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Abstract: In order to solve the problem of insufficient adsorption rate of droplets on the target back via aerial electrostatic 

spray, this study proposed a high-voltage electrostatic generator to charge the liquids in two isolated water tanks with positive 

and negative charges respectively.  A charge transfer loop was developed in space between the aerial electrostatic spray 

system and the ground.  This method greatly enhanced the adsorption performance under outdoor conditions that 16.7% 

droplets density increased on the target front, a nearly fourfold destiny increased on the target back compared with the 

conventional UAV spray system.  The target back-to-front ratio of droplet density was improved from 6.1% to 25.7%, which 

validated the satisfactory performance of the developed system. 
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1  Introduction
1
 

The electrostatic spray has a smaller droplet size, which can 

make the droplets atomize evenly, increase target deposition, and 

improve contact opportunities with pests.  This can greatly reduce 

the use of pesticides and improve the utilization rate[1-7].  Using 

fixed-wing aircraft or unmanned aerial vehicle (UAV) to spray 

pesticides is not restricted by terrain and has high operating 

efficiency, which is widely applied in many countries and regions 

in the world[8-11].  Combining these two technologies can bring 

benefits to agricultural production. 

Many studies have been carried out in aerial electrostatic 

spray[12-15].  Kirk et al.[16,17] conducted a lot of field tests on the 

aerial electrostatic spray system designed by Calton[18], which 

demonstrated that aerial electrostatic spray can use about one-fifth 

pesticides of conventional spray to achieve the same insecticidal 

effect.  Martin et al.[19] proposed that when the charge-to-mass 

ratio was low, there was little difference in deposition between 

charged and non-charged spray.  Ru et al.[20] designed a UAV 

electrostatic spray system, and tests confirmed that the deposition 

density of droplets on the upper, middle and lower layers of rice all 

increased.  Zhang et al.[21] designed a six-rotor UAV electrostatic 

spray system, and used a metal ball attached to water-sensitive 

                                                 
Received date: 2019-11-20    Accepted date: 2020-06-15 

Biographies: Denan Zhao, PhD candidate, research interest: agricultural 

mechanization engineering, Email: 714283646@qq.com; Weiguo Shen, General 

manager, research interest: electrostatic spray technology, Email: 

124581362@qq.com; Shizhou Wang, PhD, Professor, research interest: 

precision agricultural aviation technology, Email: swang_1959@qq.com; 

Abhishek Dixit, Master candidate, research interest: agricultural engineering, 

Email: abhishekd95@stu.scau.edu.cn 

*Corresponding author: Yubin Lan, PhD, Professor, research interest: 

precision agriculture aviation technology. School of Agricultural Engineering 

and Food Science, Shandong University of Technology, Zibo 255000, Shandong, 

China.  Tel: +86-533-2782718, Email: ylan@sdut.edu.cn. 

paper as a target to detect droplet deposition.  However, the 

electrostatic adsorption force was not strong to overcome the 

gravity, so droplets were not deposited at the bottom of the metal 

ball.  Zhou et al.[22] designed an aerial electrostatic spray system 

based on the structure of the R44 helicopter.  Performance test 

results showed that the uniformity of droplet deposition was 

improved and the droplet deposition on the back of the blade was 

achieved.  However, the back deposition was caused by the 

turbulent airflow generated by the helicopter rotor, not by the 

electrostatic adsorption effect.  In Zhou’s aircraft spray test for 

controlling pine caterpillars, the aerial electrostatic spray system 

can reduce the use of pesticides by 5.22 L/hm2, the mortality rate of 

pests has increased, and the pesticide efficacy has been further 

improved[23]. 

From the current research, it is obvious that the electrostatic 

force has improved the deposition density of droplets, and the fine 

droplets will also promote the adsorption and deposition of 

pesticides.  But the disadvantage is that the droplets’ adsorption 

performance of aerial electrostatic spray on the target back is 

insufficient, with room for improvement. 

The current adsorption way between the charged droplets and 

the target is based on the principle of electrostatic induction[15].  A 

majority of researchers optimized the adsorption performance by 

increasing the charge-to-mass ratio of the droplets[24,25].  However, 

it turned out that a high charge-to-mass ratio did not mean strong 

adsorption and high droplets deposition on the target back.  

