-
over, for the travel speed ranging from 3.2 to 8.0 km/h, the spray deposit inside the  
A. rubrum ‘Franksred’ canopy varied from 0.82 to 1.21 µL∙cm-2 and spray coverage 
varied from 13.7% to 18.5%. However, compared to the variations in field condi-
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tions, this variation in spray deposition and coverage from the variable-rate boom 
sprayer was very small and was acceptable for quality spray applications. That is, 
the sprayer achieved its anticipation that spray deposit and coverage were rela-
tively uniform regardless of changes in the canopy size and travel speed.

Table 1. Mean spray deposits inside canopies of six different varieties from the variable-
rate hydraulic boom sprayer at travel speed of 3.2, 4.8, 6.4, and 8.0 km/h. Values in paren-
thesis present the standard deviation.

                          Spray deposit (µL∙cm-2)  
   Travel speed (km/h)  
Trees 3.2 4.8  6.4 8.0

Acer palmatum 0.78 (0.21) 1.08 (0.47) 1.23 (0.41) 0.97 (0.30)

Acer freemanii ‘Jeffersred’ 0.67 (0.29) 0.68 (0.56) 1.13 (0.27) 0.91 (0.24)

Prunus cistena 0.96 (0.34) 0.92 (0.34) 0.68 (0.21) 0.72 (0.30)

Malus toringo subsp.  0.86 (0.35) 0.56 (0.26) 0.84 (0.30) 0.82 (0.33) 
sargentii

Carpinus betulus 0.77 (0.30) 0.38 (0.23) 0.53 (0.41) 0.49 (0.25)

Acer rubrum ‘Franksred’ 1.21 (0.60) 0.88 (0.46) 0.82 (0.31) 0.97 (0.41)

Mean 0.90 (0.41) 0.72 (0.43) 0.81 (0.38) 0.79 (0.35)

Figure 2. Laser-scanning sensor-controlled air assisted sprayer to provide variable-rate 
functions based on tree sectional canopy volume, density and occurrence

A) Images of trees scanned by a laser scanning sensor.
B) Laser-scanning sensor-controlled air-assisted sprayer.
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Table 2. Mean spray coverage inside canopies of six different varieties from the variable-
rate hydraulic boom sprayer at travel speed of 3.2, 4.8, 6.4, and 8.0 km/h. Values in paren-
thesis present the standard deviation.

                          Spray coverage (%)  
   Travel speed (km/h)  
Trees  3.2 4.8  6.4 8.0

Acer palmatum 13.0 (4.5) 20.4 (10.8) 19.4 (8.6) 18.2 (9.6)

Acer freemanii  12.4 (6.1) 14.4 (26.6) 16.2 (7.3) 18.8 (6.8) 
‘Jeffersred’ 

Prunus cistena 12.3 (8.8) 13.3 (8.0) 10.4 (7.9) 8.3 (6.5)

Malus toringo subsp.  15.8 (9.5) 10.9 (5.8) 11.9 (7.0) 14.7 (6.7) 
sargentii

Carpinus betulus 14.9 (8.9) 9.2 (8.7) 6.8 (5.5) 6.7 (5.1)

Acer rubrum ‘Franksred’ 18.5 (8.3) 14.5 (7.4) 13.7 (8.5) 16.6 (8.0)

Mean 14.5 (5.1) 13.8 (5.5) 13.1 (6.0) 13.9 (6.4)

Figure 3 shows consumptions and percent reductions of the sprays with the in-
telligent air-assisted sprayer in an orchard in April, May, and June. The percent 
reduction was based on the 470 L∙ha-1 (50 gpa) used by the conventional air-blast 
sprayer. The intelligent sprayer used 140 L∙ha-1 (15 gap) with 70% spray mixture 
reduction in April, 159 L∙ha-1 (17 gpa) with 66% spray mixture reduction in May, 
and 224 L∙ha-1 (24 gpa) with 52% spray mixture reduction in June. The pesticide 
consumption reduction with the intelligent sprayer is obvious.

