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Abstract

:

The purpose of the study was to construct an electrostatic insect-capturing apparatus that could be applied to a drone (quadcopter). For this purpose, a double-charged dipolar electric field screen (DD-screen) was constructed using oppositely charged insulator tubes that was then attached to a drone. For charging, the inner surface of the tubes was coated with a conductive paste and then linked to a negative or positive voltage generator. The opposite charges of the tubes formed an electric field between them and created an attractive force to capture insects that entered the field. The DD-screen constructed here was sufficiently light to enable its attachment to a drone. The screen was hung from the drone perpendicular to the direction of drone movement, so as to receive the longitudinal airflow produced by the movement of the drone. It was positioned 1.8 m below the drone body to avoid the influence of the downward slipstream generated by the rotating propellers. Eventually, the drone was able to conduct a stable flight, with sufficient endurance, and captured airborne insects carried by an airflow of 8 m/s during the flight. This study, therefore, provides an experimental basis for establishing a new method for conducting trap-based monitoring of airborne insects during remote-controlled flight through operation of a DD-screen attached to a drone.
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1. Introduction


An electric field screen is an air-shielding apparatus that harnesses the nature of an electric field [1]. Such screens have been used in various facilities to capture airborne spores of pathogens [2,3], flying insect pests [4,5], pollen grains that cause pollenosis [6], and fine smoke particles [7]. Electric field screens have been applied to various facilities, including domestic housing, hospital and school buildings, greenhouses used for crop production, warehouses and processing plants used for post-harvest crops, and animal husbandry facilities [8].



There is a wide variety of electric field screen structures that can be customised to prevent the entry of biotic and abiotic environmental nuisances. All screens have a simple, common structure, which typically includes an electric driver (an electric power source and direct current (DC) voltage generator) and a screen body. The electric driver is common to all types of electric field screen; however, the screen body may vary depending on the application. The screen can be classified as single-charged monopolar, single-charged dipolar, or double-charged dipolar [8]. The terms single-charged and double-charged refer to the mode of voltage application, i.e., using a single negative or positive voltage generator or using two generators, respectively.



Single-charged dipolar electric field screens (SD-screens) are used to control greenhouse pests. They consist of a layer of insulated conductor wires (ICWs: copper or iron wires) arrayed in parallel at definite intervals and linked to a voltage generator for negative charging and a grounded metal net [5]. These screens can be installed in the windows of a greenhouse [9]. The SD-screens are effective in repelling insects that reach the metal net of the screen, because the insects will avoid entering the electric field formed between the negatively charged layer of the ICWs and the grounded metal net [10]. This avoidance behaviour has been observed in 82 insect species (45 genera, 42 families, and 17 orders) [11]. A double-charged dipolar electric field screen (DD-screen), which consists of a layer of parallel ICWs that are oppositely charged and arranged alternately, has been used to capture insects invading a greenhouse [12,13]. The DD-screen forms an electric field between oppositely charged ICWs to create an attractive force to capture the insects that enter the electric field [14]. The attractive force generated by the DD-screen is sufficiently strong that it prevents the captured insects from escaping the trap.



A drone is an unmanned aerial vehicle (UAV) that is controlled remotely by a human operator or autonomously by an onboard computer. The use of UAVs has increased in response to specific demands, such as large-scale mapping, real-time assessments, and monitoring activities in ecological and environmental research fields. This has been achieved through the use of thermal, multispectral, and hyperspectral sensors combined with high-resolution geo-tagged aerial photographs and high-definition videos [15,16,17,18]. In agricultural research fields, drone-mediated aerial photography has enabled precision agricultural design [19,20], phenological observation of a deciduous forest and crop yield forecasts based on tree canopy geometry [21], hyperspectral analysis of crop water stress estimation [22], and plant pest surveillance and crop yield estimation in vineyards [23]. Crop health monitoring has also been conducted by UAV-assisted dynamic clustering of wireless sensors and networks [24]. In addition to these aerophotographic approaches, UAVs have also been used to spray insecticides for pest control [25,26].



UAV technology can provide farmers with a bird’s-eye view of their operation and allow them to make crucial management decisions in real time. The recent progress made in the use of this technology encouraged agricultural organizations in Nara Prefecture, Japan, to plan drone-based surveillance of spotted wing drosophila (Drosophila suzukii Matsumura) in blueberry orchards. This species attacks fresh fruit and has become a severe pest of soft fruits, including strawberry, cherry, blackberry, blueberry, raspberry, and grape [27]. Direct trapping of airborne insects has been conducted to predict pest movements to neighbouring orchards. Drones can be equipped with optical instruments for aerial photography to conduct these projects [28]. Unfortunately, a drone-attachable apparatus for trapping airborne insects was not sufficiently well developed, although position-fixed traps for this pest were established [29]. Following a request from the agricultural organisations, we attempted to improve the DD-screen for this purpose. Application of the DD-screen, with its prominent insect-capturing ability, could be a feasible approach to construct a drone-carried electrostatic instrument to collect airborne insects.



