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Abstract: Our study introduces a new approach, leveraging robotics technology and remote sensing
for multifaceted applications in forest and wildfire management. Presented in this paper is PULSAR,
an innovative UAV with reconfigurable capabilities, able of operating as a quadcopter, a co-axial
quadcopter, and a standalone octocopter. Tailored to diverse operational requirements, PULSAR
accommodates multiple payloads, showcasing its adaptability and versatility. This paper meticu-
lously details material selection and design methods, encompassing both initial and detailed design,
while the electronics design section seamlessly integrates essential avionic components. The 3D
drone layout design, accomplished using SOLIDWORKS, enhances understanding by showcasing all
three different configurations of PULSAR’s structure. Serving a dual purpose, this study highlights
UAV applications in forest and wildfire management, particularly in detailed forest mapping, edge
computing, and cartographic product generation, as well as detection and tracking of elements, illus-
trating how a UAV can be a valuable tool. Following the analysis of applications, this paper presents
the selection and integration of payloads onto the UAV. Simultaneously, each of the three distinct
UAV configurations is matched with a specific forest application, ensuring optimal performance and
efficiency. Lastly, computational validation of the UAV’s main components’ structural integrity is
achieved through finite element analysis (FEA), affirming the absence of issues regarding stress and
displacement. In conclusion, this research underscores the efficacy of PULSAR, marking a significant
leap forward in applying robotics technology for wildfire science.

Keywords: wildfire management; unmanned aerial system; reconfigurable design; remote sensing;
forest management; computational structural analysis

1. Introduction

Wild land fires pose significant challenges to both ecosystems and human safety,
necessitating innovative approaches for effective management and mitigation. Unmanned
aerial vehicles (UAVs), commonly known as drones, have emerged as invaluable tools in
addressing various aspects of wildfire and prescribed fire science. As highlighted in the
results published in the paper by Nathalie Guimaraes et al. [1], a range of payloads attached
to UAVs can be effectively utilized in forest fire and post-fire monitoring scenarios. The use
of UAVs in various contexts offers substantial benefits, including cost reduction, temporal
and spatial flexibility, high-precision data acquisition for tasks such as data collection
and mapping, rapid damage assessment, and the inherent advantage of avoiding human
risk [2]. For instance, LIDAR sensors can be utilized to map areas with higher biomass
fuel concentration and to capture small changes in micro topography [3], as well as for
characterizing and modelling power lines and for monitoring surrounding vegetation.
As reported by Hernandez-Lopez et al. in their study [4], high-voltage power lines can
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represent a hazard, causing or increasing the intensity of forest fires. The most recent studies
have tended to use LiDAR devices onboard, as they provide a higher density of points
and particularly good performance for digitizing power lines and calculating vegetation
heights and volumes to estimate fuel models. Additionally, RGB and thermal infrared
(TIR) cameras can assist in the monitoring of hotspots [5-7], the recognition of persons and
animals [8], or even enhancing the management of field teams [9]. Forest restoration and
recovery in post-fire scenarios is crucial for improving/studying recovery and measuring
fire severity, allowing quicker intervention [10,11]. In this context, TIR sensors as sensing
payloads have proven useful for real-time fire monitoring, while multispectral sensors have
demonstrated potential in post-fire forest rehabilitation [12].

In wildfire management, UAV architecture is tailored for rapid deployment, versa-
tility, and robust data acquisition. Fixed-wing UAVs excel in long endurance and broad
coverage, making them ideal for initial wildfire detection and continuous monitoring [13].
Multirotor UAVs offer maneuverability and precision, essential for navigating complex
terrains and assessing fire-affected areas in detail [14]. Integrating multi-UAV systems
enables cooperative surveillance, ensuring quality of service and efficient resource allo-
cation [14]. These UAVs are typically part of a larger network including ground stations
that manage communications, control, and critical data processing for timely and effective
wildfire response.

Recognizing the diverse applications of UAVs, there arises a need for a multipurpose
drone. Such a drone should be capable of hosting all these diverse payloads, regardless of
weight, and possess the adaptability to change its configuration and payload swiftly. The
ability to make rapid adjustments is crucial in circumstances where time is of the essence,
optimizing the drone’s efficiency and effectiveness in addressing the complex challenges
posed by wildfires and their aftermath.

To meet these multifaceted demands, the field of UAV development is rapidly ad-
vancing in its design approaches, with application of computer-aided techniques (CAXx)
leading the innovation charge. The integration of CAx techniques and innovative design
approaches plays a pivotal role. Qin, Z. et al. [15] demonstrated this through their con-
ceptualization of a multi-rotor UAV with variable paddle pitch, leveraging CAx tools for
optimization prior to prototyping. Skarka, W. et al. [16] furthered this notion by employing
generative modelling to automate design variations, enhancing efficiency and adaptability
in the design process. Complementing these studies, Lukaszewicz, A., Szafran, K., and
Jozwik, J. [17] underscored the significance of CAx systems in reducing development
times and fostering modern engineering education, particularly emphasizing the impact of
parametric and 3D hybrid modelling on UAV innovation. Collectively, these works mark
the transformative potential of CAx methodologies in the UAV industry, from conceptual
design to final production.

