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Abstract

:

Vespa velutina nigrithorax, a species of hornet, is spreading globally, with increasingly negative effects on human health. To effectively eliminate V. velutina, its nest should be destroyed and its queen removed; however, the nests are difficult to reach. Thus, we analyzed the requirements for a drone-assisted hornet exterminator using field observations and physical tests on a sample hornets’ nest, and based on these, a UAV exterminator equipped with a nest-perforating device (based on an airsoft rifle) and pesticide-spraying system was designed and manufactured. Pesticides and bullets were manufactured using ecofriendly materials. An actuator at the rear of the device adjusted the pitch of the perforator and sprayer, and a monitoring system was installed to aid the operator in targeting. The operating parameters of the UAV exterminator were evaluated in laboratory tests, with a spray distance of 5 m deemed suitable. To evaluate the system’s pest-control performance, several V. velutina nests were targeted in field tests. An insecticidal effect of over 99% was achieved using two pyrethrum-based pesticides (15% pyrethrum extract and 10% pyrethrum extract with additives). In addition, compared to conventional nest-removal methods, the UAV exterminator reduced the work time by 85% and the cost by 54.9%.
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1. Introduction


Vespa velutina nigrithorax, also known as the Asian hornet, is a subspecies of Vespa velutina Lepeletier [1]. As its name suggests, it is also known as the yellow-legged hornet because of the black coloration of its thorax and yellow coloration of its legs [2]. The worker hornet ranges in size from 22–25 mm, falling into the “medium” size classification among hornet families. However, compared to other hornets, it has a large impact on its surroundings because of the large number of swarms that comprise a single nest [3].



V. velutina is native to south China and parts of Southeast Asia [4]. Since the early 2000s, V. velutina has been introduced into Asia and Europe, thereby expanding its colonies [5,6]. Although V. velutina hunts insect pests, it has a particular preference for honeybees. This puts them in direct conflict with beekeepers, whose livelihoods are damaged by their presence [7,8]. V. velutina also occupy urban areas and can attack people [9]. In Republic of Korea, these hornets are estimated to cause damage to the value of more than KRW 175 billion; thus, the government has designated them as an ecosystem-disturbing species [10,11]. In China, hornets have caused a 79% reduction in bee activity [12]. In Europe, V. velutina was first discovered in France in 2004 and has since spread to Spain, Portugal, Belgium, Italy, Germany, and the United Kingdom, causing great harm [6,13,14,15,16,17,18]. In particular, the rate of spread in France is five to six times higher than that in Republic of Korea [19]. Global warming is expected to worsen this situation by increasing the activity of V. velutina [20]. Therefore, efforts are needed to mitigate and prevent the damage caused by V. velutina.



Typically, damage by V. velutina is prevented by removing their nests from sensitive areas; however, this method tends to be costly [21] because nests are usually located atop large trees, at heights of more than 10 m, making them difficult to detect and remove from the ground [22]. Various studies have used image processing to detect hornet nests [23,24] by tagging or baiting [25,26] and using unmanned aerial vehicles (UAVs) [27,28]. With improvements in detection technologies, new approaches have been developed to control V. velutina [15]. The trap method is commonly used because of its simplicity; however, its capture rate is low [29,30]. In this method, traps or baits containing toxic substances are typically placed around apiaries (places where beehives are kept), with the expectation that the hornets will be drawn there by the honeybees and will return home with the bait, transferring the toxic substance to other hornets [31]. However, this method can contaminate the environment with toxic substances, kill hornets during transfer, and fail to reach the hornet queens. Alternatively, manual removal of hornets by hand or by spraying chemicals to kill the queen are quicker and more direct; however, as mentioned above, in most cases, nests are difficult to access, and workers are exposed to wasp attacks. Thus, new technologies are required to address the shortcomings of the existing methods.



UAVs are small flying devices that are flown using a remote control or path planning and automatic flight control [32]. UAVs have the advantage of operating at a wide range of altitudes, particularly low altitudes, and can be equipped with various attachments for to suit specific purposes [33]. Among the common applications of UAVs, unmanned aerial spraying systems (UASSs) comprise the attachment of a spraying system, such as nozzles and pumps, to a UAV to deliver pesticides to crops using the wind generated by the rotors [34,35]. Pest control using UASSs has recently found active use on farms [36,37,38,39]. The use of UAVs for tree spraying is also becoming more common because they can achieve less drift than ground sprayers, and they can more easily deliver chemicals to the treetops [40,41,42]. In terms of hornet control, these characteristics may enable a small number of operators to control UASSs from a distance to spray agents on hornet nests located at high altitudes. This is expected to improve the worker safety, reduce operational costs, and increase control effectiveness. Consequently, using this method, efficient control of V. velutina may be achieved. However, to ensure effective control of V. velutina using such a system, the targets and coverage of the proposed UASS must be analyzed.