The first challenge in this study was to lighten the DD-screen to below the permissible payload of the drone. A conventional DD-screen consists of multiple ICWs, a polypropylene frame, two voltage generators, and batteries [12]. The weight-changeable component was considered to be the ICW, which is constructed by passing copper or iron wires through a soft polyvinyl chloride (PVC) tube. The first way to lighten the DD-screen was to coat the inner surface of a PVC tube with a conductive paint, instead of inserting a metal wire into a tube. The next action taken was to maximise the potential of the DD-screen to capture airborne insects during the drone flight, which was achieved using flies with different body sizes as model insects. The attractive force of a DD-screen is generated in a static electric field (the space between the oppositely charged ICWs), and its strength is determined by the negative and positive voltages applied to the ICWs (i.e., potential difference between the ICWs) and the distance between them (pole distance of opposite charges) [14]. These factors were optimised to generate an attractive force strong enough to counter the airflow caused by the drone flight. The final aim of the study was to determine a way to attach the DD-screen to the drone. The simplest mode of attachment was to hang the DD-screen from the body of the drone. We determined the ideal positioning of the DD-screen from the drone, which exerted no influence on balance in flight and had no effect on insect capture due to the convective air current produced by the propellers of the drone. Based on the results obtained, we developed a remote-controlled electrostatic instrument to capture airborne insects.




2. Materials and Methods


2.1. A Quadrotor Drone (Quadcopter)


The drone used in this study was a quadcopter (Mavic Pro Platinum; distance between propeller shafts, 33.5 cm; arm length, 12 cm; weight, 734 g; DJI, Tokyo, Japan) (Figure 1). The drone was used as an aerial vehicle to carry the DD-screens. This type of drone is capable of a controllable flight distance (cruising radius) of 4 km, a maximum flight speed of 64.8 km/h, flight endurance (the duration time of a flight) of 27 min under no-load conditions, and a maximum payload of 1.1 kg.




2.2. Measurement of Airflow Speed


We focused on two types of airflow produced by the quadcopter: the downward slipstream (downwash) produced by the rotation of the propellers (Figure 2A) [30] and the horizontal and longitudinal airflow (L-airflow) produced by the movement of the drone (Figure 2B), which occurred in the opposite direction to that of the drone movement and passed through the DD-screen that was hung below the drone. Airborne insects in the L-airflow were captured by the DD-screen during flight. The airflow speed was measured with a vane anemometer (SK-93F II; Sato Keiryoki MFG, Tokyo, Japan). The anemometer was held at the end of a stainless-steel pole that could be extended between 1 and 3 m, allowing it to be placed in the desired measurement position. In the first experiment, the drone hovered at a height of 3 m, which was the lowest height with no rebound of the slipstream from the ground, and then the anemometer was positioned at the locations specified in Figure 2A to examine changes in the speed of the slipstream when the position of the anemometer was changed (between 0.5–2 m from the drone body). In the second experiment, the L-airflow was measured. In this experiment, the L-airflow was produced by a blower (blade length, 15 cm) (Honobe Electricity, Osaka, Japan) (Figure 2B). While the drone hovered at a height of 3 m, the horizontal airflow was recorded by an anemometer positioned at locations at different distances (0.5–2 m) from the central portion of the drone body. The position of the blower was adjusted relative to the position of the anemometer to maintain a horizontal airflow. The rotation rate of the blower was adjusted with a voltage transformer (Yamabishi Denki, Tokushima, Japan) to generate L-airflows of 2, 5, and 8 m/s at the position of the anemometer in the absence of slipstream. The experiment was conducted under windless conditions in a gymnasium. The volumetric flow rate (m3/min) of the L-airflow was calculated using the equation Q (m3/min) = V (m2) × A (m/s) × 60 (s). The experiment was repeated five times, and the results were recorded as the mean and standard deviation (SD). The significance of the data was analysed statistically, as described in the caption to the table.




2.3. Charging of the Insulator Tube and Formation of an Electric Field


To coat the inner surface of the insulator tube, an electro-conductive acrylic paste containing silver/copper filler (DOTITE FE-107, 10−4 Ω cm; Fujikura, Tochigi, Japan) was solubilised with a mixture of toluene and ethylbenzene, injected into a PVC tube (length, 1 m; thickness, 2 mm; inner diameter, 2 mm; resistivity, 109 Ω cm) (Junkosha Inc. Tokyo, Japan), and slowly circulated by a rotary pump for 1 h, with non-adhered paste excreted from the tube. The adhesive was air-dried for 12 h. Through this procedure, a conductive coating was formed on the inner surface of the tube (Figure 3A). The tube was cut into 25 cm fragments to fabricate the square DD-screen, with each side having a length of 30 cm. The inner coating of the tube was charged by linking it to a negative or positive voltage generator (Max Electronics, Tokyo, Japan). In this electrostatic configuration, the inner coating linked to a positive voltage generator was deprived of free electrons that could be positively electrified, but free electrons were supplied by the tube coating, which was linked to a negative voltage generator to negatively charge it. The negative charge of the inner coating was polarised positively on the inner surface and negatively on the outer surface of the tube by dielectric polarisation, and vice versa for the positive charge [31]. An electric field formed between the opposite charges of the tubes. For comparison, Figure 3B shows an insulator tube that was dielectrically polarised by a conventional method, i.e., by inserting an iron conductor wire (diameter, 2 mm) into the tube and connecting the wire to a negative or positive voltage generator [14].