Studies have shown that the plants themselves carry 

bioelectricity[26], which can promote the adsorption of charged 

droplets to the target back in theory.  But the amount of 

bioelectric charge is always very small.  Yu et al.[27] suggested that 

plants can be artificially provided with electricity opposite to 

charged droplets, but this method was inefficient and limited on the 

ground. 

To solve the problem of insufficient adsorption rate of droplets 

via aerial electrostatic spray, this study proposed to develop a  
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charge transfer loop in space to improve adsorption performance. 

2  Materials and methods 

2.1  Indoor test 

2.11  Aerial electrostatic spray system 

A high-voltage electrostatic generator is shown in Figure 1.  

The input voltage is 12 V.  The working current is 300 mA, which 

can generate and output 30 kV positive and negative high-voltage 

simultaneously.  The output current is about 1 mA. 

 
Figure 1  High-voltage electrostatic generator 

 

There are three power supplies.  Each of them has the power 

of 12 V.  Two water tanks of QWF80 plant-protection UAV were 

used and of propene polymer insulation material.  The volume of 

each tank is 10 L.  Two diaphragm pumps were used to isolate the 

charged liquid from the plunger and the pump cylinder to avoid the 

damage of high voltage, and thus protect the plunger and the pump 

cylinder.  Two hollow conical nozzles are brass material and the 

flow of each nozzle is 0.225 L/min.  A bracket was used to 

support and fix the test rig, and water pipes were used to connect 

the liquid in the water tank with the nozzle. 

A start-stop device includes a remote control and 

electromagnetic relay device.  The electromagnetic relay device 

includes three switches for the power supplies of the diaphragm 

pump (+), the diaphragm pump (–), and the high-voltage 

electrostatic generator, and it can be remotely controlled by the 

remote control.  A suspension system, which includes two 

insulated nylon ropes and two fixed pulleys fixed to the roof.  

They were used to suspend the aerial electrostatic spray system, 

and to simulate the aircraft’s ungrounded status. 

The aforementioned components were connected and 

assembled according to the schematic diagram shown in Figure 2a.  

The physical diagram is shown in Figure 2b.  The 

contact-charging method was used to charge the liquid in water 

tanks.  The components connection diagram is shown in Figure 3. 

      
a. Schematic diagram of aerial electrostatic spray system           b. Aerial electrostatic spray system test bench 

1. Power supply  2. High-voltage electrostatic generator  3. Water tank  4. Diaphragm pump  5. Water pipe  6. Nozzle  7. Droplet cloud  8. Target  9. Ground 

Figure 2  Aerial electrostatic spray system 
 

 
Figure 3  Components connection diagram 

 

2.1.2  Simulated target 

Simulated target method is a commonly used method for spray 

effect detection.  As shown in Figure 4a and Figure 4b, each piece 

of paper was fixed by four wires, which were grounded through a 

hollow plastic tube to simulate the grounding of the field crop.   

2.1.3  Plant target 

Lanchong cinnamon and the blade in the horizontal state were 

selected as the target plant and the target blade.  The pieces of 

coated paper with the same size were fixed at the same position on 

the front and back of the blade (Figure 4c).  The specification of 

the coated paper was 80 mm×30 mm. 

2.1.4  Droplets test method 

In the test, 5% of the food-grade tempting red additive aqueous 

solution was used as a tracer, and the spray effect was evaluated by 

the distribution of the dyed droplets on the front and back of the 

coated paper.  Color images of the coated paper were scanned for 

qualitative analysis. 
 

 
a. Simulated target                  b. Grounding wire                   

 

 
c. Plant target 

Figure 4  Targets of indoor test 
 

2.1.5  Test conditions 

Test condition A: the indoor temperature was 17°C-19°C with 

dry ground.  The air humidity was 39%-42%.  Based on the 

measurement, the laboratory ground was non-conductive. 

Test condition B: the indoor temperature was 17°C-19°C.  

The ground of the laboratory was sprinkled with water.  The air 

humidity was 55%-61%, and the ground under this condition was 
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determined to be conductive based on measurement. 

2.1.6  Indoor test design 

Six treatments of aerial electrostatic spray indoor tests were 

performed.  The spray time of each treatment was 2.0 s based on 

the dosage of aerial conventional spray.  The contact-charging 

voltage was 30 kV, and the height of the nozzles from targets was 

0.5 m.  The schematic diagram is shown in Table 1.  The specific 

treatment method is as follows. 