In response to the evolving demands across various domains, including those posed
by wildfires, ongoing efforts have increasingly shifted towards the study and development
of reconfigurable systems. The list encompasses field-programmable gate arrays [18],
reconfigurable machine tools [19], morphing-wing UAVs [20], and reconfigurable modular
space systems [21]. With the escalating global use of UAVs, the concept of reconfigurable
UAVs has caught the attention. Currently available on the market are various types of
multirotor UAVs that vary in configuration, mission type, dimensions, and materials
utilized. Nevertheless, a majority of UAVs in today’s market, characterized by a fixed
payload capacity range and a set number of rotor arms, are highly specialized for specific
task execution. As a result, the challenge of specialized tasks arises; numerous models
tailored for different purposes must be developed and mass-produced to create a diverse
range of UAVs. As a consequence of this, companies are actively investigating novel
concepts for offline reconfiguration of UAVs, aiming to enhance their adaptability and
performance in diverse operational scenarios.

One of the most explored ideas involves connecting multiple rotors to facilitate the
transportation of heavy loads, such as the drones produced by the Latvian firm Aerones. An
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interesting patent is referenced in [22], where the drone is composed of a central perforated
circular frame without arms, with motors and propellers positioned in various holes to
achieve various configurations. The proposed drone, however, is not modular and lacks
arms. Patent [23] introduces a circular plate connected to an external ring via three sticks,
allowing the positioning of rotors in a variable number but only in a predetermined order.
Another patent [24] proposes a drone with three arms, each equipped with two rotors.
This structure permits the inclination of the plane where the three arms are situated but
exhibits limited flexibility. A comparable design is presented in patent [25], featuring a
quadrotor structure that can be positioned at different angles. However, this structure
also exhibits restricted flexibility. All the aforementioned technical solutions lack modular
capabilities, and, in particular, they do not enable flexible use of the drone. More specifically,
the described technical solutions share the major drawback of not allowing configurations
beyond those initially provided.

Aside from the previously mentioned patents, significant advancements in drone
technology involve the capability to change arms. Yuying Qian et al. [26], proposed
a drone design concept capable of switching between a quadcopter and a hexacopter.
While that design allows users to transform the UAV without adjusting the positions
of the four rotor arms, it is restricted to configurations with only four or six motors.
Additionally, the UAV’s payload capacity is limited to 600 g, limiting its potential mission
capabilities. To achieve adaptability, the UAV incorporates two distinct flight controllers for
each configuration, resulting in the absence of automation during the transition between
configurations. Another noteworthy approach is the drone proposed by S. Brischetto et al.
(2016) [27,28]. This modular drone features a universal platform that supports 12 different
configurations. However, changing the UAV’s configuration requires disassembling all
the parts, and the user must then reassemble them. This poses a prohibitive factor in
cases where time is precious, such as in firefighting or fire prevention scenarios, where
quick changes in both the drone’s configuration and payload may be necessary for various
missions. Another limiting factor is the maximum take-off weight (MTOW), including the
UAV’s construction, which is set at 2 kg. This limitation implies that the UAV may struggle
to accommodate the variable payloads essential for missions in wildfires and prescribed
fire sciences. In contrast to the previously mentioned drone, the UAV outlined in the paper
by D. Kotarski et al. [29] exhibits the capacity to transport payloads ranging from 5 to
50 kg, underscoring its adaptability to diverse mission requirements. Despite the UAV’s
suggested reconfigurability into three distinct configurations—quadcopter, hexacopter, and
octocopter—the authors provide no details on the procedural aspects involved in altering
its configuration or the associated ease and time commitments. Moreover, it remains
undisclosed whether the uploading of the correct firmware for each configuration into
the flight controller is performed automatically or not, representing a potentially time-
consuming task demanding technical proficiency. Further contributing to this field, Moral,
K. et al. [30] designed a modular multi-drone system with vertical assembly capability.
The proposed design offers increased payload capacity due to modular stacking ability
and operational flexibility, with the drone capable of functioning both individually and
collectively. While the novel control method is beneficial, controlling a vertically assembled
structure presents more complexity than a single UAV. Additionally, potential mechanical
failures in the docking mechanism and regulatory challenges in densely populated areas
also pose concerns. The Drone Reconfigurable Architecture (DRA) by da Silva Ferreira, M. A.
et al. [31] offers enhanced versatility and customization for a variety of UAV applications,
allowing end users to attach multiple modules for the desired configuration and thrust
weight. However, the authors do not specify the maximum payload weight achievable
nor detail the payload attachment procedures. Moreover, the absence of landing gear
compromises the drone’s ability to take off from varied terrains, which is essential for a
multipurpose UAV. To conclude, these solutions do not have total modularity for all their
elements (i.e., structural, avionic, and electrical parts) and they require some basic electronic
and mechanical knowledge from the end users to be able to properly assemble the available
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(a)

elements. Moreover, none of the prior technical solutions solve the problem of providing
a multifunction and multipurpose drone able to carry a generic payload that can vary in
weight while also being deployable with simple and easy plug-and-play procedures.