2.4. Construction of the DD-Screen and Its Attachment to a Drone


Figure 4A shows the DD-screen constructed in this study. Inner-surface-coated tubes were used as DD-screen components. The tubes were arrayed in parallel at a definite interval of 5 mm (pole distance), alternately linked to a line of positive or negative voltage generators and fixed into a polypropylene frame. These two voltage generators were unified and placed in a box for compactness and weight reduction and then attached to the frame. The voltage generators were made to order (Max Electronics, Tokyo, Japan) and operated with three size AA rechargeable batteries connected in series (4.5 V) (duration of continuous working, 9 h). We fabricated a conventional DD-screen with the same size and configuration to compare the weight of the screen. The newly constructed DD-screen was then hung from the drone.



In the experiment, the newly constructed single DD-screen was hung from the drone at different positions (0.5–2 m) below the centre of the drone body, as shown in Figure 4B. The screen was positioned perpendicular to the direction of movement. We examined the influence of flight speed on the flight endurance of the drone. The drone carrying the DD-screen was flown at different flight speeds (5–20 km/h) to determine the longest flight duration at a given flight speed. To measure the endurance time (min), the drone was flown continuously until its integrated battery was drained. All experiments were conducted in a gymnasium under windless conditions. The experiment was repeated five times, and the results were recorded as the mean and standard deviation (SD). The significance of the data was analysed statistically, as described in the caption to Figure S3.




2.5. Test Flies and Insect Capturing Assay


Adult tomato leaf miner (Liriomyza sativae Blanchard), vinegar fly (Drosophila melanogaster Meigen), and housefly (Musca domestica Linnaeus) specimens were used in the study. Vinegar fly adults were purchased from Sumika Technoservice (Hyogo, Japan) and reared on a blue medium rusted with dried yeast (Wako Pure Chemical, Osaka, Japan) in a growth chamber (25.0 ± 0.5 °C, 12 h photoperiod at 4000 lux). Pupae of tomato leaf miner and housefly were also purchased and maintained in the growth chamber until adults emerged. Newly emerged adults of all test insects were collected with an insect aspirator and used in the following experiment. Houseflies, vinegar flies, and tomato leaf miners were used as models for large, medium, and small flies (L-, M-, and S-flies), respectively (Figure 5). The body sizes of these flies (length from head to wing edge) were measured using 30 randomly collected adult test insects: 3.8 ± 0.4 mm (housefly), 2.9 ± 0.3 mm (vinegar fly), and 1.8 ± 0.2 mm (tomato leaf miner).



An insect capturing assay was conducted using the method shown in Figure 6A. In this experiment, the tubes of the DD-screen were oppositely charged with equal negative and positive voltages (between 2 and 7 kV), and test adult flies were collected with an insect aspirator and blown into the air stream (2–8 m/s) 40 cm from the screen. Insects were captured with the closest tube of the DD-screen (Figure 6B). The capture mechanism for insects in the electric field was described previously [14]. An insect was considered to have been captured completely if it remained held against the tube as it was blown on at 10 m/s for 10 s. Twenty adults were used for each voltage tested, each wind speed, and each insect species. The experiments were repeated five times, and the results were recorded as the mean and standard deviation (SD). The significance of the data was analysed statistically, as described in the caption to the table.



This insect-capturing assay was also applied to a DD-screen hung from a drone that was hovered at a height of 3 m (Figure 6C). In this experiment, test flies were blown at 8 m/s toward a DD-screen that was oppositely charged with a voltage of 6.5 kV. In this assay, the DD-screen was hung at positions of 0.5, 1, 1.5, and 2 m below the drone.




2.6. Trial Flight under Field Conditions


The newly constructed DD-screen was hung at a position 1.8 m below the drone (Figure 4B) and then used for trial flights under field conditions. In the first experiment, an anemometer was integrated into the DD-screen hung from the drone, and the DD-screen-carrying drone (1D-drone) was flown at 5 km/h under conditions of an upwind or downwind airflow of 5 m/s. This was the maximum wind speed under which the drone was flown for insect monitoring and was used to measure the maximum speed of the L-airflow that the DD-screen received during a flight.



In the second experiment, we conducted several flights (flight speed, 5 km/h; endurance, 20 min; wind speed, <5 m/s) to confirm the stable flight of the 1D-drone under different wind conditions and to examine the kind and number of airborne insects trapped in each flight. The 1D-drone was flown over trellised grape vines (approximate height of trellis, 2 m) in an orchard and over blueberry trees (plant height, 1–1.2 m) and basil plants (plant height, 30–50 cm) grown in a field. The drone was operated so as to fly without contacting the DD-screen against the plants (non-touching flight) or to fly while gently touching the upper parts of the plants with the DD-screen (plant-touching flight). The captured insects were classified into four groups: large flies similar to the size of adult houseflies (L-flies); medium flies similar to the size of vinegar flies (M-flies); small flies similar to the size of tomato leaf miners (S-flies) (Figure 5); others, which included whiteflies, winged aphids, thrips, mosquitoes, and stink bugs. The trapped insects were not examined for any further information.




2.7. Statistical Analysis


All experiments were repeated five times, and data are presented as the mean and standard deviation. Analyses were performed to identify significant differences among conditions, as shown in the figure and table legends. For this purpose, Tukey’s test was conducted using the EZR software version 1.54 (Jichi Medical University, Saitama, Japan).





