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Highlights

What are the main findings?

e A complete UAV-mounted, non-invasive rodent-repellent concept is presented and pro-
totyped: an eight-transducer spherical-cap ultrasonic loudspeaker array (20-70 kHz)
with a custom PCB (signal generation + power amplification) for driving multiple
ultrasonic transducers.

e  The system is validated end-to-end using optimized coverage flight paths computed
via a genetic algorithm and quantitative performance feedback enabled by Al-based ro-
dent detection using a thermal camera, with experiments conducted in both laboratory
and real field conditions.

What are the implications of the main findings?

e  The work supports the feasibility of a more sustainable, chemical-free approach to crop
protection by combining drones and ultrasound with optimized coverage planning,
potentially improving efficiency compared with static deterrents.

e  The field trials clarify what already works and what still blocks deployment, providing
a practical roadmap for future iterations (e.g., improving real-world effectiveness and
robustness) to move from a research prototype toward a deployable product.

Abstract

Unmanned aerial vehicles open new possibilities for developing technologies that support
more sustainable and efficient agriculture. This paper presents a non-invasive method for
repelling rodents from crop fields using ultrasound. The proposed system is implemented
as a spherical-cap ultrasound loudspeaker array consisting of eight transducers, mounted
on a drone that overflies the field while emitting sound in the 20-70 kHz range. The
hardware design includes both the loudspeaker array and a custom printed circuit board
hosting power amplifiers and a signal generator tailored to drive multiple ultrasonic
transducers. In parallel, a genetic algorithm is used to compute flight paths that maximize
coverage and increase the probability of driving rodents away from the protected area.
As part of the validation phase, artificial intelligence models for rodent detection using a
thermal camera are developed to provide quantitative feedback on system performance.
The complete prototype is evaluated through a series of experiments conducted both in
controlled laboratory conditions and in the field. Field trials highlight which parts of the
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concept are already effective and identify open challenges that need to be addressed in
future work to move from a research prototype toward a deployable product.

Keywords: agricultural crops; genetic algorithm; drone; loudspeaker array; rodents;
sustainable pest control; thermal image; ultrasound; YOLO; 3D print

1. Introduction

Rodent pest infestations represent one of the most persistent and economically sig-
nificant challenges facing modern agriculture worldwide. Under traditional rice systems,
rodent damage is often chronic at ~5-10% annually, while outbreak conditions in some
cereal systems have been associated with losses up to ~48%, depending on crop, region,
and management [1,2]. Rodents impose substantial agricultural losses in both standing
crops and stored commodities, with reported damage ranging from a few percent to >30%,
and in severe situations even approaching near-total crop loss [3]. Beyond direct consump-
tion of crops, rodents compromise agricultural productivity through root damage, soil
contamination, disease transmission, and reduction in overall crop quality [3].

Traditional approaches to rodent pest management have relied predominantly on
chemical rodenticides, which, despite their efficacy in reducing rodent populations, present
substantial environmental and ecological concerns [4,5]. The widespread application of
chemical pesticides has been identified as a major contributor to biodiversity loss, with
documented negative effects on over 800 non-target species including beneficial insects,
soil microorganisms, birds, and mammals [6]. Pesticide drift can transport chemicals over
hundreds or even thousands of kilometers, exposing unintended ecosystems to contamina-
tion and disrupting ecological balances that are fundamental to sustainable agricultural
production [7,8]. Furthermore, the persistent nature of many pesticides in soil and water
systems poses long-term threats to ecosystem integrity, while the development of pesticide
resistance among target species diminishes the long-term effectiveness of chemical control
strategies [9].

With the growing demand for sustainable agricultural practices, researchers have in-
creasingly focused on developing non-chemical pest deterrence methods within Integrated
Pest Management (IPM) frameworks [10,11]. Recent reviews describe IPM as an ecosystem-
based strategy that combines multiple techniques, while reserving chemical interventions
as a last resort [12]. Among emerging technologies, ultrasound-based deterrence systems
have attracted attention due to their potential to create acoustic environments aversive to
rodent pests without relying on toxic substances [13,14].

Research has demonstrated that different rodent species possess distinctly different
hearing frequency ranges [15,16]. Feral house mice hear between 2.3 kHz to 96 kHz with
peak sensitivity around 16 kHz, cotton rats between 1 kHz to 72 kHz, and kangaroo rats
between 50 Hz to 62 kHz [17]. Laboratory mice demonstrated significantly reduced hearing
sensitivity compared to wild and feral mice [15]. Small-headed rodent species rely more
heavily on high-frequency hearing for localization, revealing a trade-off between high-
frequency and low-frequency sensitivity [18]. These findings suggest that ultrasonic signals
in the 20-80 kHz range may be efficacious in producing aversive behavioral responses
in target rodent species, since these frequencies fall within the ranges where rodents
demonstrate substantial auditory sensitivity. Ultrasound can affect rodents but not humans
primarily because of species differences in hearing range and sensitivity. Human hearing
is typically limited to frequencies below about 20 kHz, and sensitivity at the upper end
generally decreases with age [19].
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Recent advances in unmanned aerial vehicle (UAV) technology have opened new possi-
bilities for precision agriculture, including targeted pest management applications [20-22].
Comprehensive reviews of UAV applications in agriculture have documented their use
across diverse operations including crop health monitoring, pest and disease management,
precision spraying, and field mapping [23,24]. The integration of ultrasonic emission sys-
tems onto mobile drone platforms presents a novel approach. That may address limitations
of stationary ultrasonic devices by providing dynamic acoustic coverage and reducing
habituation potential through varied exposure patterns [14,25].

A drone-based ultrasonic deterrence method is proposed in this paper for repelling
rodents from agricultural fields using a loudspeaker array carried by an unmanned aerial
vehicle flying above the crop area. The system is built around a compact spherical-cap
loudspeaker array comprising eight ultrasonic transducers that emit high-frequency sound
in the 20-70 kHz range, i.e., within the auditory sensitivity band of common rodent pests.
This research is a result of the RODENT (Rodent Obstruction through Drone-Enabled
Non-invasive Technology) project, developed within the ICAERUS Pull-2 Open Call, which
addresses the broader challenge of integrating emerging drone technologies into sustainable
agriculture [26-28]. As an alternative to conventional chemical- or trap-based control
methods, the RODENT concept relies on a drone-mounted ultrasound deterrence system
designed to prevent rodents from entering target plots without the use of toxic substances
or mechanical killing devices; it does so by emitting high-frequency signals that create
an uncomfortable acoustic environment for mice and other small pests while the drone
overflies the field. The system aims to provide efficient coverage of large agricultural areas
with minimal labor input and negligible disturbance to the soil surface and crop structure.