In this study, we investigated an exterminator with an agent-spraying function that could be mounted on a UAV to efficiently control Asian hornet nests. We first conducted a requirement analysis for the system design through a field survey. Based on this, we designed and manufactured an Asian hornet nest exterminator that can be mounted on a UAV. Finally, we applied the developed system to control real nests, observed the results, and conducted an economic analysis of the proposed hornet-control method.




2. Materials and Methods


2.1. Determination of Exterminator Requirements


A field survey of the hornet nests was conducted to analyze the requirements of a hornet nest exterminator. Hornet nests around apiaries in Hamyang and Damyang were observed, and UASS spraying methods and applicability for the hornet nests were investigated. A small camera drone (Mavic, DJI, Shenzhen, China) was used to observe the hornet nests.



After the field survey, five hornet nests were collected by a human on a truck-mounted ladder. These were analyzed to determine a suitable delivery channel for the toxic agent. Two main delivery routes were identified: through holes in the hornet nest walls generated by the spray pressure and through seepage. To verify the feasibility of the first route, the force required to puncture the hornet nests was evaluated in compression tests using a precision universal testing machine (AG-Xplus, Shimadzu, Kyoto, Japan), as shown in Figure 1. To verify the delivery of the solution through seepage, the fragments of hornet nest were sprayed continuously with the solution, and the delivery of the solution inside the fragments was recorded every thirty seconds by observing inside the fragments. The pressure of the sprayed solution was 0.35 MPa.




2.2. System Design and Development


The UAV hornet nest exterminator was constructed by adding spraying, perforating, and monitoring systems to the UAV (Figure 2). The components of each part are described in more detail below, and 3D models of the proposed product were designed using a CAD program (NX, Siemens, Munich, Germany).



As shown in Figure 3, the UAV exterminator was designed as an octocopter and had a long axis length of 1640 mm between motors and height of 720 mm. A flight controller (FC) with K++ (JIYI, Shanghai, China), rotor (XRotor Pro X6, Hobbywing, Shenzhen, China), and propeller (XRotor 2388 propeller, Hobbywing, Shenzhen, China) were selected. The weight balance and rotor settings of the UAV were adjusted through experimentation. The weight of the UAV with batteries was 21.5 kg. The two batteries (Herewin, Dongguan, China) had a capacity of 12,000 mAh each and were configured in series. When flying with full load, the flight time was about eight minutes. Detailed specifications of the UAV are listed in Table 1.



Figure 4 presents the final system for extermination of the Vespa velutina nigrithorax nests. The agent-spraying system comprised a small water pump (COMBO-PUMP-5L-brushless-10A-14S-V1, Hobbywing, Shenzhen, China) with a direct injection nozzle (2 mm orifice diameter) and tank to hold the toxic agent. The pump had a flow rate of 5 L/min with a pressure of 0.35 MPa. For testing and field applications, the spray was applied at a pressure of 0.3 MPa and a flow rate of 3 L/min. To extend the spraying distance, a long pipe (carbon, with a diameter of 10 mm and length of 1 m) was designed. A nozzle for spraying the solution was mounted at the end of the pipe and coupled to a tube to transfer the solution inside the pipe. The water tank was designed to have a capacity of 10 L to comply with the maximum allowable landing load of the UAV.



The perforator was designed to create holes in the outer wall of the nest. Among the various possible methods to achieve this, we introduced an airsoft gun, which is lightweight and can produce a force greater than the relevant strength of the hornet honeycomb [15]. The small electric air-compression cylinder and magazine were extracted from an airsoft gun (FN P90, Kingarms, Taiwan) and assembled in a 3D-printed container (Figure 5). The bullet energy of the small electric air compression cylinder was 1.2 J. The envelope of the container was 470 mm × 90 mm × 60 mm. Using this system, bullets could be fired continuously at a rate of up to 300 rounds/min.



In addition, the UAV was designed to enable integration of the spraying and perforating systems. A small actuator (12Lf-27PT-90, iRRobot, Bucheon, Republic of Korea) was installed at the rear of the spraying system to control the nozzle’s vertical position such that the pitch angle could be adjusted while the drone was hovering when spraying the hornet nest.