The concept presented in this paper goes beyond previous works on modular architec-
tures. This paper adopts an offline modular strategy to introduce a “never-seen-before” re-
configurable architecture designed for multirotor drones. This innovative approach allows
rapid assembly and configuration adjustments tailored to specific mission requirements,
ensuring that the UAV is mission-ready in a short timeframe. Moreover, this architecture
allows for the replacement or upgrade of individual parts of the UAV. In addition to offering
various configurations, the innovation presented also extends to UAV control. The drone’s
specific configuration is identified automatically, and the UAV controller adapts accordingly.
Delivery of the appropriate firmware to the controller is executed automatically through
custom and pre-configured options and auto-install methods.

2. PULSAR Unmanned Aerial System (UAS) Overview

The UAV features a modular and reconfigurable design with options for quadcopter,
octocopter, and quadcopter co-axial configurations (Figure 1). With eight telescopic arms,
the UAV allows for manual and automated adjustments, offering flexibility for different
missions. Various configurations provide options for mission profiles, offering advantages
like improved battery life and smaller size for confined spaces. Special embedded sensors
detect configuration changes, ensuring automated adjustments to the flight controller
software, thus eliminating potential human error. The system supports user-selectable
propeller sizes, adjustable UAV dimensions, and a companion computer for advanced
Al algorithms.

(b) (c)

Figure 1. PULSAR UAV Conceptual design: (a) octocopter configuration. (b) quadcopter co-axial
configuration. (c) quadcopter configuration.

PULSAR Integrated System High-Level Architecture

The proposed implementation introduces a fully customized UAV designed to ac-
commodate a range of hardware components tailored for advanced smart algorithms,
incorporating sensors and cameras for comprehensive data acquisition. The UAV stands
out in on-board image processing through the application of artificial intelligence (AI)
techniques, particularly deep neural networks (DNNs) and convolutional neural networks
(CNNs). These neural networks enable sophisticated image and video processing capabil-
ities, facilitating tasks such as object detection, tracking, and monitoring. By leveraging
DNNs and CNNs, the UAV is capable of analysing captured imagery, allowing rapid
identification of objects of interest and enabling quick decision making. This advanced
on-board capability not only enhances the UAV’s performance in various applications but
also improves the overall operational efficiency. Furthermore, the geolocation is ensured
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through a global navigation satellite system (GNSS), providing precise spatial awareness.
Detailed information about GNSS can be found in Section 4.5.

The computational heavy lifting is efficiently handled by the on-board NVIDIA JET-
SON AGX Xavier supercomputer (NVIDIA, Santa Clara, CA, USA), known for its enhanced
Al performance within a compact form factor, making it ideal for mobile robotic appli-
cations. This feature makes it exceptionally well suited for mobile robotic applications,
ensuring powerful processing capabilities for real-time decision making and autonomous
navigation. The graphical processing unit (GPU) plays a pivotal role in processing the
output from the various sensors, enabling the UAV to derive valuable insights and make
informed real-time decisions.

The piloting module takes charge of the general controller, mission preparations,
stability monitoring, mission adaptation, and tool actuators, ensuring a comprehensive
approach to UAV control and mission execution. Simultaneously, the mission monitoring
module is responsible for system status, mission status, and reporting, including anomaly
reports. This dual-module approach enhances the UAV’s overall functionality, providing a
robust framework for both piloting and mission monitoring. Together, these components
create a high-level architecture of the UAV system capable of executing complex tasks with
precision and adaptability (Figure 2).

Control Room
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Thermal Camera S caTon Ss)gt'ir: ‘
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LIDAR L] i Mission |
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Figure 2. High-level architecture of PULSAR UAV.

3. Materials and Methods

The successful development of a reconfigurable UAV necessitates a diligent and well-
defined approach to selecting materials and implementing design methods that align
with the overarching goal of adaptability and versatility. This section refers to use-case
scenarios that can be executed by a multicopter drone and then describes the required
operational objectives of the UAV. It details the entire methodology used in the conceptual
and detailed design of the UAV, including the major material selection criteria and the
methodical techniques used in the manufacturing process. The integration of cutting-edge
technologies and thoughtful consideration of materials is fundamental to the drone’s ability
to dynamically adapt its form and function, and the following pages provide a thorough
exploration of the strategies and techniques employed to achieve this accomplishment.