This paper is structured into three major phases. The first phase encompasses the
design phase, during which individual system components are engineered and optimized.
This includes the design of the ultrasonic loudspeaker array and the design and fabrication
of the printed circuit board (PCB) hosting the power amplifiers and signal generator, as
well as the development of an algorithm for computing an optimal drone flight path that
maximizes rodent deterrence over the field. The second phase comprises the testing phase,
where the characteristics of the designed components are evaluated, including measure-
ments of the sound pressure level from the loudspeaker array in controlled conditions
and field testing of the drone flight along mathematically calculated flight paths. The final
phase represents the validation phase, which demonstrates system effectiveness through
diverse field measurements and development of machine learning algorithms for rodent
detection using thermal imaging [29,30]. The concluding section synthesizes the primary
contributions of this paper and discusses implications for future deployment of ultrasonic
drone-based rodent deterrence systems in agricultural environments.

2. Design Phase

The first phase of this paper involves the design of all components of the system
for non-invasive rodent repulsion in agricultural fields. The design of the loudspeaker
array and the analysis of the employed ultrasound transducers represent the initial step in
developing the overall system architecture. Following the analysis of the rodents” audible
frequency range, it is necessary to define and design the signal generator and power
amplifiers for the loudspeakers. All circuits must be integrated on a PCB that is sufficiently
compact and efficient for the proposed system. Since the ultrasound repulsion system is
intended to be carried by a drone, it is essential to design and implement a mechanical
structure that can efficiently accommodate all system components. Furthermore, special
attention has been devoted to defining the drone’s flight path above the field in order to
maximize the overall efficiency of the rodent repulsion system.
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2.1. Design of Loudspeaker Array

The concept of this study is based on a drone-mounted system that emits ultrasound
waves and operates at an altitude of 1 m above the ground, which represents the minimum
distance that ensures safe drone operation. The conceptual representation of this system
is shown in Figure 1a, which will be explained in more detail later in the text after the
introduction of the basic concepts. The idea of this work involves a drone-mounted
system that emits ultrasound and acts on rodents within the area beneath the platform.
As the drone overflies the field, the ultrasonic emission contributes to driving mice out
of the protected zone. To enable implementation of the complete system, the individual
subsystems that constitute it were analyzed.

Ultrasound
Loudspeaker
Array

Ultrasound
2| Loudspeaker
Array

Ultrasound
transducer

SPL on field

(b)

Figure 1. (a) Conceptual illustration of a rodent-repellent system using a drone carrying an ultrasound
loudspeaker array. (b) Arrangement of the loudspeakers on the spherical cap viewed toward
the xy-plane.

Due to strong frequency-dependent attenuation in air, ultrasonic waves decay rapidly
with distance, limiting the effective coverage of a single ultrasonic emitter [31]. In earlier
research, the properties of different ultrasonic speakers were evaluated across multiple
frequency bands [32] and affordable ultrasonic speakers were selected, with their specifica-
tions described in [33]. The attenuation of the sound pressure level of a single ultrasound
transducer with increasing distance at 50 kHz is shown in red in Figure 2. This attenu-
ation with increasing distance was measured under anechoic conditions using the same
ultrasound driver that is integrated into the loudspeaker array. At this frequency, the
level decreases by 19 dB with an increase of 80 cm distance, which represents a substan-
tial reduction and leads to an insufficient sound pressure level on the surface below the
transducer. For this reason, a loudspeaker array carried by the drone was introduced in
order to provide a wider coverage area beneath the drone with an adequate sound pressure
level. The attenuation of the sound pressure level of the designed loudspeaker array with
increasing distance at 50 kHz is shown in green in Figure 2. The same excitation signal and
the same power amplifiers are used when measuring the sound pressure level of a single
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ultrasound transducer and of the array, and the sound pressure level generated by the array
exceeds that of the single transducer by between 3 dB and 10 dB at all distances from the
center. At a distance of 1 m, the sound pressure level produced by the designed array is
20 dB lower than the level measured when the microphone is placed 20 cm away from the
transducer. At a distance of 1 m, the sound pressure level produced by the designed array
is 20 dB lower than the level measured when the microphone is placed 20 cm away from
the transducer, as can be seen in Figure 2.
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—&— One loudspeaker
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Figure 2. Attenuation of the sound pressure level of a single ultrasound loudspeaker and ultrasound
loudspeaker array with increasing distance.

The acoustic field beneath the prototype is required to be as uniform as possible,
without pronounced variations in sound pressure level over the surface below the array.
An example of the sound pressure level distribution produced by such a system is shown
in Figure 1a. Due to the presence of the propellers and landing gear, the space available
for integrating the array on the drone is limited, and the array must therefore be designed
to maintain a stable sound pressure level over a circular surface with a radius of 0.58 m,
with no significant level fluctuations. The radius of the circular surface was chosen so that
the distance from the center of the loudspeaker array to the ground is 1 m, and the line
connecting the array center and the circumference of the circle forms a 30° angle with the
vertical at a height of 1 m, so radius is equal to tan(30°).

The directivity patterns of a single ultrasound transducer measured at a distance of
50 cm for frequency bands of 20 kHz, 30 kHz, 40 kHz, 50 kHz, and 60 kHz are shown
in Figure 3. The directivity patterns indicate that, at these frequency ranges, the acoustic
energy is spread into multiple directions, whereas the goal is to concentrate it within a
well-defined region beneath the loudspeaker array. The sound energy dispersed in various
directions can be exploited through reflections from a reflective surface, thereby further
increasing the energy concentration in the region below the array. To enable more efficient
steering of the reflected energy into this region, the shape of the array, that is, its mechanical
structure, was designed as the inner surface of a spherical cap [34,35]. In this configuration,
the side lobes contribute to an increased sound pressure level due to reflections from the
structure of the spherical cap.

The surface upon which the mounted loudspeakers form the array is concave, rep-
resenting the inner part of a spherical cap. The dimensions of the cap are as follows: a
height of 10 cm and a base radius of 18 cm. The surface was designed to be 3D-printable,
with predefined slots for the integration of loudspeakers into the printed model. The
arrangement of the loudspeakers was defined to ensure an appropriate sound field beneath
the drone. The spherical cap is divided vertically into eight equal rings, excluding the
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bottom 1 cm and the top 1 cm zones, where loudspeaker placement is not possible due to
3D model constraints. One loudspeaker from the array is placed on each ring. The loud-
speakers are positioned along imaginary axes emerging from the center of the spherical
cap’s base, spaced 45° apart. The loudspeakers located on rings furthest from the center are
placed on opposite sides, as are those closest to the center, ensuring a uniform distribution
across the entire spherical surface. Figure 1b shows the arrangement of the loudspeakers
in the xy-plane as viewed from below the spherical cap, whereas Figure 1a presents the
arrangement of the loudspeakers in the xz-plane, providing a clearer illustration of the
vertical division of the spherical cap into eight rings. The design of the 3D loudspeaker
model and the details of the 3D printing process are presented in the following Section 2.4.
In this subsection, the exterior and interior of the designed prototype are shown.

180°

210°

240° 300"
270°

Figure 3. Directivity pattern of single ultrasound loudspeaker.