3. Results and Discussion


A drone is a UAV that is either operated by a human from a remote location or works autonomously as per a set mode. Filho et al. [32] reviewed the effectiveness of advanced imaging technologies based on unmanned aerial robots (small drones) in precision pest management. Hardy et al. [33] conducted a drone-based survey of mosquito aquatic habitats from high-resolution georeferenced images for effective larval source management. Venegas et al. [23] proposed a new approach of remotely sensed image processing combined with UAV techniques for detecting and predicting the expansion of a Phylloxera infestation. Recently, Roosejen et al. [28] reported a unique approach of insect monitoring based on camera images of fruit flies caught on adhesive insect traps, which were taken by a remote-controlled flying UAV. Although these are all UAV-based remote-photographic techniques, they are not a direct approach for collecting and analysing individual insects or their populations. In an epidemiological survey of pest expansion, trapping-based surveillance of potential insect pests is essential to trace their movement throughout the areas they occupy during their life cycle. In the case of fruit flies, there are many places that need to be surveyed through rapid and effective trapping of the target insects. The DD-screen-carrying drone was designed to reduce the time, cost, and labour of insect-trapping operations.



3.1. The Propeller Slipstream Disturbs the Longitudinal Airflow toward the DD-Screen Carried by the Drone


A quadcopter is able to perform stable flight (i.e., ascending and descending, hovering, moving forward and backward, and turning left and right) by the aerodynamic lift and thrust generated by the controlled continuous rotation of four propellers. Two propellers rotate clockwise and the other two rotate counter-clockwise, creating a net torque about the yaw axis zero that maintains the balanced attitude of the aircraft [34]. This means that the four propellers continuously generate a strong downward airstream (slipstream) during the entire flight operation [26]. There was a concern in this study that this downward airstream would intercept the L-airflow (Figure 2B) that drives airborne insects to the DD-screen.



Figure S1 shows the flow speed of the propeller slipstream that was measured with an anemometer positioned in the front of and at different distances from the drone. In this experiment, the drone was controlled to hover at 3 m above the ground, at which height there was no influence from the upward airflow that was generated by the rebound of the slipstream from the ground. During operation, the four propellers synchronously increased (decreased) their rotation rate for ascending (descending) and maintained a fixed rotation rate to hover at the target height [34]. Faster propeller rotation produced a stronger slipstream, and the slipstream produced by the four propellers acted as a strong air-barrier in the space beneath all four sides of the drone. It was found that the slipstream-barrier extended to approximately 2 m from the drone, although the speed of the slipstream decreased with increased distance from the drone. This air-barrier was retained during the operation of the drone. Accordingly, it was likely that the propeller slipstream would impede the L-airflow more strongly in the area close to the drone’s body.



To assess this possibility, an anemometer was set at fixed positions beneath the central point of the drone, which was the point from which the DD-screen was hung and received the L-airflow produced by the forward-moving drone. In this experiment, the L-airflow was produced by a blower, and a horizontal airflow was blown to the anemometer at the different positions (Table 1). We calculated the volumetric flow rate from the airflow speed to estimate the inrush of the L-airflow into the area beneath the drone. The air-barrier of the slipstream extended approximately 2 m downward (Figure S1). This experiment indicated that the L-airflow was largely prevented from entering this area (Table 1). At 0.5 m from the drone, the influence of the slipstream was high enough to impede the entry of more than 90% of the air. The influence of the slipstream decreased as the distance from the drone increased. Eventually, at 2 m, more than 80% of the L-airflow was able to enter this area. These results supported our supposition that the upper area beneath the drone was surrounded by the strong slipstream of the four propellers. It was apparent that a DD-screen hung within this area would receive little or no airflow. On the other hand, at around 2 m, the influence of the slipstream was so weak that it could be neglected. Table 1 indicates that as the speed of the L-airflow increased, larger amounts of air reached the area beneath the drone.




3.2. The Drone Could Carry the Newly Devised DD-Screen in a Remote-Controlled Flight


A voltage generator was an essential part of the DD-screen. It was used to boost the initial voltage (4.5 V) to the designated voltage (2–7 kV) using a transformer (coil) and a Cockcroft circuit [35] integrated into an electric circuit in the voltage generator. Figure S2 shows the electric circuit configuration for voltage charging to the DD-screen. In a conventional DD-screen, a negative voltage generator draws negative electricity, free electrons, from the ground (an infinite source or sink of electrons—in this case, a source) and supplies electrons to the conductor (negative electrification). In contrast, a positive voltage generator pushes the free electrons of the conductor to the ground (an infinite sink of electrons) to positively charge the conductor (positive electrification) (Figure S2A) [36]. In the non-grounded circuit used in this study, the free electrons of the conductor were supplied directly to another conductor using the voltage produced by two voltage generators that were unified in one box (Figure S2B) [36]. Therefore, with this circuit, the DD-screen has no need for an earth-ground line. The electric field screen placement is freely selectable, allowing a portable electric field screen [37]. Eventually, the DD-screen could be applied to a drone to trap airborne insects during flight. In this study, we set an objective of attaining an endurance of more than 21 min, which was 20% less than the duration of a non-payload flight of the drone.