3.1. Use Case Scenarios

In wildfire and prescribed fire sciences, a multipurpose UAV with the ability to
accommodate multiple payloads and provide various operational technical specifications
can be highly beneficial. Equipped with appropriate sensors, the drone can patrol vast
forest areas to detect hotspots indicating the start of a wildfire. With thermal imaging,
it can identify temperature anomalies imperceptible to the naked eye, enabling early
intervention. Additionally, UAVs can provide real-time data for mapping affected areas,
crucial for firefighters’ containment strategies and scientists’ understanding of fire behavior.
In prescribed fire sciences, drones monitor controlled burns, ensuring they stay within
designated boundaries and assessing their effectiveness in reducing fuel loads [32]. Drones
can also transport equipment or supplies to firefighters in remote areas, reducing risk and
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Max Payload W (in kg) =

expediting response times [33]. Through integrating drones into wildfire management
and prescribed fire sciences, responders and researchers can comprehensively understand
fire dynamics, enhance safety, and improve operational efficiency. Consequently, the UAV
design presented in this article is intended to serve a variety of tasks with different payloads,
including prospective missions such as small-scale fire extinguishing.

3.2. Operational Objectives
3.2.1. Durability Objectives

The PULSAR UAV is capable of taking off from and landing on various types of
terrain, including gravel, dirt, grass, and snow, thanks to its landing gear. It is anticipated
to withstand winds of up to 6 Beaufort scale (6 bft) speed and maintain its position. The
drone’s flight duration depends on the selected configuration and payload; however, it
typically offers an average flight time of 24-28 min.

3.2.2. Performance Objectives

The total take-off weight of the drone, inclusive of the attached payload, has been
calculated to be a maximum of 25 kg, in accordance with the A3 open category under
EASA drone regulations. The overall maximum thrust of the motors depends on the
selected configuration. However, irrespective of the category it is designed to operate
under, the UAV possesses the capability to function in other UAV categories due to its
ability to manage a larger payload weight while still maintaining the general rule that
the maximum thrust per motor must be at least twice the hovering thrust force. Ensuring
that this rule is being followed enhances safety by providing a power reserve for use in
adverse conditions or unexpected events such as strong winds or maneuvers. Additionally,
it improves efficiency by allowing the motors to operate within a more optimal range,
prolonging their lifespan and providing more flight time. The maximum payload weight
of each configuration is determined from Equation (1):

(No. of motors x Motor Total Thrust)
2

The rationale behind developing a UAV with this capability was to ensure scalability
for potential use as a firefighting solution in the near future, particularly in the octocopter
configuration. This configuration boasts a greater overall thrust than the other two configu-
rations, rendering it ideally suited for firefighting purposes, such as extinguishing fires at
an early stage or inspecting and extinguishing small remaining fires after a large wildfire
has been suppressed, especially in rough mountainous terrain that is difficult to access with
ground equipment. However, UAVs of this size possess no ability to fight large fires.

— UAV Weight (in kg) (1)

3.2.3. Design Objectives

The PULSAR UAV offers three distinct configurations for the benefit of end users,
each with different technical specifications. Since all mechanical parts of the drone are
permanently mounted, except for the motor and propeller, the drone has been designed
with the minimum possible dimensions to accommodate all necessary equipment. The
dimensions of the UAV have been calculated with consideration to the optimal gap dis-
tance between rotors, which suggests that the space between propellers should be around
18% of the propeller diameter [34]. By designing the dimensions of the UAV based on
this calculation, we aimed to optimize its performance while ensuring safe and reliable
operation during flight.

In addition, both the octocopter and quadcopter co-axial configurations offer redun-
dancy, enhancing the reliability and safety of each. This ensures continued safety even in
the event of a motor failure. Moreover, due to the large size of the UAV and to facilitate ease
of transportation, the UAV has the capability to fold its arms, making transportation easier.
However, depending on the requirements of each mission, its appearance can be adjusted
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to provide a larger drone with improved performance or a smaller drone for missions in
relatively confined spaces.

3.2.4. Technological Objectives

The prototype includes basic drone status control technologies, such as power level,
battery level, GPS, and WiFi antenna communication, as well as more advanced flight and
communication features. Specifically, during drone operation, it can manage and monitor
basic flight statuses (take-off, flight, landing) as well as execute predefined autonomous
flight scenarios. Additionally, a companion computer will be available for integration on
the UAV.

3.3. Estimation Design

The first crucial step in the development process of a UAV is the estimation design.
Focusing on key considerations such as electronic equipment, structural design, material
selection, and assessing overall geometry and dimensions, this initial estimation stage lays
the foundation for subsequent design decisions.

1.  Defining all the necessary electronic equipment to be installed on the drone is a crucial
step in the design process. This includes the flight controller, power distribution sys-
tem, global positioning system (GPS) antenna, wireless telemetry system, companion
computer, and cameras. While some specifications may not be fully determined at
this stage, estimates can be used to ensure that the design accommodates the intended
electronic equipment.