A video-based monitoring system was installed to enable drone operators to remotely observe the hornet nests and the progress of spraying with the drone in flight. It consisted of a wireless video transmission device (Skydroid mini camera, Skydroid, Quanzhou, China) connected to the FC and was capable of capturing 720 p 30 fps video and transmitting that video up to a distance of 20 km. Operators could monitor the video through an application on their mobile phones, thereby enabling them to check the location of hornet nests and the spraying status. A laser pointer was installed on the perforator container to assist in aiming the spraying and perforation systems: through the video feed, the operator could see where the laser pointer was pointing and thus identify the likely (and actual) trajectory of the spraying liquid. A test device was constructed based on the designed system, and flight tests were conducted.




2.3. Experimental Test


Prior to the field trial, basic indoor experiments were conducted to evaluate the performance of the spraying and perforation systems. Since global positioning systems (GPSs) have poor indoor reception, indoor experiments were conducted with the UAV exterminator fixed to an aluminum profile holder (and thus not actively flying). A hornet nest collected in the field was installed as the target, and the performances of the perforation and spraying devices were evaluated (Figure 6). The distance between the target and spraying system was increased from 3 m to 5 and 7 m, and the hit point of the sprayed droplets and target point of the laser pointer were measured. The same experiment was conducted using the perforator. However, for the perforator experiments, the coincidence of the target and impact points was measured by recording the distance between the position of the laser pointer and position of the marks created on the paper by the airsoft bullet.



After the indoor experiments, the exterminator was operated in the field on real hornet nests, and its performance was analyzed. The pest-control evaluation was conducted in the autumn of 2022 in the mountainous areas of Buan and Wanju. The toxic agent and airsoft bullets for the tests were manufactured using eco-friendly materials based on the positive list system (PLS). The PLS originated in Japan and has since spread to Europe, Taiwan, and Republic of Korea. It provides a list of crop-protection agents that are suitable for various crops and prohibits the use of other agents for pesticide management [43]. This system is similar to the “Zero Tolerance” system implemented in the United States. In Europe, aerial spraying has been banned because of concerns regarding drift; therefore, pesticides that are not harmful to the environment should be introduced [44], especially in UASS operations. Thus, for the pesticide, we used pyrethrum extract mixed in three different concentrations: 10% pyrethrum extract, 15% pyrethrum extract, and 10% pyrethrum with additives (10% sugar, 10% formic acid, and 1% bee shred); for the bullet, we used cornstarch [45,46].



Experiments were conducted on three hornet nests found in the field. All three hornet nests were located at heights of over 10 m. Each hornet nest was treated with one of the three different agent mixtures. To ensure a safe experiment, a preliminary flight was conducted to determine the approach route. Thereafter, the exterminator UAV flew at an altitude similar to that of the target nest and approached it from the upper part of the tree, with the operator being careful to avoid obstacles. Once in position, the UAV used the perforator system to create a hole in the nest before spraying the pesticide solution towards the nest. As the exterminator approached the tree, the operator used a monitoring device to observe the situation in front of the exterminator. During the experiment, the wind speed at ground level was less than 1 m/s.



Due to the height of the hornet nests and resulting difficult access, it was not possible to collect the nests for further internal observations. As a result, the effectiveness of the control was evaluated indirectly based on evidence from aerial photography. The number of V. velutina entering and exiting the nest for one minute was counted one week after the treatment. The pest-control operation was determined to be effective if there were no individuals entering or exiting the nest during that period.




2.4. Economic Feasibility of the Proposed Method


The economic feasibility of the drone-based hornet nest exterminator was analyzed. A comparison was made between the control tasks performed by conventional devices and the developed exterminator. The conventional method was assumed to be manual nest removal, with the remover wearing beekeeper suit and utilizing a vehicle-mounted ladder or extending platform to remove hornet nests using a net and sprayer.



The cost was calculated considering the price of the equipment, working hours, and labor costs. Equipment for conventional work included beekeeping suits and tools (including sprayer and nest), while equipment for work using the proposed exterminators included UAVs and sprayers. The cost of the equipment was divided by its lifetime to calculate depreciation. The annual usage time was calculated from the working hours of actual hornet-nest-extermination workers (determined from interviews). The durability of the equipment in each method was determined through literature review [47]. Expenses included the cost of repairs and the interest on the loan for the purchase. Labor costs were calculated based on daily wages in rural Republic of Korea.