In the preliminary experiment, we attached a conventional DD-screen to the drone to determine whether the drone could carry it. It was found that the weight (1.2 kg) of the DD-screen exceeded the permissible limit, and therefore, the drone could not lift the screen during its ascent. It, therefore, became essential to fabricate a lightweight DD-screen to realise drone-based monitoring of airborne insects. In a conventional DD-screen, multiple iron wires are passed through insulating tubes for electrification, and these metal materials account for approximately 70% of the total weight of the DD-screen. A conductive chemical paste was applied to the inner surface of a PVC tube as a metal alternative. When dry, this successfully reduced the weight to 40% of the original weight. In addition, two voltage generators were miniaturised and unified. The voltage generator used in a conventional DD-screen is operated by a 12-volt lithium battery [12], which is three-times heavier than the three size AA batteries used in the screen developed in this study. Eventually, the weight of the new DD-screen was sufficiently reduced (475 g) that the drone could carry it during a remote-controlled flight. Figure S3 shows the effect of flight speed on the endurance of the drone carrying the DD-screen with four different screen-hanging styles. There was no significant difference in flight endurance among drone flights carrying the DD-screen in different positions over the range of flight speeds (5–20 km/h) tested. Figure S4 is a photographic demonstration of a successful flight of the drone carrying the DD-screen in different positions. It was possible to achieve the objective flight time (more than 21 min) for the drone carrying the DD-screen.



A drone is fundamentally vulnerable to wind and can crash in strong winds [34]. Drone manufacturers recommend that a drone should be flown only on calm days or in a light breeze (5–7 m/s). In addition, there is also a risk that the L-airflow produced by a moving drone at high speed can cause it to lose its normal attitude during flight [34]. Considering these potential negative factors, we finally established the most suitable conditions for an insect-monitoring flight: payload, single DD-screen; position of the DD-screen attachment, 1.8 m from the drone body; flight speed, 5 km/h; wind conditions for flight performance, less than 5 m/s. In addition, taking precautions against a downwash (rebound of the slipstream against the ground surface) was of special importance to avoid crashing especially when the drone was near the ground. For this purpose, slow ascending/descending movements of the drone were essential to maintain the normal altitude of the drone against the downwash.




3.3. The DD-Screen Can Capture Airborne Insects in Windy Conditions


Under windless conditions, the DD-screen attached to a drone receives the L-airflow at the same speed as the flight speed of the drone (i.e., approximately 1.38 m/s at 5 km/h) [38]. However, in outdoor flight operation, the L-airflow is affected by natural wind, and therefore, it is necessary to calculate the resultant wind speed by adding or subtracting the natural wind speed to or from the wind-free airflow speed for the head- and tail-wind, respectively [38]. In our study, the drone was intended to be flown in a maximum head- and tail-wind of 5 m/s, and therefore, the DD-screen would be exposed to an L-airflow of 6.3 m/s and a reverse airflow of 3.7 m/s under head- and tail-wind conditions, respectively. This simulation implies that we should give the DD-screen the ability to capture insects that are carried by winds of different speeds (2–8 m/s). The capture site of a DD-screen is an electric field formed between opposite poles (in this study, negatively and positively charged insulator tubes) (Figure 3A and Figure 6B), and insects that enter the electric field are attracted to the closest pole [12,14]. In this experiment, we determined the ability of the newly constructed DD-screen to capture insects that were blown toward the screen at different wind speeds.



Table 2 lists the percentage of test insects (adult houseflies, vinegar flies, and tomato leaf miners) captured by the DD-screen at various voltages in the range of 2–7 kV, and at various wind speeds in the range of 2–8 m/s. Higher voltages had to be applied to the tubes to capture insects with larger body sizes, and higher voltages were required at higher wind speeds. The force of the charged tubes became stronger as the voltage applied to the tubes increased. For voltages in excess of 6.5 kV, the tubes captured all of the insects at all wind speeds investigated. The electrostatic forces were sufficient to capture the insects at wind speeds of up to 8 m/s.



Video S1 demonstrates the successful capture of three test flies blown toward the DD-screen at 8 m/s. These results demonstrate that the DD-screen at 6.5 kV could trap all of the major pest insects investigated under real wind conditions during the flight. However, at lower voltages, the electrostatic forces were not sufficient to capture the insects. The flies moved their legs, twisted their bodies, and then flew away from the charged tube, or they were blown away from the tube by the blower. Based on these observations, in the subsequent field flight, a voltage of 6.5 kV was applied to ensure the successful capture of the insects at wind speeds of up to 8 m/s. This ensured that the insects were captured at the maximum L-airflow speed that the DD-screen experienced.



The study demonstrated that the newly constructed DD-screen was able to capture airborne insects carried by a wind of 8 m/s. This wind speed was equivalent to the L-airflow produced by a drone flying at approximately 29 km/h (windless conditions). To ensure the capture of the insects, it was essential that the airborne insects were carried to the DD-screen by the L-airflow. Therefore, the results presented in Table 1, indicating that the slipstream could impede the inrush of the L-airflow, were important to consider when determining the position of the DD-screen that ensured a sufficient L-airflow for the DD-screen during the flight of the drone. To solve this problem, we conducted an additional capturing assay using the method shown in Figure 6C, and the results are shown in Table 3. When the DD-screen was positioned at 0.5 and 1 m, all of the test insects blown toward the DD-screen at 2 and 5 m/s were blown downward at the position of the slipstream, and therefore, no insects reached the DD-screen. This occurred for all insect species. However, when the insects were blown at 8 m/s, a small number of flies did reach the DD-screen positioned at 1 m below the drone, although no fly reached the DD-screen at 0.5 m. With the DD-screen at 1.5 m, the number of insects reaching the DD-screen increased in response to the increase in the blow speed. More than 90% of the insects reached the DD-screen at 2 m, regardless of the difference in blow speed. Judging from these results, we hung the DD-screen at 1.8 m from the drone, enabling the screen surface to cover the range of 1.85–2 m beneath the drone.