2. The choice of materials for constructing the frame, arms, and landing gear is a critical
aspect of the structural design of flying systems. The primary objective is to minimize
the overall weight to reduce power demands for flight, extend flight duration, and
enhance performance, all while ensuring sufficient structural stiffness to meet design
requirements. One of the key factors contributing to this is the selection of suitable
structural materials. In the case of this UAV, the main material chosen for construction
was carbon fiber-epoxy composite. This material is characterized by its low density,
approximately 1.6 kg of mass per litre volume, and it offers excellent mechanical prop-
erties, especially in stress, bending, and compression. It is available in various forms,
including sheets of different thicknesses and tubes of varying diameters, making it
versatile for various components of the UAV [35]. For structural components that may
be too intricate to construct using carbon fiber elements, 3D printing with suitable
materials, such as Nylon 12 powder, was employed. Additionally, stainless-steel
bolted connections have been used where necessary for added strength and durability.
In certain cases, commercially available aluminium components, like tube clamps
and spacers, have been integrated into the design to meet specific requirements. This
combination of materials ensures a well-balanced approach to achieving structural
integrity and minimizing weight in the UAV’s construction.

3. Based on the considerations outlined above, a preliminary layout was sketched
to determine the overall geometry, dimensions, and the estimated total weight of
the drone. This initial layout is an essential step in visualizing the UAV’s physical
configuration and understanding how its various components come together to
achieve the desired design objectives.

4. With the parameters defined, including the overall geometry, dimensions, and esti-
mated total weight of the drone, the number of rotors for the multicopter and the
selection of motor and propeller sizes, electronic speed controllers (ESCs), and the size
of the battery and power management system can be determined. These selections are
crucial in ensuring that the drone’s propulsion and power systems are well matched
to its physical characteristics and mission requirements.

5. The equipment defined in step 4 can impact the earlier weight, size, and layout
estimations made in step 3. Therefore, it is common to iterate between steps 3 and 4
until the final data output of step 4 converges with the results obtained in step 3.
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3.4. Detail Design

Following the estimation process outlined above, the next stage involved detailed
design. In this phase, all the equipment was precisely determined. Correctly dimensioned
3D models of the components, complete with their mass properties, were imported into the
CAD software (SOLIDWORKS 2023). The position of each component on the drone was
carefully determined, with a focus on satisfying the following requirements:

e  Ensuring that every component is properly installed on the frame in a manner that
does not obstruct its own function or the function of adjacent components. This
entails careful placement to prevent interference or conflicts that could affect the
drone’s performance;

e  Ensuring that components requiring frequent inspection and/or manual operation are
easily accessible;

e  Minimizing the distances between equipment that will be connected with cables.
Reducing cable length helps to maintain a tidy and organized layout, minimizing the
risk of interference and signal degradation;

e Ensuring that the total centre of gravity is kept close to the geometric centre of the
drone. Maintaining a balanced centre of gravity is essential for stable flight and control.

4. Electronics Design
4.1. Motors [P80 III Pin KV100]

Embarking into the realm of UAVs demands an in-depth analysis of components to
ensure optimal performance, and among the critical considerations is the choice between
brushless and brushed motors. The advantages of brushless motors, ranging from a
remarkable power-to-weight ratio to high-speed capabilities, electronic precision, and low
maintenance requirements [36], make them particularly well suited for this application.
In the complex process of motor selection, factors such as thrust, efficiency, and propeller
size play pivotal roles, setting the stage for an informed decision. In many cases, tables of
experimental results (Table 1) facilitated the selection of a brushless motor. Each row of the
table indicates various elements, such as the current and the efficiency, which correspond to
the thrust force. For example, when the exerted force is 4114 g for the T-MOTOR G30*10.5CF
propeller (T-Motor, Nanchang, China), the amperage draw is 7.99 A, while the efficiency is
10.77 G/W.

Table 1. Data sheet for P80 III KV100 motor with the respective selected propellers. Data from [37].

Throttle (%) Thrust (g) Current (A) Power (W) Efficiency (g/W)
T-Motor G30*10.5 CF
40 2850 4.97 238 11.96
50 4114 7.99 382 10.77
60 5886 13.11 626 9.41
70 7886 20.15 960 8.22
80 9835 27.67 1314 7.51
90 11,868 36.61 1733 6.86
100 14,011 46.99 2215 6.33
T-Motor G32*11CF
40 3569 6.23 298 11.97
50 4992 9.89 473 10.56
60 7188 16.52 788 9.13
70 9372 24.31 1156 8.11
80 11,734 34.44 1631 7.21
90 13,995 45.62 2152 6.52
100 16,344 58.51 2748 5.95

Before proceeding to the motor selection process, it is essential to conduct an initial
calculation of the total weight of the UAV, including peripheral equipment. This step is
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crucial for computing the necessary thrust that each actuator must provide during hovering.
As mentioned in the preceding section, PULSAR has three distinct configurations, each
with different technical specifications. For this prototype, the maximum take-off weight
(MTOW) of the drone was capped at 25 kg, accounting for all peripheral equipment, to
adhere to the A3 open category regulations outlined by EASA for drones.