2.2. Design of the Signal Generation and Amplifiers

An essential part of the design phase involves the development of a signal generator
operating in the frequency range between 20 kHz and 70 kHz, as well as the provision
of power amplifiers for the loudspeakers. It is also necessary to supply power to all
components and to integrate the required electronics on a single PCB, powered froma 5V
battery supply. In this section, a brief description of the signal-generation circuit and the
amplifiers used in the prototype is provided. The complete circuit diagram of the designed
signal generator and preamplifier is shown in Figure 4, where all functional blocks and
their interconnections are illustrated.

For generating the signal, two NE555 timer ICs are used, one (oscillator A) configured
to generate a triangle wave and the other (oscillator B) to generate a square-wave signal
with a duty cycle of 50%, both with a variable frequency set by potentiometers RP1 and
RP2, respectively [36]. The frequency range for the square-wave signal is from 100 Hz
to 10 kHz, and for the triangle wave the range is from 20 kHz to 80 kHz. These signals
are used to generate the desired ultrasound excitation signal by using Q2 to modulate the
amplitude of the triangle wave (the carrier signal in this case) with the square-wave signal
(the modulating signal). R7 and C7 form a low-pass filter to clean up the triangle wave,
and Q1 is implemented as a simple buffer stage. R9, RP3 and C8 form a high-pass filter
that removes frequencies below 30 kHz, thereby attenuating components that lie within the
human audible range.
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Figure 4. Complete schematic of the printed circuit board with highlighted functional blocks: triangle
wave generator, square wave generator, modulator, output buffers, and power amplifiers.

For amplifying the signal, an integrated IC amplifier LM386N was chosen [37]. It
was selected due to its availability, suitable operating supply-voltage range, and sufficient
output power for the given application. For the given supply voltage, the output power
can reach up to 200 mW, which is enough to drive three ultrasound loudspeakers wired in
parallel. RP3 is used to control the input level to the amplifiers, with the amplifiers having
a fixed gain of A = 20. Four of these amplifiers were used so that up to 12 loudspeakers can
be driven, enabling a nearly uniform sound-pressure coverage over the targeted area.

As designed, the combined signal-generation and amplification circuitry provides flexi-
ble control of the excitation signal and sufficient drive capability to support the loudspeaker
array required by the proposed ultrasound repulsion system.

2.3. Path Planning Using a Genetic Algorithm for Field Coverage

In path planning, several constraints need to be considered in order to make the
flight feasible and safe. Such limitations may arise from the surrounding environment,
vehicle dynamics, mission specifications, and energy consumption. Genetic algorithms
(GA) emulate evolutionary mechanisms by applying principles of natural selection and
recombination between individuals. In this paper, the genetic algorithm is applied to a
specific problem scenario. A genetic algorithm is a stochastic global optimization method
that operates on a population of candidate solutions and iteratively improves them through
selection, recombination, and variation, with the goal of increasing solution fitness over
successive generations [38,39].

In this paper, the optimization algorithm is used to determine the optimal flight
trajectory of the drone carrying the loudspeaker array, so that the entire field area is covered
as efficiently as possible and the maximum possible number of rodents is repelled. The
problem is formulated on a rectangular grid measuring 10 x 10 m with a node spacing
of 1 m. The chromosome represents a discrete sequence of control commands, with each
gene corresponding to a movement direction. The trajectory is decoded iteratively while
enforcing boundary constraints and avoiding immediate backtracking and is closed by
returning to the starting position. Rodent movement dynamics are included for evaluation
of fitness for candidate trajectories. When the drone reaches an occupied grid node, the
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rodents move away from the direction of approach, modeling avoidance behavior created
by the combination of the drone presence and the emitted ultrasound. This simplified
model allows the genetic algorithm to account for dynamic changes in rodent distribution
while remaining feasible for offline optimization.

The objectives of the genetic algorithm are maximizing area coverage of the field,
maximizing rodent deterrence from the protected area, minimizing redundant move-
ments and limiting battery consumption. The resulting trajectories represent a trade-off
between effective deterrence and operational efficiency. The optimization is an offline
procedure and provides a baseline flight path which is adapted at the execution level
during real-world deployment.

The genetic algorithm was executed on a 10 x 10 m field. The modelled drone speed
was 0.7 m/s, and battery consumption was estimated based on average flight data. Sixteen
rodents were uniformly distributed across the field. The genetic algorithm parameters were
as follows:

e  Population size: 100,000;

e  Number of generations: 100;

e  Mutation probability: 30%;

e  Elitism: 10% of the population.

The stated fitness score is a relative indicator used to compare candidate trajectories
during the optimization process. It indicates how well a given flight path, or a candidate,
satisfies multiple objectives including maximizing field coverage, deterrence of rodents
from the protected area, minimization of redundant movements and requirements regard-
ing operational constraints. The actual value of fitness number is not a physical quantity,
and it has meaning only relative to the fitness values of other generated candidate tra-
jectories considered during the same optimization run. The fitness score is computed by
simulating the drone trajectory on a grid-based field representation and it is implemented
as a weighted aggregation of several normalized components, each reflecting a distinct
planning objective. Positive contributions are assigned to newly covered grid cells and
to successful rodent displacement events, while negative contributions are assigned to
repeated visits to already covered cells, inefficient motion patterns (such as unnecessary
turns), and excessive trajectory length relative to the field size. Deterrence-related terms
are deliberately emphasized in the aggregation, such that candidate trajectories failing to
expel rodents from the protected area receive a substantially lower overall fitness. Each
of the parameters used to create the fitness function has its own attributes weight, and
the adjustments of these weights influences which criteria will be the most important
in creating the optimal path, e.g., assigning a higher weight to the rodent-displacement
enforces trajectories that actively drive rodents out of the protected area even at the cost
of longer flight paths, whereas assigning a higher weight to path-length or redundancy
penalties makes the algorithm favor shorter paths at the cost of effective deterrence. This
formulation ensures that coverage efficiency alone is insufficient to achieve high fitness
without effective rodent deterrence. These contributions are accumulated over the full
trajectory to yield a single scalar fitness value used to rank candidate solutions. Larger
fitness values also mean a better global solution. After execution, the following results
were obtained:

e  Fitness score of the best individual: 4,210,934;
e  Battery consumption: 47.32%;

e Covered cells: 35,500;

e  Uncovered cells: 4500;

e  Repelled rodents: 16.
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Figure 5 illustrates the optimal drone flight path across the experimental field, showing
the drone trajectory (blue line), the drone’s starting position (red circle), mouse starting
positions (blue triangles), and mouse exit locations where they left the field (orange squares).
The optimization algorithm is scalable and can be applied to fields of different dimensions,
as well as adapted to a smaller number of waypoints at which the drone stops. Although
this trajectory represents a theoretical solution for the optimal drone path, its practical
applicability must be verified through testing under real field conditions. Therefore, the
obtained trajectory serves as a baseline solution for subsequent experimental validation
and further refinement of the path-planning strategy.