Figure 3. Spray consumption and percent reduction from intelligent sprayer, compared 
with the conventional 470 L∙ha-1 (50 gpa) spray application rate.
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SUMMARY
Current application technology for floral, nursery, and other specialty crop produc-
tion wastes significant amounts of pesticides. Two different real-time variable-rate 
sprayer prototypes for ornamental nursery and tree crops were developed to deliver 
chemicals on target areas as needed. The first prototype was a hydraulic vertical 
boom spraying system that used 20 Hz ultrasonic sensors to detect tree size and 
volume, and the second prototype was an air-assisted spraying system that used a 
laser scanning sensor to quickly measure the entire tree structure. The automatic 
controllers developed for the prototypes consisted of a computer program, a signal 
generation and amplification unit, and pulse width modulated solenoid valves. The 
controllers analyzed sensor signals and actuated the solenoid valves to automati-
cally provide variable flows to nozzles based on tree characteristics and plant occur-
rence. Preliminary laboratory and field tests demonstrated that both experimental 
sprayers had the capability to control spray outputs that continuously matched 
canopy characteristics in real time, and significantly reduce pesticide spray appli-
cation rates. 

Acknowledgements. This research project is supported by USDA NIAR SCRI, Willo-
way Nurseries, Inc., Sunleaf Nursery, LLP , Herman Losely & Son, Inc., Klyn Nurseries, 
Inc., Possum Run Greenhouse, Wearren & Son Nursery, Green Ridge Tree Farm, J. Frank 
Schmidt & Son Co., Hans Nelson & Sons Nursery, Inc., Bailey Nurseries, and Jacto Inc. 

LITERATURE CITED
Balsari, P., G. Doruchowski, P. Marucco, M. Tamagnone, J. Van de Zonde, and M. 

Wenneker. 2008. A system adjusting the spray application to the target charac-
teristics. Agricultural Engineering International: the CIGA Ejournal. Manuscript 
ALNARP 08 002 Vol. X. May, 2008. 

Gil, E., A. Escolà, J.R. Rosell, S. Planas, and L. Val. 2007. Variable rate applica-
tion of plant protection products in vineyard using ultrasonic sensors. Crop Prot. 
26(8):1287–1297.

Giles, D.K., M.J. Delwiche, and R.B. Dodd. 1987. Control of orchard spraying based on 
electronic sensing of target characteristics. Trans. ASABE. 30(6):1624–1630.

Lee, K., and R. Ehsani. 2008. A laser-scanning system for quantification of tree-geomet-
ric characteristics. Applied Eng. Agric. 25(5):777–788.

Molt, E., B. Martín, and A. Gutiérrez. 2000. Design and testing of an automatic ma-
chine for spraying at a constant distance from the tree canopy. J. Agric. Engng. Res. 
77(4):379–384.

Rosell Polo, J.R.R., R. Sanz, J. Llorens, J. Arnó, A. Escolà, M. Ribes-Dasi, J. Ma-
sip, F. Camp, F. Gràcia, F. Solanelles, T. Pallejà, L. Val, S. Planas, E. Gil, and 
J. Palacín. 2009. A tractor-mounted scanning LIDAR for the non-destructive mea-
surement of vegetative volume and surface area of tree-row plantations: A compari-
son with conventional destructive measurements. Biosystems Eng. 102(2):128–134.

Solanelles, F., A. Escolà, S. Planas, J.R. Rosell, H. Camp, and F. Gràcia. 2006. An 
electronic control system for pesticide application proportional to the canopy width 
of tree crops. Biosystems Eng. 95(4):473–481.

Wei, J., and M. Salysni. 2004. Development of a laser scanner for measuring tree canopy 
characteristics: Phase 1. Prototype development. Trans. ASABE. 47(6):2101–2107.

Zhu, H., R.H. Zondag, R.C. Derksen, M. Reding, and C.R. Krause. 2008. Influence 
of spray volume on spray deposition and coverage within nursery trees. J. Environ. 
Hort. 26(1):51–57. 