Treatment 1: (+) spray, simulated target, test condition A; 

Treatment 2: (–) spray, simulated target, test condition A; 

Treatment 3: (±) sprays simultaneously, simulated target, test 

condition A; 

Treatment 4: (±) sprays simultaneously, simulated target, test 

condition A.  The simulated targets in two sides were connected 

by wires and positively-connected in series with high-voltage 

micro-ampere meter.  Note: when current flows move through the 

ammeter, the ammeter is positively-connected with a positive value 

of “+X”.  When the ammeter is negatively-connected, it displays a 

negative value of “–X”.  “X” represents the magnitude of the 

current value, and “±” represents the direction of the current.  A 

positive connection means that the upper terminal of the ammeter is 

connected to the grounding wire of the simulated target under the 

(+) spray, and the lower terminal is connected to the grounding 

wire of the simulated target under the (–) spray.  A negative 

connection has the opposite meaning. 

Treatment 5: (±) sprays simultaneously, simulated target, test 

condition B; 

Treatment 6: (±) sprays simultaneously, plant target, test 

condition B. 

 
 

Table 1  Design of six treatments of aerial electrostatic spray of indoor test 

Treatment 1 Treatment 2 Treatment 3 

   

Treatment 4 Treatment 5 Treatment 6 

   
 

2.2  Outdoor UAV test 

2.2.1  Aerial electrostatic spray system loaded on the UAV 

As shown in Figure 5, the designed aerial electrostatic spray 

system was loaded on the high-tech M45 plant protection UAV, 

and the matching design was carried out according to its structural 

characteristics.  The specific parameters of the UAV and 

electrostatic spray system are shown in Table 2.  In order to 

increase the spray flow, each nozzle has a double nozzle design. 

2.2.2  Simulated target 

The design of the simulated target should ensure that the target 

can be connected in series in the entire charge transfer loop, so the 

simulated target was required to be grounded.  PVC pipes and 

multi-directional clips were insulators, and they had a large 

difference in conductivity from plants and cannot be grounded, so 

they were not desirable.  Based on the above considerations, the 

simulated target of the outdoor test (Figure 6) was designed as 

follows: the basic structure was a PVC pipe and a multi-directional 

clip, and the PVC pipe was inserted into the ground about 10 cm.  

Punch a hole with a diameter of 8 mm at one end of an iron piece 

with 80 mm long and 40 mm wide.  Put two pieces of 

water-sensitive paper on the upper and lower sides of the iron piece, 

and then be fixed to the clip.  Through the hollow PVC pipe, the 

wire connected the hole in the iron piece to the ground.  Finally, a 

long metal pin was connected to the wire and inserted into the soil 

to improve grounding stability.  The iron piece was in a horizontal 

state, and its height from the ground was 1.0 m. 
 

 
Figure 5  Aerial electrostatic spray system loaded on the UAV 

 

 
Figure 6  Simulated target design of outdoor test 



September, 2020  Zhao D N, et al.  Development of a charge transfer space loop to improve adsorption performance in aerial electrostatic spray  Vol. 13 No.5   53 

Table 2  Basic parameters of aerial electrostatic spray system 

loaded on the UAV 

Parameters Values 

Maximum takeoff weight/kg 47 

Load weight/kg 20 

Battery capacity/mA·h 24000 

Voltage of electrostatic generator/kV 30 

Dimensions (diameter×height, folded state)/mm 1150×767 

Dimensions (diameter×height, expanded state)/mm 1800×767 

Flight speed/m·s
-1

 0-6 

Flight height/m 2-5 

Spray width/m 6-8 

Number of nozzles 8 

Number of rotors 6 

Total flow/L·min
-1

 1.8-2.6 
 

2.2.3  Outdoor test design 

Three grounded targets were arranged on one straight line, and 

the distance between each target was 1.2 m.  The UAV was flying 

in the direction perpendicular to the straight line where the targets 

were located, with a flight speed of 4 m/s and a flight height of  

3.5 m (according to the general flight parameters of Gaoke M45 

plant protection UAV).  Two independent experiments were 

conducted.  The first group was aerial conventional spray mode, 

and the second group was aerial electrostatic spray mode.  Each 

group of tests has been repeated three times.  Define the target 

back-to-front ratio of droplet density (back-to-front ratio, BFR in 

short) as an index for evaluating the droplet adsorption performance. 