To select the most appropriate motor, all three configurations were considered, en-
suring that the take-off weight remained at 25 kg. Each motor must provide a maximum
thrust of at least twice the hovering thrust force per motor to ensure the UAV’s capability
for take-off and altitude increase. Additionally, efficiency is crucial, with higher efficiency
values indicating greater thrust per Watt, thereby minimizing power consumption. Consid-
ering the rapid evolution of technology, the selection process also prioritizes flexibility for
end-users. This includes the ability to attach different and weightier payloads in the near
future while maintaining the requirement for each motor’s maximum thrust to be at least
twice the hovering thrust.

In the context of PULSAR prototype, the T-MOTOR P80 III PIN KV100 stood out as the
chosen brushless motor, leveraging the robust capabilities of the P-Series motors originally
designed for agricultural applications. These motors offer a blend of powerful thrust and
high performance, backed by features like dustproofing, waterproofing, anti-corrosion
properties, and resistance to high temperatures.

As we delve into propeller choices, the drone further demonstrated its adaptability
through accommodating various propellers tailored to different configurations, allowing
users to achieve diverse technical specifications. The selection required careful considera-
tion of various factors including lift requirements, weight considerations, space constraints,
and control demands. Through examining the potential advantages of using different
propeller sizes for each configuration, we tailored our choices to best suit the specific needs
of each drone design, ensuring optimal performance and functionality. In the propeller
propulsion systems, the numerical notation adjacent to a propeller’s designation denotes
crucial specifications related to its dimensions and performance characteristics. Comprising
two sets of digits, these numbers represent the diameter and pitch of the propeller blades.
The first set signifies the diameter of the propeller in inches, while the subsequent set, often
following a letter code or “x’, indicates the pitch, also measured in inches.

Critically evaluating these factors, it was found that the octocopter configuration
benefited from smaller T-MOTOR G30*10.5CF propellers, optimizing agility and manoeu-
vrability and at the same time maintaining a reduced footprint without compromising lift
capacity. Conversely, the quadcopter configuration excelled with the T-MOTOR G32*11CF
propellers, maximizing lift for heavy payloads and enhancing the ability to withstand
wind forces. Similarly, the quadcopter co-axial configuration also benefited from the larger
propellers, leveraging their enhanced control and efficiency to navigate in turbulent condi-
tions, which is particularly advantageous for applications requiring smooth aerial footage.
This strategic combination enhances overall efficiency and adaptability while also aligning
seamlessly with the UAV’s objectives. The technical specifications of the motors, along
with the relevant propellers, can be found in Table 1.

4.2. Electronic Speed Controller (ESC) [Flame 80A 125 V2.0]

Most drones utilizing PX4 open-source flight control software employ brushless motors
controlled via the flight controller through electronic speed controllers (ESCs). An ESC
is a module that converts a signal from the flight controller into the appropriate power
level for the motor, allowing for modulation of its angular velocity. PX4 supports various
types of ESCs, including PWM-based ESCs as well as those utilizing the OneShot or the
DShot protocols.

In this project, we have chosen the T-MOTOR FLAME 80A 125 to serve as the interface
between the motors and the flight controller. When selecting ESCs for this application, their
compatibility with the chosen motors was taken into account, as well as their maximum
current output to ensure it met the motor’s requirements.
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4.3. Flight Controller [Pixhawk 5X]

The selection of the flight controller was based on the physical constraints of the vehicle,
as well as the activities that need to be performed. There are many autopilot hardware
boards that can be used to run the PX4 flight stack, such as Qualcomm Snapdragon Flight,
Raspberry Pi 2/3 Navio2, and BeagleBone Blue. In addition to these solutions, there is the
Pixhawk, which constitutes an independent open-hardware project that aims to provide
the standard for readily available, high-quality, low-cost autopilot hardware designs; most
importantly, it supports PX4. The Pixhawk Series is a prevalent set of flight controller
boards that is preferred by the academic, hobby, and developer communities and provides
various versions targeted towards many use cases and market segments.

For the development of this UAV, from among the different boards that are included in
the Pixhawk Series, the Pixhawk 5X, version 1.14, was used as a flight controller. Pixhawk
5Xis a top-tier flight controller with triple redundancy, advanced sensors, and pre-installed
PX4 Autopilot. Powered by an STMicroelectronics STM32F7 microcontroller, it offers ex-
ceptional flexibility and reliability for various autonomous vehicles, serving both academic
and commercial purposes. The FMUv5X open standard [38] includes high-performance
IMUs for improved stabilization and seamlessly switches to redundant sensors in case of
failure. Independent power control for each sensor set, noise reduction through vibration
isolation, and versatile connectivity via SPI5 and ethernet ensure precise readings and
enhanced overall flight performance. Compatible with PX4 Autopilot, the Pixhawk 5X is
ideal for corporate research, startups, academia, and commercial applications.