3. Results and Discussion


3.1. Exterminator Requirements


Most of the hornet nests observed during initial sample collection were in the largest trees, which were more than 10 m above the ground and within 1 km of the apiary. This was consistent with the findings of previous studies [1,48]. Because of the heights of the hornet nests and the limited visibility owing to the branches, relative positioning of the drone and hornet nests was difficult to achieve (Figure 7). Although typical UASSs are not equipped with monitoring systems, it was determined that a remote monitoring device should be added to the extermination system to improve the remote control performance of the drone and overcome the visual limitations of the operator on the ground, thus likely improving the spraying accuracy.



Hornet nests consist mainly of pulp. Hornets create nests under the leaves of the host broadleaf tree, normally 1–2 m below its top to avoid rain. If a pest-control agent is sprayed from the top of the hornets’ nest, as in conventional UASSs, the leaves are likely to protect the nest and reduce the amount of agent delivered to it. Thus, this application requires a system that can directly spray solution from the side. In addition, as the wind speed increases with altitude, so does the sway of the branches, which increases the chance of the UAV crashing into the branches. Therefore, during operation, the drone should maintain a distance of 3–5 m between it and the nest to prevent damaging the system. Considering the safe distance between the hornets’ nest and drone, the horizontal spraying distance of the agent should be greater than 5 m.



As previously mentioned, two main potential delivery routes were identified, namely through holes in the hornet nest walls and through seepage. From the compression test, the compressive strength of the honeycomb was found to be 3.5 ± 0.25 MPa. The pump used in ordinary UASSs has a pressure of 0.3–0.5 MPa and was thus determined to be unlikely to be able to penetrate the hornet nest through spraying. When testing the feasibility of seepage, it was found to take 2.2 min for the water to penetrate the nest to a depth of 1 cm and 5 min to reach 2 cm (Table 2). However, no water reached a depth of 3 cm, even with continuous, prolonged spraying. The water (representing the pest-control agent) thus penetrated only up to 2 cm from the nests outer wall, and it was concluded that agent delivery through seepage would be difficult to achieve. Hence, the penetration method was chosen, with a second device required to perforate the hornet nests and enable the agent to be sprayed inside. In addition, a function to adjust the working angle of the drilling device was necessary to enable fine adjustment of the angle of the spraying device when aiming at the hornet nest.




3.2. Exterminator Performance


The results of the indoor exterminator performance evaluations showed that the target point and the impact point of the projectile coincided well at distances of 3, 5, and 7 m. The spray droplets reached the target point at distances of 3 and 5 m; however, at 7 m, the droplets landed below the target point (Figure 8). Since increasing the length of the spray pipe would increase the likelihood of collisions with trees during flight, it was determined that the system should be operated at a distance of 5 m from the target hornet nest. At this distance, the maximum measured position error between the target point and the bullet fired from the perforator was less than 1 cm, indicating high precision. However, even if the bullet impact points are not densely concentrated at the precise target point, they are considered to have sufficient strength to damage the hornets’ nests for spray penetration; i.e., the system could efficiently deliver the agent by firing the bullets in a shotgun style and creating holes in the hornet nest at various locations.



In field tests, after pest-control operations by the exterminator UAV, video footage seemed to indicate that the hornet nests had been destroyed. Figure 9 shows photographs taken during the actual experiments using the UAV exterminator for the control of V. velutina. The insecticidal rate of 15% pyrethrum extract and 10% pyrethrum extract plus additives in the treatment sites was found to be 99% (Table 3). In the nests sprayed with these agents, no hornets were observed entering or repairing the nests even one week after the control (Table 2). In the nest sprayed with 10% pyrethrum extract without additives, however, several hornets were observed entering and leaving the nest a week after operations.




3.3. Economic Feasibility of the Proposed Method


The price of the exterminator was calculated to be KRW 20 million with a lifespan of 5 years and annual usage time of 100 h (Table 4). Repair costs were calculated at 6% of the equipment price and interest at 5% of half the equipment price. The time required for the control work with the conventional device was 2 h per hornet nest, whereas the exterminator required 0.3 h, representing a reduction in labor time of 85%. The calculations showed that the cost for using the exterminator was 54.9% lower than that of conventional device.





4. Conclusions


Vespa velutina nigrithorax, a hornet species native to Asia, is spreading globally, with devastating effects for beekeepers (who experience a loss of income) and crop yields (which are reduced due to decreased pollination). To effectively eliminate a V. velutina colony, their nest should be destroyed and the queen removed. However, the heights at which V. velutina nests generally occur make them difficult to access. To address these issues, we designed and developed a drone-assisted exterminator of V. velutina. Thereafter, we evaluated the system’s spraying performance and determined its operating parameters, conducted field trials, and finally, analyzed its economic feasibility.