3.4. A Drone-Carried DD-Screen Is an Effective Tool to Capture Airborne Insects during a Remote-Controlled Flight


In the final experiment, we conducted several trial flights of the 1D-drone under different wind conditions. First, we measured the L-airflow that passed through the DD-screen during the flight with an upwind of 5 m/s to compare the flow speed values obtained by the actual measurement with the values obtained from the calculation mentioned above. In all tests, during a flight of 21 min, the wind speed (5 m/s) at the start of the flight changed hour by hour in the range of 1.2–7.3 m/s and 0.3–2.4 m/s under the head- and tail-wind conditions, respectively. These wind speeds were apparently within the normal tolerance of the DD-screen charged with 6.5 kV. The DD-screen was actually able to capture airborne insects carried by a wind of 8 m/s (Table 2).



Successful capture of airborne insects with the drone-carried DD-screen depends on the presence of target insects in the path of the DD-screen. Mosquito columns (midge swarms), which occur as a consequence of the collective behaviour of male mosquitoes to attract females for mating [39], were a good target to confirm the ability of the DD-screen to capture numerous insects in the air [1]. However, at a height of more than 3 m (height of the DD-screen), airborne insects were seldom encountered during the flight. To solve this problem, the test area of the flight was changed to a location in the close vicinity of horticultural plants grown in crop fields and orchards. Video S2 shows the flight of the 1D-drone, with insects captured using the two methods (non-plant-touching and plant-touching). Table 4A provides the insect collection results of several flights of the 1D-drone. In this experiment, we used the two capture methods and collected insects in the vicinity of trellised and non-trellised vines in a vineyard and blueberry plants grown in a field, both of which produced ripe fruits, as well as topped basil plants growing from axillary buds in a field. These three plants were grown in an area of 20 × 20 m2. In the non-plant-touching method, a few M-flies (similar to fruit flies) were caught around the grape vines and blueberry plants. These flies were deemed to have been captured after leaving the ripe fruits of the target trees. Around the basil plants, S-flies were occasionally trapped. These flies were considered to be leaf miners that visited basil plants for oviposition, because typical mines were observed in many leaves of the basil plants.



It has been observed that pest insects frequently ascend from their nesting positions when the plants are gently tapped. We, therefore, flew the 1D-drone while touching the target plants with the DD-screen carried by the drone (Table 4B). This encouraged L-flies to fly up from the grape vines, blueberry plants, and basil plants; they could then be captured with the DD-screen in large numbers during the flight. In addition, large numbers of whiteflies were simultaneously captured from the basil plants when this method was applied. These pests were confirmed to be nesting on the basil plants. In both approaches (non-plant-touching and plant-touching methods), we trapped similar numbers of L-flies from basil plants (Table 4A,B). Of note, the L-flies were frequently trapped when the 1D-drone was flown over non-planted ridges in a field at a height of 30 cm (data not shown). The ridge soil was fertilised with cattle manure. Cattle manure has been reported to contain the larvae and pupae of houseflies [40]. We frequently detected houseflies emerging from underground pupae. The drone flight, therefore, collected these houseflies flying up from the ground. In other flights, we trapped various species of insects, such as houseflies, fruit flies, leaf miners, white flies, winged aphids, thrips, biting mosquitoes, midges, and stink bugs [1]. The results obtained from the trial flights demonstrated that the drone-carried DD-screen was able to successfully trap a wide range of airborne insects using two different methods and provides an experimental basis for the trap-based monitoring of airborne insects. Incidentally, the insects that were trapped with the DD-screen were alive even after they were continuously captured for 1 hr. The insects remained motionless for 1–2 min after the voltage supply was cut and then walked around or flew away. This situation was useful to assort the trapped insects for specified purposes or to safely release beneficial insects such as pollinators and natural enemies of insect pests.