3  Theory 

As shown in Figure 7, a high-voltage electrostatic generator is 

used to generate and output the positive and negative charges 

simultaneously.  The positive and negative charges flow through 

the isolated water tanks and water pipes respectively.  Then they 

are ejected from nozzles on both sides.  After that, the two wet 

droplet clouds formed by the continuously falling droplets are 

connected to the ground.  Both positive and negative charges flow 

into the ground and attract each other, making reverse movements 

in opposite directions, thereby forming a loop of charge transfer in 

space.  This reverse movement at the interface between the target 

and the droplet cloud appears in the status of the mutual attraction 

between the charged droplets and the target.  In essence, the 

reverse movement of positive and negative charges generates a 

current.  That is, the positive output of the high-voltage 

electrostatic generator positively charged the target under the (–) 

spray through the connection of the liquid pipe, the wet droplet 

cloud and the ground.  The negative output also negatively 

charged the target under the (+) spray through the symmetrical 

route.  In this way, targets are finally charged by the grounding of 

droplet clouds.  Theoretically, this way of actively charging plants 

gives plants and droplet clouds a stronger adsorption force 

compared with plants’ induction charging of traditional aerial 

electrostatic spray. 

 
Figure 7  Electrostatics physical model of aerial electrostatic spray 

based on charge transfer space loop 

4  Results and discussion 

4.1  Indoor test results and discussion 

The indoor test results of six treatments were shown in Table 3.  

Among them, treatments 1-5 were the scanned images of the front 

and back of the same coated paper, and treatment 6 was the 

scanned images of two coated papers on the front and back of the 

horizontal plant blade.  In addition, the display value of the 

ammeter was +(1–2) μA (unstable) in treatment 4. 
 

Table 3  Inoor test results of six treatments 

 Treatment 1 Treatment 2 Treatment 3 

Front 

   

Back 

   

 Treatment 4 Treatment 5 Treatment 6 

Front 

   

Back 

   
 

By comparing treatment 1 with treatment 2, there was no 

significant difference in the deposition of droplets on the back of 

coated paper regardless it was a positive or negative electrostatic 

spray.  The deposition density was close to 0 in both treatments, 
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indicating that the inductive adsorption force between the charged 

droplets and the target was insufficient to overcome the gravity 

barrier and achieve good back deposition under such conditions. 

The motion of the droplets was analyzed to distinguish the 

difference between the aerial electrostatic spray and the ground 

electrostatic spray (Figure 8).  As shown in Figure 8a, the droplets 

in the aerial electrostatic spray moved downward, which required 

an angle change of movement direction by 90°-180° to enable 

droplets to move to the back of the target.  However, when the 

ground electrostatic spray was sprayed next to the plant, as shown 

in Figure 8b, it was likely to be sprayed parallel to the blade or 

sprayed upward.  In order to reach the back of the target, the 

movement direction needs to be changed from 0° to 90°.  

Therefore, the electrostatic adsorption force of aerial electrostatic 

spray and ground electrostatic spray for target back deposition 

varies greatly.  For aerial electrostatic spray in horizontal target, 

the adsorption force generated by electrostatic induction is 

insufficient, which may be the reason why there is very little 

deposition on the back of the treatment 1 and treatment 2. 

 
a. Vertical downward spray             b. Horizontal spray 

Figure 8  Motion analysis of vertical downward spray and 

horizontal spray 
 

Compared to treatments 1 and 2, treatment 3 did not show 

obvious electrostatic adsorption advantages on the back of the 

target.  This might be because the ground was not electrically 

conductive, and ‘+’ and ‘–’ charges cannot continue to move to the 

target below the electrostatic spray with the opposite polarity. 

Compared to treatment 3, the target back deposition of 

treatment 4 showed a qualitative change and was significantly 

improved.  The difference between treatments 3 and 4 was if there 

was a condition for the encounter of positive and negative charges.  

The ground in treatment 3 was not conductive so that the droplets 

on the two sides cannot continue moving to the opposite side after 

falling on the ground but to gather separately.  However, in 

treatment 4, the targets on two sides were connected by a wire.  