To determine the system requirements of a drone-based hornet exterminator, we first surveyed hornet nests in the field. We thus determined that the UAV hornet nest exterminator would need to be able to laterally spray pesticides from a distance of more than 5 m. Based on the measured strength of a sample hornet nest and the rated spray pump pressure, a separate perforation device was deemed necessary. Preliminary tests indicated that pesticide delivery through seepage was insufficient. In addition, remote-monitoring and angle-adjustment devices were proposed to overcome the visibility limitations of the operator experienced in preliminary field observations and thus to improve the remote control performance of the drone and accuracy of the perforating and spraying devices.



Based on the analyzed requirements, a hornet-nest-exterminating UAV was designed and manufactured. The spraying system comprised a pump and direct injection nozzle. A spray pipe was added to increase the horizontal spraying distance of the agent, and an airsoft gun was installed to destroy the outer wall of the nest. An actuator was installed at the rear of the device to adjust the pitch of the spray nozzle and perforator while the drone hovered. A remote monitoring system was also installed to improve the targeting and adjustment accuracy of the operator.



To evaluate the system performance, field pest-control tests were conducted against V. velutina in Buan and Wanju. Three different mixtures of pyrethrum extract (PLS-compliant) were used as the pesticide agent, and cornstarch airsoft bullets were used. A week after pest-control operations, no hornet activity was observed at nests targeted with the 15% pyrethrum extract solution or the 10% solution with additives, indicating an insecticidal rate of over 99%. Compared to conventional manual nest removal, the UAV exterminator reduced the work time by 85% and the cost by 43%, indicating significant advantages compared to human labor.



It is thus concluded that the developed UAV exterminator can be used to perform pest-control work quickly and affordably, and it is also expected to increase the safety of workers. In the future, combined with technology for the detection of hornets’ nests, extermination can be performed more efficiently to prevent the spread of V. velutina. Further research is needed to develop alternative solutions for areas in which airsoft rifles are banned.
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Figure 1. Hornet nest compressive strength test setup. 
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Figure 2. Structural diagram of the proposed UAV exterminator for Vespa velutina nigrithorax nests. 
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Figure 3. Three-dimensional modeling of the exterminator for Vespa velutina nigrithorax nest. 
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Figure 4. Exterminator of the Vespa velutina nigrithorax nest. 
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Figure 5. Inner view of perforator. 
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Figure 6. Performance test of the spraying and perforation devices: (left) UAV exterminator fixed to aluminum profile holder and (right) nest condition after experiment. 
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Figure 7. A nest of V. velutina nigrithorax: (left) position and (right) closeup view of the nest. 
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Figure 8. Distances between target point and water-stream drops at various spray distances. * When the agent was sprayed from 7 meters away, the water stream split into multiple streams before reaching the target. 
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Figure 9. Control experiment with exterminator for V. velutina. 
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Table 1. Specification of the UAV.
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	Parameter
	Value





	Length (mm)
	1510



	Width (mm)
	1510



	Height (mm)
	750



	Weight (with battery) (kg)
	21.5



	FC
	K++



	Rotor
	XRotor Pro X6



	Number of rotors
	8



	Size of propeller (cm)
	58.42



	Maximum take-off weight (kg)
	36



	Capacity of the solution tank (L)
	10



	Flight time (min)
	8
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Table 2. Results of seepage test for hornet nest wall.
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	Depth from Nest Wall (cm)
	1
	2
	3





	Time to seepage (min)
	2.2
	5
	No seepage
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Table 3. Effect of the concentration and additives on the control effect.
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	Treatment
	Number of Hornets Entering the Nest per Minute 1 Week after Spraying
	Control Effect





	10% pyrethrum extract
	4 ± 2.5
	x



	15% pyrethrum extract
	0
	o



	10% pyrethrum extract + 10% sugar + 10% formic acid + 1% bee shred
	0
	o
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Table 4. Economic analysis of the exterminator.
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	Classification
	Control
	Exterminator





	Equipment price (won)
	1,000,000
	20,000,000



	Lifetime (years)
	5
	5



	Annual usage time (hour)
	100
	100



	Labor cost (won/h)
	24,165
	24,165



	Expense (won/h)
	27,015
	81,165



	Working time per session (h/session)
	2.0
	0.3



	Cost (won/session)
	54,030
	24,350
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