4.4. Air-Frame Selection and Validation Board/Circuit

The frame recognition board has been built around an ARM Cortex M0+ microcon-
troller (STM32G0) and features 20 red LEDs divided into four groups of 5 LEDs (A, B, C,
D), with each group representing the four pairs of arms, a green status LED, three blue
LED:s for airframe indication, a preset selection button, and a link LED (Figure 3). Users can
select a frame by pressing the button, cycling through presets: 1 for QUAD (quadcopter), 2
for OCTO (octocopter), and 3 for QUAD-COAXIAL (co-axial quadcopter).

After selecting a frame, the board indicates (using red LEDs) all the required connection
positions for the chosen frame for 1 s. Then, it constantly checks for the actual connections
required, indicating (in red) all connections that need to be altered.

The red LEDs of each group correspond to the four motor positions and to the locking
pins of the joints. A red LED ON indicates that there is a faulty condition (a connection that
should be made is not present or a connection that should not be made is present), relative
to the selected air frame. For example, if frame 3 (QUAD-COAXIAL) is selected, the system
expects to see Motors 3 and 4 of each group connected. If any of these motors are not
connected to the corresponding ESC, its LED will be ON, indicating that the motor must be
connected. Also, if any of motors 1 and 2 in any group are connected, the corresponding
LED will also be ON, indicating that this motor needs to be removed.

Additionally, there are 12 locking pins, 3 in each pair of arms, that ensure that the
joints of the arms are immobilized. Each of the four LEDs marked with the letter P checks
the three locking pins. The system requires all three pins to be in place for the LED to
turn OFFE. These locking pins close a circuit through a limit switch attached to each joint of
the UAV.

If all connections are correct, all red LEDs turn OFF and the board communicates with
the flight controller. The board then loads the selected frameset to the flight controller and
restarts the flight controller system. The status LED flashes green. The board waits for the
flight controller to initialize with the new airframe, and the status LED becomes a steady
green. The system is then ready for flight.

In case of a power off-on cycle, the frame recognition board loads the last preset.
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Figure 3. Air-frame selection: (a) selection and validation board/circuit; (b) component identification;
(c) wiring diagram—Side A.

4.5. GNSS Module [Holybro H-RTK Unicore UM982 (Dual Antenna)]

The usage of UAVs in the current work necessitates high-precision geolocation to
ensure the reliability of any information related to objects detected through corresponding
algorithms and transmitted to end-users. The Holybro UM982 Dual Antenna RTK GPS
(Holybro, Hong Kong, China) meets this need by providing high-precision positioning
information, even in challenging environments where signal obstructions or multipath
interference may occur. Capable of generating non-magnetometer moving baseline yaw
determinations for autopilots with one single GPS module, the UM982 offers compass-less
YAW information, preventing magnetic interference and environmental sources from caus-
ing incorrect yaw reports. Additionally, it includes features such as a magnetometer, LED,
and safety switch button. As an RTK-corrected vehicle GPS, it serves as a base station GPS
for sending RTCM data to a ground control station, providing an RTK source for the vehicle
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via telemetry. Leveraging carrier phase measurements from multiple satellite constellations
including GPS (L1C/A/L2C(P)/L5), GLONASS (L1/L2), Galileo (E1/E5a/E5b), QZSS
(L1/L2/L5), and Beidou (B11/B21/B3I), the UM982 calculates precise position, velocity,
and orientation information in real time, delivering centimeter-level accuracy ideal for
applications such as aerial surveying, precision agriculture, and infrastructure inspection.

4.6. Remote Identification Device [Aerobits—idME PRO]

From 1 January 2024, all drones operating in specific categories, as well as those with
class marks operating in the open category, will be required to have an active and up-to-date
remote identification system [39]. This involves equipping drones with technologies that
enable authorities and members of the public to remotely identify drones both in the air
and on the ground, using a smartphone app. This may entail transmitting identification
information such as the drone’s serial number, operator registration number, remote pilot
position, or, if unavailable, the take-off point and the drone’s location. Such technology is
crucial for enabling the tracking and monitoring of drones, enhancing airspace security,
and facilitating the integration of drones into existing airspace systems.

For the PULSAR prototype, we have selected the iDME PRO remote identification
device from Aerobits (Aerobits, Szczecin, Poland), which is listed in the EU Declaration of
Conformity. The idME PRO is specifically designed to meet the remote drone identification
and localization requirements outlined in ASTM /ASD-STAN standards [40,41]. Leveraging
BLE broadcast technology, this device offers surveillance and drone operator identification
capabilities compatible with any modern mobile device, such as a smartphone or tablet.

4.7. Battery [Tattu 22.8V 25C 6S 23,000 mAh Lipo HV Battery (Tattu, Shezhen, China)]

Lithium polymer (LiPo) batteries are rechargeable batteries that use lithium-ion tech-
nology and a semisolid (gel) polymer electrolyte instead of an electrolyte in a liquid form.
They provide very high specific energy (per their unit of mass) and therefore are widely
used in mobile phones, multicopters, and other mobile equipment.