Two charges can move to the opposite target through the wire after 

being grounded by the droplet clouds, and then charge the plants to 

attract the droplets with the opposite polarity for the downward 

movement.  Moreover, in treatment 4, the display value of the 

high-voltage micro-ampere meter was +(1–2) μA, which proved 

that there was indeed current.  And very importantly, the current 

value was “+” instead of “-”, indicating that the direction of current 

was from the part below the (+) electrostatic spray to the part 

below the (–) electrostatic spray rather than the opposite, which 

showed there was a reverse movement of positive and negative 

charges.  Therefore, it demonstrated that the use of droplet clouds 

grounding was a method of connection and the formation of the 

charge transfer loop was the key for adsorption, which enable 

plants to carry electricity of opposite polarity to the droplets. 

The back deposition advantage of treatments 4-5 was much  

significant than that of treatments 1-3.  Based on the analysis, the 

reason was that treatments 4 and 5 created the conditions for charge 

transfer.  However, there were still some gaps in the amount of 

deposition between treatments 4 and 5.  The possible reason was 

that the conductivity between the wire and the wet ground was 

different. 

It was worth mentioning that the target back of treatments 4 

and 5 showed a similar characteristic of ‘spike-like deposition 

effect’.  The edge of the test paper produced a lot of unevenly 

distributed “spike” protrusions (as shown in Figure 9).  This may 

be related to the arrangement of the wires of the simulated target, 

which affects the electric field arrangement and causes this peculiar 

phenomenon.  

 
Figure 9  Spike-like deposition effect 

 

There was a possibility that the wire could attract the droplets 

more easily.  This assumption can be explained by the back 

deposition of the treatments 1-3.  Although the simulated targets 

of treatments 1-3 were the same as that of treatments 4-5, the 

former did not cause a large amount of droplet deposition due to 

the presence of the wire.  The presence of the wires only affected 

the uniformity of the distribution, but it was not the root cause of a 

large amount of droplet deposition on the back of the target. 

The difference between treatments 5 and 6 was caused by the 

difference in the target.  The back deposition image of treatment 6 

was relatively more uniform compared with treatment 5.  The 

possible reason was that the electric field distribution around the 

leaf in treatment 6 was relatively uniform and was not disturbed by 

the wires. 

By comparing the back deposition images of treatments 4-6 

with that of treatments 1-3, and by the formation of current as well 

as its direction in treatment 4, it was proved that the method of 

building a charge transfer space loop to charge the targets can 

greatly increase the target back deposition with a significant 

adsorption effect.  This differs from the electrostatic induction of 

the target in the strength of the adsorption force. 

4.2  Outdoor test results and discussion 

From the test results, it can be concluded that the droplet 

deposition density on the front and back sides of the target    

were both improved when the electrostatics were turned on.    

The droplet density on the front of the target increased from   

56.8 droplets/cm2 to 66.1 droplets/cm2 on average, resulting in a 

16.4% increase (as shown in Figure 10).  And on the back, it has 

increased from 3.5 droplets/cm2 to 17 droplets/cm2 on average, 

resulting in a nearly fourfold increase, which was much significant 

than that on the front.  BFR increased from 6.1% to 25.7% on 

average, and the adsorption performance of droplets was 

significantly improved. 

But compared with the indoor adsorption phenomenon, the 

outdoor adsorption performance has been weakened.  There are 

two possible reasons.  Firstly, the rotor wind of the UAV will 
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create resistance to the droplets which might be adsorbed to the 

back of the target.  Secondly, limited by the structure of the 

Gaoke M45 UAV, the distance between the nozzles is too close, 

which will lead to the neutralization of the droplet clouds with 

positive and negative charges, making the droplets’ charge-to-mass 

ratio lower and affecting the formation of charge transfer space 

loop. 

 
Figure 10  Outdoor test results 

 

5  Conclusions 

In this study, an aerial electrostatic spray test bench and a 

UAV electrostatic spray system were designed, and the method of 

developing a charge transfer loop in space to improve the droplet 

adsorption performance was proved to be feasible.  Under indoor 

conditions without rotor wind, this adsorption performance was 

particularly obvious, and it produced a strong spike-like 

distribution effect.  Under outdoor conditions, this method was 

also applicable, which can increase the droplet density on the target 

back by nearly fourfold compared with conventional spray.  

However, the adsorption performance will also be affected by the 

rotor wind, UAV’s structure and other factors. 
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