4. Conclusions


A new approach for direct monitoring of airborne insects was developed based on electrostatic engineering techniques combined with UAV technology. In this electrostatic approach, an electric field screen was used to create an attractive force in a static electric field and capture insects that entered the electric field. The static electric field was formed in the space between oppositely charged parallel insulator tubes with a sufficient voltage. The aim was to construct a lightweight electric field screen to enable a light payload on a drone (quadcopter) and, therefore, ensure sufficient flight endurance for the capture of insects. The application of a conductive coating to the inner surface of the insulator tube and unification of two negative and positive voltage generators were crucial aspects of the newly developed screen. Analyses of the strong downward slipstream created by four revolving propellers and longitudinal airflow generated by a moving drone were essential to determine the most suitable location of the electric field screen attached to the drone. This enabled an insect-carrying air current to pass through the screen during drone flight, and wind-carried insects could be eliminated with the electric field screen when the wind passed through the screen. The electric field screen constructed in the study was functional enough to capture model insects (three flies with different body sizes) carried by a wind of 8 m/s Thus, the construction and optimisation of the drone-carried electric field screen made it possible to collect airborne insects during drone flight and provided an experimental basis for a UAV-based insect trapping system.
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Figure 1. The quadrotor drone (Mavic Pro Platinum) used in the study. 
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Figure 2. (A) Side (upper) and front view (lower) of a drone carrying an anemometer positioned at the front of the drone to receive the downward-directed airflow. (B) Side view of a forward-moving (upper) and hovering (lower) drone carrying an anemometer positioned beneath its centre to receive horizontal airflow. Abbreviations: DR, drone; AM, anemometer; SS, slipstream produced by propellers; BL, blower; LAF, longitudinal airflow by a blower. 
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Figure 3. Schematic representation of the electric field formed by opposite charges at the surface of dielectrically polarised insulator tubes. (A): The inner surface of the tube was coated and negatively (upper) or positively (lower) charged. (B): An iron wire was inserted into a tube and negatively (upper) or positively (lower) charged. As a result of dielectric polarisation, the negative and positive charge of the inner surface coating produced negative and positive charges on the outer surfaces of the tubes, respectively. The opposite charges on the two tubes formed an electric field between them. The solid arrow indicates the direction of electricity (free electron) movement. Abbreviations: NCC, negatively charged coating of the inner surface of the tube; NCI, negatively charge iron wire; DPT, dielectrically polarised insulator tube; N-VG, negative voltage generator; PD, pole distance; EF, electric field; PCC, positively charged coating of the inner surface of the tube; PCI, positively charged iron wire; P-VG, positive voltage generator. 
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Figure 4. Configuration of a DD-screen with a voltage generator and battery (A) and the attachment of a DD-screen to a drone (front view) (B). Abbreviations: CT-N, conductively coated insulator tube, negatively charged; CT-P, conductively coated insulator tube, positively charged; NP-VG, negative/positive voltage generators unified in a box; NVL, negative voltage line; PVL, positive voltage line; BT, battery; PF, polypropylene frame (insulator); DR, drone. 
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Figure 5. Comparison of the test flies with different body sizes: housefly (A), vinegar fly (B), and tomato leaf miner (C). The photographic inserts in (B,C) are enlarged images of the flies. 
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Figure 6. Side view of a DD-screen blown by a blower (A), capture of insects with negatively or positively charged tubes of the DD-screen (B), and application of the insect blowing method to the DD-screen hung from a hovering drone (C). Adult flies were blown into the airstream from a blower to the screen (A,C), and the number of insects captured with the screen was counted. In C, the position in which the DD-screen was hung varied between 0.5–2 m from the drone. Abbreviations: BL, blower; MPI, moving path of an insect blown into the airstream; HAC, horizontal air current from a blower; CWT, cylindrical wind tunnel; EF, electric field; DD-S, DD-screen (cross-sectional view); NCT, negatively charged tube; PCT, positively charged tube; SS, slipstream from rotating propellers. 
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Table 1. Changes in speed and volumetric flow rate of a horizontal airflow (L-airflow) blown toward an anemometer set at definite positions beneath a hovering drone.
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Speed of L-Airflow Produced by a Blower (m/s)

	
Position (m) of AM I

	
Speed (m/s) of L-Airflow at the Site of AM

	
Volumetric Flow Rate (m3/min) at the Site of AM

	
Percentage of Volumetric Flow Rate in AM II






	
2

	
0.5

	
0.14 ± 0.05

	
0.13 ± 0.05

	
4.7 ± 1.8 a




	
1

	
0.18 ± 0.04

	
0.16 ± 0.04

	
6.0 ± 1.5 a




	
1.5

	
0.88 ± 0.19

	
0.79 ± 0.17

	
29.3 ± 6.4 c




	
2

	
2.46 ± 0.35

	
2.21 ± 0.32

	
82.0 ± 11.7 e




	
5

	
0.5

	
0.14 ± 0.11

	
0.13 ± 0.10

	
2.8 ± 2.3 a




	
1

	
0.66 ± 0.44

	
0.59 ± 0.40

	
12.4 ± 3.8 b




	
1.5

	
2.38 ± 0.64

	
2.14 ± 0.57

	
47.6 ± 12.8 d




	
2

	
4.26 ± 0.30

	
3.83 ± 0.27

	
85.2 ± 6.1 e




	
8

	
0.5

	
0.48 ± 0.26

	
0.43 ± 0.23

	
6.0 ± 3.2 a




	
1

	
1.14 ± 0.34

	
1.03 ± 0.30

	
14.3 ± 4.2 b




	
1.5

	
5.36 ± 1.04

	
4.82 ± 0.93

	
67.0 ± 12.9 d




	
2

	
7.86 ± 0.39

	
7.07 ± 0.35

	
98.3 ± 2.1 f








I While the drone hovered at a height of 3 m, the L-airflow was blown toward an anemometer (AM) set at different positions beneath the central point of the drone body. II Percentage of the L-airflow that reached the AM, relative to the volumetric flow rate in the absence of a slipstream. The means and standard deviations were calculated from five repetitions of the experiments. The letters (a–f) on the means in a vertical column indicate significant differences (p < 0.05) according to a Tukey’s test.
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Table 2. Capture of test insects blown at different wind speeds towards the DD-screen charged with different voltages.
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Wind Speed (m/s)