Best drone path with mouse start/end positions

= Drone path
4 @® Drone start
A Mouse start
3 ® Mouse end
A
2_
L, ' 3
1_
£ oA
> 2
-1 A
_2 4
-3 4
—4 4
= i
-5 T T

-5 -4 -3 =2 -1 0 1 2 3 4 5
X (m)

Figure 5. Optimal flight path for the drone.

2.4. Prototype Design and 3D Modelling

The prototype of the loudspeaker array was designed and modelled to be suitable for
3D printing and subsequent integration with the drone. Once the overall dimensions and
geometry of the spherical cap were defined, a model design was performed in SolidWorks
(Version 2025, Dassault Systemes, Waltham, MA, USA). The software model was divided
into several segments that could be manufactured using a 3D printer and easily assembled
into a compact unit. Adequate space was provided within the inner surface of the spherical
cap to accommodate eight ultrasound transducers in predefined positions, while the upper
part of the cap, above the transducer zone, was reserved for housing the PCB and a
purpose-selected external battery, chosen to satisfy mass and dimensional constraints.

The complete 3D model of the prototype was first created in a software environment,
where both the exterior and interior of the structure were defined, Figure 6a. The prototype
was then 3D-printed in multiple segments and assembled into a functional loudspeaker
array. The integrated PCB drives the eight ultrasound loudspeakers either by means of
an on-board signal generator or via an external signal generator connected to the board.
Two prototype versions were manufactured with different loudspeaker layouts and me-
chanical designs. The first model had a total mass of approximately 1900 g, which proved
excessive for the available drone platform and did not allow safe and stable flight. In the
second model, subsequently used in field experiments, the structural design was optimized
in order to reduce both mass and height. The total mass was reduced by about 700 g by
replacing the battery, decreasing the amount of printing material, and refining the body
geometry, while the assembly method and loudspeaker arrangement were also modified
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(a)

and improved. The exterior of the loudspeaker array structure is shown in Figure 6b where
it can be seen that the PCB and the battery are housed in a specially designed compartment.
The interior of the printed prototype with eight ultrasound loudspeakers is presented
in Figure 6c¢.

® ©

Figure 6. The 3D prototype. (a) Model in SolidWorks, (b) External view of the printed model with
the battery and PCB mounted on the top side of the loudspeaker array, (c) Interior of the loudspeaker
array with eight integrated ultrasound transducers.

In Figure S3 of the Supplementary Material, the printed prototype mounted on the
drone is shown, while Figure 54 presents the drone carrying the loudspeaker array.

3. Testing Phase

After the design and development of the complete system, it is necessary to perform
tests under controlled experimental conditions, during which the sound pressure level
generated by the loudspeaker array is measured. In addition, flight tests of the drone must
be conducted along predefined trajectories obtained from calculations and optimization
procedures. This phase is essential to verify the operation of the individual system compo-
nents and to enable the transition to the third phase, in which the performance of the entire
integrated system is evaluated.

3.1. Sound Pressure Level of the Loudspeaker Array

Experimental measurements of the sound field generated by the designed loudspeaker
array were carried out under anechoic conditions. The purpose of these measurements was
to determine the sound pressure level on a surface located 1 m away from the center of the
array and to analyze the uniformity of the spatial distribution of the sound field. During
the experiment in which the sound field level is measured, the same loudspeaker array is
used as in the field tests of the system. In this experiment, the goal is solely to measure
the sound pressure level generated by the designed loudspeaker array. The measurements
were performed in the anechoic chamber of the Palace of Science in Belgrade, where the
sound pressure level was recorded on a circular surface with a radius of 0.58 m positioned
beneath the array [40]. The points on this surface at which the microphone was placed
were distributed with an angular resolution of 1° in the xy-plane. The radius of the circular
measurement surface within the measurement area was varied such that the angle between
the center of the loudspeaker array and a point in the xy-plane ranged from 0° to 30° in
steps of 1°. Precise positioning of the measurement points was achieved using a rotating
ANT turntable [41]. The sound pressure level at each measurement position was recorded
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with a microphone connected to a dedicated, custom-designed preamplifier [42]. The
described experimental setup is shown in Figure 7.

Ultrasound
Loudspeaker
Array

ANT
turntable

Figure 7. Measurement setup for determining the SPL under anechoic conditions.

The signal reproduced during the experiment contains frequency components at
20 kHz, 30 kHz, 40 kHz, 50 kHz, and 60 kHz. These frequency components are extracted
using specially designed FIR filters whose amplitude responses are shown in Figure 8
together with the signal spectrum. The filters were designed using an optimal FIR filter
design procedure and have an order of 1511, the high filter order is required due to the
very narrow frequency bands being isolated [43].

For each frequency band, the sound pressure level is calculated at all measurement
positions, as well as the parameter |, which quantifies the uniformity of the spatial distribu-
tion of the sound field. The parameter | is defined as the standard deviation of the sound
pressure level over the measurement surface located beneath the loudspeaker array, and its
values for different frequency bands are given in Table 1 [44]. The maximum standard devi-
ation is observed at 50 kHz. However, the differences in standard deviation between the
individual frequency bands are small, indicating that the spatial distribution of the sound
pressure is approximately the same for all analyzed frequency ranges. Figure 9 shows
the measured sound field level at 30 kHz, where the sound pressure level varies between
55 dB and 75 dB. In the same figure, the positions of the loudspeakers forming the array;,
located above the measurement surface, are marked with red circles. In the Supplementary
Material, Figure S1la—e show the measured sound pressure levels at different frequencies
(20 kHz, 30 kHz, 40 kHz, 50 kHz, 60 kHz).

https://doi.org/10.3390/drones10020084


https://doi.org/10.3390/drones10020084

Drones 2026, 10, 84

12 of 25

Sound Pressure Levele [dB]

90

20

10

50

40

30 f

T

10

20 30 40 50
Frequency [kHZz]

T T T

— Signal Spectrum
Filter 20kHz
Filter 30kHz
— Filter 40kHz
Filter 50kHz
= Filter 60kHz

60 70 80

Figure 8. Spectrum of the test signal and amplitude characteristics of the filters.
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Table 1. Standard deviation of the sound pressure level at different frequency bands on the surface
beneath the loudspeaker array.
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Figure 9. Measured sound pressure level at 30 kHz and schematic view of the loudspeaker array (red
circles indicate the positions of the ultrasound transducers).

This experiment was conducted to validate the selected geometry and the spatial ar-

rangement of the loudspeakers within the array. In addition, the obtained SPL distribution
beneath the array was used as an input to the drone trajectory-planning algorithm applied
during prototype flights, as the results indicate that the coverage within the analyzed
sector is approximately uniform (i.e., the SPL does not vary substantially with angle over
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0-30°). Finally, these measurements provide a baseline for further optimization of the array
geometry, enabling an assessment of how the SPL distribution would extend over a larger
ground area beneath the drone (e.g., for larger lateral offsets and wider angular sectors).

3.2. Field Testing of Predefined Drone Flight Paths

A discrepancy was identified when the designed system was employed in actual
outdoor fields regarding simulated flight time using UAVs. Although grid-based path-
planning simulations showed high coverage efficiency, in-field operation demonstrated
that stopping at too many closely spaced waypoints for covering leads to excessive battery
consumption. This impact was most significant under payload and presumably resulted
from the additional mass of the ultrasound system increasing the burden associated with
repeated acceleration and deceleration.

The experiments were performed by testing waypoint-based missions of different
levels of complexity. With the growth of waypoints, this led the drone to constantly slow
down, stabilize its position for a while and then speed back up to the next node. Figure 10
shows the drone carrying the loudspeaker array prototype, captured during flight path
testing [45]. Experimental results demonstrated that the battery consumption was more
influenced by the enforced stops than by the total shape-based distance of the path. At the
larger scales, longer missions and dense waypoint set often drained the remaining onboard
battery power before completion of coverage indicating that the density of waypoints is an
important parameter for application in UAV endurance.

Figure 10. Drone flight path testing.

To address this limitation, a trajectory simplification strategy that targets reducing the
number of stopping events without decreasing the size of the target area or overall coverage
need is proposed. Rather than reducing the spatial resolution of the grid or partitioning the
mission, we exploit the geometric nature of our path. Consecutive waypoints standing in
a straight line were collated to form one continuous motion. When three or more nodes
in sequence were collinear, only the start and end points of the segment were recorded
as explicit waypoints and intermediate nodes became treated as implicit on-the-route
positions. In this way, the UAV was able to keep moving all the time and only stop for a
while or hover at straight trajectory. This is quite interesting as this algorithm keeps the
spatial footprints of the planned path and leaves unchanged the coverage pattern defined
by the optimization processing. This change is in the execution layer only, and it helps to
make the velocity profiles smoother leading to lesser transient power peaks due to frequent
braking and re-accelerating.
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The simplification method developed is in line with what was seen in the GA path
optimization utilized in the simulation phase of the project. The GA in simulation also
preferred minimal redundant trajectories and prolonged movement segments with directed
motion (having the tendency to suppress excessive turning and local oscillations). As
such, optimal paths frequently involved taking the long route across the field. In practice,
while solutions found by the genetic algorithm were smooth and with guiding polygons
covering obstacle edges in regions of local minima, when discretized along waypoint paths
for motion execution on a real robot (with robots stopping at each grid node), part of their
inherent smoothness was lost. Field execution with collinearity-based waypoint reduction
was able to repair the structural properties of GA-optimized paths during field operation
and therefore enabled behavior closer to the simulation assumptions.

It shows that the proposed simplified trajectories yielded similar area coverage com-
pared to fully discretized paths and significantly longer flight endurance, as evidenced
through field tests. While absolute energy savings are dependent on atmospheric condi-
tions and payload mass, the general performance trends that we observe match well with
what would be expected from a GA-optimized mission plan to maximize coverage over
energy. The analysis highlights an important difference between the representation of a
path used for optimization and that followed on any physical UAV system. Although the
compact representations are appropriate to optimize distributions off-line and calculate
coverage, their direct application is not efficient in practice due to vehicle dynamics and
energy limitations.

The on-line planning and real deployment can be effectively bridged by execution-
aware trajectory simplification. In the case of UAVs with limited endurances to meet energy
budgets, lowering the enforced number of stop point may generate more significant gains
in endurance than the reduction of vehicle granularity or target area. These results indicate
that in a path-planning system for the future, especially involving an offline optimization
method such as a genetic algorithm-based framework of UAVs, there exists the need
to add post processing or execution level adaptations regarding dynamic aspects of the
UAV. Hybrid representations that combine discrete planning with continuous trajectory
execution can as well enhance the transferability from simulation to field. In addition,
future extension of the framework could include more detailed rodent behavior models
where exposure duration, or repeated encounters may become meaningful metrics.

4. Validation Phase

This phase comprises the testing of the complete system for non-invasive rodent
repulsion in agricultural fields. The first part of the validation procedure involves recording
the audio signal emitted by the loudspeaker array while it is suspended from the drone.
This part of the experiment is challenging, since precise drone maneuvering is required
to position the drone with the array at a distance of 1 m from the microphone. It is also
necessary to analyze how the drone noise affects the synthesized ultrasound signal. The
second part of this phase involves the development of a method to confirm that the rodents
have been successfully repelled. For this purpose, a thermal camera is used to monitor the
area of the field where the validation is carried out and to detect the presence of rodents.
A field experiment involving rodents was conducted to demonstrate the proof-of-concept
of the proposed system, which represents the final step of this phase. A comprehensive
experimental evaluation campaign is planned as part of future work, while the results
presented in this study demonstrate that the individual system components perform as
intended and provide a solid foundation for full-system validation.
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4.1. Field Testing of Loudspeaker Array

At lower frequencies, the dominant contributions to the soundscape are expected to
be ambient environmental noise, traffic noise, and the drone itself. The aim of this mea-
surement is to verify whether the signal produced by the loudspeaker array is sufficiently
separated from these other sound sources, i.e., whether there are any relevant background
signals in the ultrasonic band above 20 kHz in the field environment that could interfere
with the signal emitted by the ultrasonic transmitters.

A microphone was placed on a stand in the agricultural field at a height of 20 cm above
the ground, with the aim of recording the audio signal designed to repel rodents under real
conditions in the presence of drone noise. In Figure S2 of the Supplementary Material, the
setup used for field recording of this signal is shown. The signal was emitted by an internal
generator integrated on the PCB. Figure 11 shows the spectrum of the signal recorded
during the testing of the loudspeaker array. The recording was performed by flying the
drone carrying the array directly over the microphone in order to analyze the combined
signal arising from both the drone noise and the signal emitted by the array. The spectrum
clearly indicates that the drone noise is concentrated within the human audible range, up
to about 20 kHz, whereas the components generated by the proposed ultrasonic array lie at
higher frequencies between 20 kHz and 60 kHz and are therefore independent of, and not
masked by, the drone noise [46]. These two audio signals originate from different sound
sources and are mutually independent, meaning that the noise produced by the propellers
and the drone does not adversely affect the ultrasound frequency range under analysis.
The acoustic output in the target ultrasonic range can be evaluated independently from
the UAV’s audible noise. Consequently, future studies may explore alternative deterrence
signals and modulation patterns while maintaining confidence that ambient/UAV audible
noise will not materially affect the ultrasonic components under analysis.
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Figure 11. Spectrum of the recorded field signal consisting of drone noise and ultrasound emitted by
the loudspeaker array.
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4.2. Field Testing of Whole System

Field testing of the complete system was carried out in the Deliblato Sands area, at
the “Sumski mir” estate, where an enclosed area containing rodents was prepared, and
the experiment was conducted in two phases [47]. The first phase involved emitting
ultrasound by means of the loudspeaker array positioned above the area containing the
rodents, whereas the second phase consisted of drone overflights above the enclosed
area while carrying the array. In this way, the behavior of the rodents was analyzed in
the presence of an ultrasound field. Two rodent species participated in the experiment
field, mice and rats. The aim was to observe how different species responded to identical
ultrasound stimuli.