	
Test Insect

	
Negative and Positive Voltages (kV) Applied to DD-Screen




	
2

	
3

	
4

	
5

	
5.5

	
6

	
6.5

	
7






	
2

	
TLM

	
0

	
90.2 ± 6.7 a

	
100 a

	
100 a

	
100 a

	
100 a

	
100

	
100




	
VF

	
0

	
51.9 ± 3.3 b

	
93.6 ± 8.5 b

	
100 a

	
100 a

	
100 a

	
100

	
100




	
HF

	
0

	
12.4 ± 3.4 c

	
31.9 ± 2.3 c

	
91.2 ± 4.6 b

	
100 a

	
100 a

	
100

	
100




	
5

	
TLM

	
0

	
44.7 ± 2.3 b

	
95.5 ± 5.7 b

	
100 a

	
100 a

	
100 a

	
100

	
100




	
VF

	
0

	
8.2 ± 0.7 d

	
22.2 ± 8.7 d

	
93.8 ± 7.8 b

	
100 a

	
100 a

	
100

	
100




	
HF

	
0

	
0 e

	
6.2 ± 0.5 e

	
31.9 ± 6.3 c

	
89.2 ± 6.2 b

	
100 a

	
100

	
100




	
8

	
TLM

	
0

	
10.2 ± 0.7 d

	
41.7 ± 7.5 c

	
96.4 ± 8.6 b

	
100 a

	
100 a

	
100

	
100




	
VF

	
0

	
0 e

	
7.7 ± 0.5 e

	
42.7 ± 5.6 c

	
96.4 ± 8.5 b

	
100 a

	
100

	
100




	
HF

	
0

	
0 e

	
0 f

	
9.2 ± 0.7 d

	
43.8 ± 6.3 c

	
91.2 ± 2.7 b

	
100

	
100








Adult specimens of tomato leaf miner (TLM), vinegar fly (VF), and housefly (HF) were used as test insects. Twenty insects were used for tests with each voltage, each species, and each wind speed, and the means and standard deviations were calculated from five repetitions. The letters (a–f) on the means in each vertical column indicate significant differences (p < 0.05) according to a Tukey’s test.
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Table 3. Capture of test insects blown toward the DD-screen hung from the drone at different positions.
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Blow Speed (m/s)

	
Position (m) of DD-Screen

	
Percentage of Test Insects Captured with DD-Screen Oppositely Charged with 6.5 kV




	
Tomato Leaf Miners

	
Vinegar Flies

	
Houseflies






	
2

	
0.5

	
0 a

	
0 a

	
0 a




	
1

	
0 a

	
0 a

	
0 a




	
1.5

	
5.2 ± 3.6 b

	
1.9 ± 7.3 b

	
0.9 ± 2.5 b




	
2

	
93.6 ± 3.6 d

	
92.9 ± 4.5 d

	
89.4 ± 4.9 d




	
5

	
0.5

	
0 a

	
0 a

	
0 a




	
1

	
0 a

	
0 a

	
0 a




	
1.5

	
67.7 ± 3.7 c

	
65.9 ± 7.3 c

	
50.7 ± 6.2 c




	
2

	
94.2 ± 1.6 d

	
93.6 ± 3.8 d

	
91.2 ± 4.8 d




	
8

	
0.5

	
0 a

	
0 a

	
0 a




	
1

	
12.1 ± 7.9 b

	
10.9 ± 7.3 b

	
5.6 ± 3.6 b




	
1.5

	
92.1 ± 2.4 d

	
90.9 ± 1.3 d

	
86.5 ± 3.3 d




	
2

	
98.5 ± 0.3 e

	
97.5 ± 2.3 e

	
93.9 ± 2.7 d








A DD-screen was hung at different positions from a drone that was hovered at a height of 2 m, and the horizontal L-airflow was blown toward each DD-screen. Test insects were blown into the airstream driven to the DD-screen. Twenty insects were used for tests with each species and each blow speed, and the means and standard deviations were calculated from five repetitions. The letters (a–e) on the means in each vertical column indicate significant differences (p < 0.05) according to a Tukey’s test.
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Table 4. Details of the insects captured with the drone-carried DD-screen during insect-collecting flights I.






Table 4. Details of the insects captured with the drone-carried DD-screen during insect-collecting flights I.





	
Experiment II

	
Site of Flight

	
Total Number of Captured Insects

	
Number of Insects Captured III




	
Flies

	
Others




	
L

	
M

	
S






	
A (NFT)

	
Trellised vines in orchard

	
2

	
0

	
2

	
0

	
0




	
Blueberries in field

	
4

	
0

	
4

	
0

	
0




	
Basils in field

	
9

	
6

	
0

	
2

	
1(WF)




	
B (PF)

	
Non-trellised vines in orchard

	
24

	
0

	
24

	
0

	
0




	
Blueberries in field

	
45

	
0

	
45

	
0

	
0




	
Basils in field

	
49

	
7

	
0

	
24

	
17(WF) + 1(WA)








I The drone carrying single DD-screen was flown during days with a wind speed of 1–5 m/s, with a 5 km/h flight speed and 25 min endurance time. II NFT, flight with non-contact of DD-screen with plants; PF, flight while touching plants with DD-screen. III The captured insects were classified into two groups (flies and others), and flies were subdivided into three groups: large flies (L-flies), similar to houseflies; middle flies (M-flies), similar to vinegar flies; small flies (S-flies), similar to tomato leaf miners. Other captured insects included whiteflies (WF) and winged aphids (WA).
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