Figure 12a shows the setup of the first part of the experiment, in which the loudspeaker
array was suspended above the enclosed area containing the rats. During this phase, the
rats moved freely within the enclosure, and upon entering the region directly beneath the
array they started to run and move away from the area with a high ultrasound sound
pressure level. The reactions of the field mice were noticeably weaker; they exhibited
considerably less avoidance of the region under the ultrasound source. This behavior
suggests that different rodent species are sensitive to different frequency ranges, and
that they may also differ in how strongly they perceive ultrasound stimuli as a potential
threat [15]. A more detailed analysis of inter-species differences in behavioral response and
perception of ultrasound as a danger will be the subject of future work.

@ o (b)

Figure 12. Field testing of the system: (a) rodent reactions to ultrasound exposure, (b) rodent reactions

when the complete drone-mounted system is used.

The second phase of the experiment focused on analyzing rodent reactions when the
drone carried the ultrasound array and repeatedly flew over the enclosed area. This part of
the setup is illustrated in Figure 12b. Observations indicate that the rodents perceive such a
dynamic system as threatening and tend to move out of the zone beneath the drone. The
experiment was intentionally conducted over a relatively small area in order to perform
initial analyses of rodent behavior in response to the proposed system.

For more comprehensive validation and for subsequent analysis in scenarios where the
drone overflies an entire field, a methodology was developed for assessing the effectiveness
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of the proposed approach and for analyzing rodent movement using a thermal camera
combined with rodent detection algorithms.

4.3. Rodent Detection Using Thermal Images and Computer Vision

Accurate and timely rodent detection is essential for establishing a reliable feedback
framework in non-invasive rodent deterrence and pest monitoring systems. Real-time
image-based detection systems (i.e., camera traps) provide an effective way of remotely
and automatically monitoring target areas for animal activity [29].

In the current stage of development, mouse detection is used only to verify rodent
positions and to track their movement. The thermal camera-based detection system and
the drone carrying the loudspeaker array do not operate simultaneously in this phase. In
future research and system development, the proposed methods will be integrated so that
rodent detection and the ultrasonic deterrence system can run simultaneously.

We developed an automated real-time camera-trap system for detecting rodents and
moving bodies using thermal imaging methods. The system integrates two complementary
pipelines: a finetuned DL-based rodent detector built on the You Only Look Once (YOLO)
framework [48], and a classical digital image processing module based on the OpenCV
library [49]. An overview of the infrared detection system is shown in Figure 13.
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Figure 13. Overview of the infrared rodent detection system. A commercially available thermal
camera captures 14-bit frames at 60 Hz, which are streamed to the Python 3.13 application. The
detection system consists of a finetuned YOLO-based detection module (left), and a classical image
processing module using OpenCV (right).

4.3.1. YOLO Rodent Detection

We use a pre-trained YOLOv11n detection model checkpoint obtained from the Ultra-
lights public GitHub repository [50]. The selected model is the nano variant, containing
2.6 million parameters, which represents an appropriate model size for edge-based Al
inference on CPU-only hardware. The model is pre-trained for object detection on the
COCO dataset [51].

We found the pre-trained YOLO model on a publicly available, rodent-specific thermal
imaging dataset [52]. The dataset contains 3315 annotated thermal images, split into
2320 images for training, 663 for validation, and 332 images for testing. All annotated
bounding boxes belong to a single class (“Rodents”), while the remainder of the scene is
treated as background. We trained the model for 100 epochs using 640 x 640 pixel images
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with multi-scale augmentation, and a batch size of 16. We provide the trained model
weights (with and without multi-scale augmentation) at the official project repository on
GitHub [53].

The trained model was evaluated on the holdout test set, achieving an F1 score of
0.98 at a confidence threshold of 0.464, precision of 1.00 at a confidence threshold of 0.93,
and a mean average precision (mAP) of 0.991 at 0.5 IoU. When trained with multi-scale
augmentation, the model reached an F1 score of 0.98 at a lower confidence threshold
of 0.328, precision of 1.00 at a confidence threshold of 0.919, and a slightly improved
mAP of 0.992 at 0.5 IoU. Inference is performed on BGR-formatted thermal images, using
a confidence threshold of 0.8 for positive detections, and intersection-over-union (IoU)
threshold of 0.25 for non-maximum suppression (NMS). To accommodate variability in
scene composition, sensor perspectives and viewpoints, and expected object sizes within
the images, the system also supports optional multi-scale inference.

4.3.2. OpenCV Object Detection

To improve the robustness of the rodent detection platform, we developed a general-
purpose, intensity-based object and motion detection framework, which relies on classical
digital image processing. The OpenCV based detection operates directly on absolute
14-bit pixel values, without contrast stretching. The system consists of several plugins, as
illustrated in Figure 13: a rolling median background used for all downstream processing,
noise reduction, separate motion and hot-spot detection modules, and a final filtering and
object tracking module.

A rolling median background is computed over 25 buffered frames and used for
subsequent movement and hot-spot detection. To perform both motion and local static
hot-spot detection, a Gaussian blur is applied on the current frame for smoothing and
noise reduction. Motion detection is performed by subtracting the median background
frame from the current frame (after Gaussian smoothing with a 7-pixel square kernel), and
thresholding relative intensity changes above 2.5 °C. Hot-spot detection identifies local
high-intensity objects by subtracting a blurred version of the current frame (using a 5-pixel
square Gaussian smoothing kernel) from the current frame, followed by thresholding with
a 5 °C threshold. Moving object masks are obtained from the intersection of motion and
relative hot-spot masks, while static high-intensity objects are extracted by subtracting the
moving masks from all hot-spot masks.

The masks are refined using morphological operations (opening, closing, and dilation)
and filtered by absolute pixel area (between 125 and 1750 pixels). Bounding boxes are
filtered by suppressing smaller boxes fully contained within larger ones. Objects are tracked
by comparing bounding box overlaps between successive frames, using an IoU threshold
of 0.3. To reduce false positives, a detected object is reported after a persistence threshold of
10 successive frames and removed after 5 successive frames without a detection. Persistence
thresholds, IoU thresholds, and area and center tracking is also performed when relabeling
masks from moving to static and vice versa. When used alongside the YOLO detection
module, objects detected with the OpenCV module that are fully contained inside YOLO
bounding boxes are removed to reduce redundancy.

The rodent detection system was tested through the field experiment described in
Section 4.3. The resulting dataset, containing video recordings and per-frame detection
outputs, is publicly available at [54]. Two videos were created that simultaneously display
the thermal camera recording, in which rodents are detected, and the corresponding RGB
recording of the real scene. The first video, named open_cv.mp4, is generated using an
OpenCV-based approach, while the second, named yolo.mp4, uses a YOLO-based detection
approach [54]. These videos illustrate how rodents behave when the rodent-deterrent sys-
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tem approaches them. The detection system was used solely as an experimental validation
tool of the ultrasound deterrent platform and implemented as a proof of concept. Accord-
ingly, its performance was assessed only qualitatively, without any formal evaluation of
detection accuracy or other performance metrics.

In Table 2, quantitative measures are presented that describe our validation experiment.
The table shows the dependence of the number of mice located in the center of the enclosed
area at different time instants while the system is flying over the enclosed space. The
time labeled 0 s represents the initial moment when the mice were released, while the
remaining points of time show how they move. The counting of these mice is aligned with
YOLO-based detection, where only mice located in the central zone are counted. For all
videos in our dataset [54], the results are quite similar, and Table 2 shows the result for
the demonstration video provided in the [54], named yolo.mp4. Initially, 10 rodents were
present in the center of the enclosed area, while at the end, after 10 s, the mice are in the
corners of the enclosed space, indicating that the system successfully repelled all 10 rodents
within 10 s.

Nevertheless, inspection of the dataset indicates that both the OpenCV and the YOLO
detection modules exhibit roughly complementary strengths and limitations. The YOLO-
based module, mostly due to its high confidence threshold, is likely to produce fewer
false positives, but this comes at the cost of increased false negatives. This behavior is
observable in several frames within the dataset and in the example shown in Figure 13.
False negatives also appear particularly often in scenarios and areas where the absolute
temperature difference of the object of interest and the background is small, leading to
reduced contrast in the corresponding 8-bit BGR images compared to the training dataset
examples. In contrast, the OpenCV detection module achieves a substantial increase in
computational speed in comparison to the YOLO module, at the expense of pure detection
accuracy. As evident in multiple frames in the dataset, the OpenCV tool has a low detection
threshold, resulting in frequent detections of non-rodent objects.

Table 2. Number of mice that remained in the center of the enclosed area at a given time.

Time [s]

10 12 14

Num. of rodents

10

0 0 0

Taken together, these observations suggest that combining the complementary
strengths of both modules could lead to a rodent detection system that is both efficient and
accurate. However, rigorous quantitative evaluation and further optimization are necessary
to assess the system’s performance under real-world conditions.

One of the ideas for future research is to use the trajectories of mice recorded by the
thermal camera as input to the optimization process for computing drone paths, so that
the entire system can adapt its movement to actual rodent behavior. Developing a fully
integrated system will require, in addition to the already implemented rodent detection in
thermal images, further technical, mechanical, and software design work to define how all
components will operate together as a single, coordinated unit.

4.4. Limitations and Future Work

Table 3 positions the proposed concept against the most common rodent-control
options. Chemical rodenticides remain widely used due to their high efficacy, but they
come with well-recognized safety and environmental concerns as well as regulatory con-
straints [5]. Traps provide a non-chemical alternative, yet they can become operationally
demanding at scale: performance depends on deployment density and routine check-
ing/servicing, which directly increases running costs over large agricultural areas [55].
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Static ultrasonic devices are attractive because they are easy to deploy and generally safe,
but their outdoor performance is often uncertain, due to strong attenuation, occlusions,
spatial non-uniformity of the sound field, and potential habituation [13].

Against this backdrop, our approach is intended as a mobile, non-chemical option
that can bring the ultrasound source to the required locations and thereby improve spatial
coverage compared to static emitters. Importantly, the present paper focuses on validat-
ing key subsystems (the acoustic output of the designed array and controlled testing of
planned trajectories), whereas comprehensive field validation of the fully integrated system
(detection + UAV flight along optimized paths + ultrasound emission in real crop-field
conditions) is planned as the next step. We therefore position the proposed method as
a potential complementary element within IPM strategies, particularly where reducing
chemical inputs is a priority.

The present study has several limitations that should be stated explicitly. First, the
current operating parameters were demonstrated in a representative scenario with the UAV
flying at approximately 1 m above ground level, and the evaluated “effective” footprint
corresponds to the measurement surface used in this study. This does not yet cover all
agronomic contexts, including fields with taller crops (e.g., maize/corn, wheat, rice), where
both flight altitude and the resulting sound field at the ground level may need to be adapted.
This limitation in high crops could be addressed by using a larger drone capable of carrying
a heavier and physically larger loudspeaker array. Such an array could accommodate more
ultrasonic transducers and provide wider acoustic coverage while operating at higher flight
altitudes. Second, rodent habituation remains a plausible risk for any deterrence-based
method: repeated exposure to the same stimulus may reduce behavioral response over
time, particularly if the stimulus is predictable in frequency content and timing. Third,
environmental and weather-related factors (e.g., wind, temperature gradients, humidity,
rainfall) can affect both UAV operation and ultrasound propagation, leading to variability
in the sound field at the target area. Fourth, battery endurance and flight-time constraints
limit the achievable coverage per mission and may impose trade-offs between dwell time
above a given area and overall field coverage. Fifth, real-world deployment is subject to
operational constraints such as local UAV regulations, safety requirements, and practical
access to charging and maintenance. Finally, it is important to note that this paper reports
subsystem-level validation (acoustic characterization of the array and controlled testing
of planned trajectories). Comprehensive evaluation of the fully integrated system in real
crop-field conditions, including sustained deterrence and return dynamics, remains to
be completed.

Table 3. Qualitative comparison of the proposed UAV-enabled ultrasound approach with common
rodent-control options.

Approach

Safety and

. Effectiveness in Practice
Environmental Impact

Initial Cost/Running Cost

Chemical rodenticides

Traps (mechanical/electronic)
Static ultrasound repellers

Proposed UAV ultrasound
(this work)

Lower: non-target exposure
and secondary poisoning
concerns; regulatory
constraints
Medium-high (non-chemical;
welfare depends on
design/use)

Often high for population
reduction, but
context-dependent

Low-medium/medium
(consumables)

Low/medium-high (labor
and servicing)

Moderate locally; harder to
scale over large areas

Low/low High (non-chemical) Low-uncertain outdoors
Preliminary at this stage
Higher/medium (UAV + High (non-chemical, targeted (subsystems validated);

energy + maintenance) and time-limited exposure) improved coverage expected

when integrated
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Building on these limitations, our next steps focus on targeted, measurable improvements.

o  We will conduct longer-duration field trials to quantify behavioral response over time
and explicitly assess habituation effects under realistic agricultural conditions.

o  We will quantify deterrence effectiveness using longer-duration deployments and re-
peated revisits, explicitly assessing habituation and the likelihood of rodents returning
after exposure

o To mitigate habituation, we will investigate adaptive emission strategies, such as
frequency hopping within the operational band, temporally jittered schedules, and
stimulus patterns conditioned on detections (closed-loop deterrence rather than con-
tinuous emission).

e  We will extend the planning framework toward energy-aware and weather-aware
path optimization, incorporating wind and battery models to balance coverage, dwell
time, and safe return-to-home constraints.

e  We will validate end-to-end performance with integrated sensing and control, com-
bining thermal detection/tracking with real-time trajectory adjustment to concentrate
exposure where rodent activity is detected.

e  From a hardware perspective, we will evaluate improved transducer configurations
and packaging (e.g., higher electro-acoustic efficiency, more robust mounting, and
better shielding against environmental conditions) to increase reliability and reduce
power demand.

These steps will enable a more definitive assessment of effectiveness, safety, and
operational viability of the complete system in the intended use scenario.

5. Conclusions

This paper presented the development and testing of a drone-mounted ultrasound
system for non-invasive rodent deterrence in agricultural fields. The system integrates
a custom-designed loudspeaker array, a dedicated signal-generation and amplification
PCB, an optimized 3D-printed mounting structure, a GA-based path-planning module,
and a thermal-camera detection pipeline. Laboratory measurements in an anechoic room
confirmed that the array generates stable ultrasound in the 20-70 kHz band, achieving
sound pressure levels and spatial uniformity at 1 m below the system that closely match
simulation predictions.

During the design phase, three main components of the system were developed.
A loudspeaker array was designed along with an analysis of the employed ultrasound
transducers. Due to the significant attenuation and high directivity of ultrasound, it was
decided to use an array in the shape of a spherical cap consisting of eight transducers.
Additionally, a PCB was designed, developed, and manufactured, integrating power
amplifiers for the loudspeakers and a custom signal generator. To achieve the most efficient
rodent repulsion from crops using this drone-carried system, a genetic algorithm was
employed to determine optimal flight paths over the field.

The testing phase evaluated the key system components. Measurements under ane-
choic conditions assessed sound pressure coverage beneath the drone across different
frequency bands. These tests showed a standard deviation of less than 6 dB across mea-
surement points on the surface below the drone, which was considered satisfactory for our
experiment. Drone flight tests along predefined trajectories were also conducted under
real field conditions, revealing that while the computed paths were effective, additional
optimizations are needed for better battery efficiency and resilience to external factors.

In the final phase, experiments with live rodents tested the system'’s effectiveness
for crop protection. The first part involved playing signals from the prototype array and
observing rodent behavior, while the second part analyzed reactions when the drone carried
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the array and flew over the enclosed area containing the rodents. However, visual analysis
of rodent behavior proved insufficient, so a validation method using thermal imaging was
developed during this phase. Two rodent detection models were created, which will enable
more comprehensive analysis of rodent responses to our system in future work.

This paper presents the initial concept and first steps toward realizing a complete sys-
tem for non-invasive rodent deterrence in agricultural fields. Future research will involve
more detailed analysis of different rodent species behavior under prolonged ultrasound
exposure. As our initial tests showed, various species react differently to both the drone
and our designed system, underscoring the need for species-specific studies. Laboratory
experiments exposing rodents to different signal types and developing variable signals will
provide clearer insights into their responses. The next step involves full-field testing where
the drone follows optimized trajectories while thermal cameras monitor the entire plot to
detect and track rodents. For this stage, higher-quality thermal cameras will be required to
achieve sufficient resolution for comprehensive field analysis.

The experimental results validate the core technical feasibility of the approach and
demonstrate its potential as a sustainable alternative to chemical pest control. Traditional
chemical pest control poses environmental risks and diminishes effectiveness over time,
while our system offers a sustainable alternative that creates acoustic barriers without
ecosystem harm. Preliminary field observations suggest scalability for larger agricultural
operations, particularly when integrated with automated path planning and real-time
rodent tracking. In future, farmers could adopt this as a complementary tool in integrated
pest management, potentially reducing rodenticide use and crop losses by 20% or more in
test plots, while supporting biodiversity through chemical-free deterrence. These findings
provide a foundation for practical deployment and further refinement toward commercial
viability in precision agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/drones10020084/s1, Figure S1. Sound pressure level over a
circular surface with a radius of 0.58 m located 1 m below the loudspeaker array; Figure S2. Recording
of the sound produced by the drone and the ultrasonic loudspeaker array; Figure S3. Prototype of
ultrasonic loudspeaker array mounted on the drone; Figure S4. Flight of the drone while carrying the
loudspeaker array:.

Author Contributions: Conceptualization, M.B. and T.M.; methodology, M.M. and T.M.; software,
M.R.,, M.M. and VK;; validation, M.K., M.R. and V.K,; formal analysis, M.R.; investigation, M.R., M.M.
and T.M; resources, V.K. and M.K,; data curation, M.M.; writing—original draft preparation, M.R.,
VK., M-M. and M.K; writing—review and editing, M.R.; visualization, M.R. and M.M.; supervision,
M.B.; project administration, V.K.; funding acquisition, M.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by EU’s HORIZON-CL6-2021-GOVERNANCE-01-2 under grant
101060643 ICAERUS-Innovation and Capacity building in Agricultural Environmental and Rural
UAV Services, with the project RODENT (Rodent Obstruction through Drone-Enabled Non-invasive
Technology) through the 2nd Pull Open Call. This work was financially supported by the Ministry
of Science, Technological Development and Innovation of the Republic of Serbia, under contract
numbers 451-03-136/2025-03 /200103, 451-03-137 /2025-03 /200103.

Data Availability Statement: The dataset of thermal camera video recordings used in this study is
openly available at the following SharePoint link: https:/ /etfbgacrs-my.sharepoint.com/:f:/g/personal /
bjelic_etf_bg_ac_rs/IgBeXSrPGSDjIrBs_3PNdhKuAbWnXeenJjPO3T]x-BvP53M?e=YomGah (accessed
on 24 December 2025).

Acknowledgments: The research was partially conducted in the premises of the Palace of Science,
Miodrag Kosti¢ Endowment. We would like to thank our friend, Jovan Jeli¢i¢ from Sumski Mir, for

https://doi.org/10.3390/drones10020084


https://www.mdpi.com/article/10.3390/drones10020084/s1
https://www.mdpi.com/article/10.3390/drones10020084/s1
https://etfbgacrs-my.sharepoint.com/:f:/g/personal/bjelic_etf_bg_ac_rs/IgBeXSrPGSDjTrBs_3PNdhKuAbWnXeenJjPO3TJx-BvP53M?e=YomGah
https://etfbgacrs-my.sharepoint.com/:f:/g/personal/bjelic_etf_bg_ac_rs/IgBeXSrPGSDjTrBs_3PNdhKuAbWnXeenJjPO3TJx-BvP53M?e=YomGah
https://doi.org/10.3390/drones10020084

Drones 2026, 10, 84 23 of 25

their essential partnership and support throughout the project. The authors would especially like to
thank Pavle Majstorovi¢ for his assistance and helpful discussions regarding the creation of the 3D
prototype model.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

SPL Sound Pressure Level

UAV Unmanned Aerial Vehicle
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