There are three important parameters that should be taken into account before battery
selection: cell configuration, C-rating, and battery capacity. First of all, the number of cells
defines the voltage of the battery. Each cell has a nominal voltage of 3.7 V, so a 6S battery
thus provides 6 x 3.7 V =22.2 V. C-rating is an indicator of the continuous discharge rate of
a LiPo. It allows users to easily calculate the maximum constant current that can be drawn
from the LiPo pack safely without harming the battery. For instance, a 6 s 23,000 mAh 25C
LiPo pack has a maximum amperage draw of 25,000 mAh /1000 x 25C = 625A. Lastly, the
capacity determines how long a battery can run before it needs recharging. A larger capacity
pack may give longer flight times but being heavier, it will adversely affect performance.

The following Equation (2) determines the flight time, knowing the current drawn
from the LiPo battery of the multicopter as well as the specifications of the battery, where
the battery discharge indicates the effective capacity of the battery:

(Battery Capacity (Ah) x Battery Discharge)
Average Amp Draw (A)

Flight Time (in min) = x 60 ()
Using a discharge of 0.8, the selected battery provides almost ~25 min of flight time.
Note that, for the proposed UAV, two identical batteries are used in series configuration;
hence, the total battery voltage is 45.6 V while the total battery capacity remains 23,000 mAh.
It is important to note that the UAV has been designed with a relatively spacious interior
to accommodate various pairs of batteries. Each pair of batteries can serve different purposes
or needs, providing flexibility in the UAV’s power supply and mission requirements.

4.8. RC Controller—Telemetry Module [Herelink HD Video Transmission System V2]

Before configuring the companion computer, in which smart Al algorithms enable
the vehicle to autonomously perform various tasks such as image and video processing,
object detection, and monitoring, it was essential to conduct numerous tests in manual
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mode. These tests served to validate the sufficiency of the equipment and the efficiency of
the controller. Furthermore, even during autonomous flight, it is mandatory to be able to
control the UAV manually in case of an emergency.

To operate the UAV manually, a radio control (RC) system is required, allowing the
vehicle to be controlled from a handheld transmitter. The RC system consists of a ground-
based remote-control unit used by the operator to command the vehicle, and a radio
module mounted on the vehicle. This radio module serves as a receiver connected to the
flight controller unit, which interprets the operator’s commands.

Herelink (Cube Pilot, Breakwater, Australia) emerges as an integrated solution for
seamless compatibility with leading autopilot systems such as the Cube Autopilot, Ardupi-
lot, or PX4. Combining the functionalities of a remote controller, ground station, and
wireless digital transmission system, Herelink streamlines essential drone operations into
a cohesive unit. Operators benefit from a comprehensive suite of capabilities, including
RC control, high-definition video transmission, and telemetry data dissemination, reliably
communicated over impressive distances of up to 12 km between the ground station and air
unit. The Herelink remote controller features customized Solex TX and QGC applications,
tailored to optimize user experience and operational efficiency. Both the air unit and ground
station feature an integrated eight-core system-on-chip (SOC), laying a robust foundation
for the development and implementation of custom applications. Its reliability and perfor-
mance make it an ideal choice for demanding environments where precise control, data
integrity, and uninterrupted communication are paramount.

4.9. Connectivity Block Diagram

In this section, the authors present their vision of the proposed UAV connectivity ar-
chitecture. The development of this architecture takes into account the design requirements
and needs that must be considered when designing the UAV (Figure 4).

Telemetry Data ¥ Camera
Herelink
) -  Air Unit
Video Transmission I
Remote SBUS RC

Controller

Pixhawk 5X

=
.)))))

LiPo6s +
23,000mAh —

LiPoes +
23,000mAh=

Figure 4. Connectivity block diagram for the UAV.

Motor 8

&
&

5. Drone Layout Design

In presenting the drone layout design, the authors leverage SOLIDWORKS 2023, a
prominent computer-aided design (CAD) and computer-aided engineering (CAE) software
program widely employed by engineers globally. This powerful tool facilitated the creation
of a comprehensive and detailed 3D design, serving as the cornerstone for the developed
innovative drone architecture.
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5.1. Frame

The drone frame mainly consists of two flat carbon fibre sheets (Figure 5) sharing
identical external dimensions, and eight arm mounts (Figure 6). These mounts are respon-
sible for folding the drone’s arms and also serve as structural components of the frame. A
rectangular flanged ring as well as eight radial flanges along the arm mounts have also
been incorporated at key points to increase structural stiffness. Finally, slots and holes have
been provided to enable the installation of all the components and cable routing (Figure 7).

<MOD-DIAM>500.00mm

(a) (b)

Figure 6. Arm mount: (a) open configuration for operational use, (b) closed configuration for
compact transportation.

Rectangular flanged ring

CFRP small plates

Stainless Steel Bolts
Radial flanges

Figure 7. Main frame assembled.
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Telescopic Carbon Tube

5.2. Telescopic Arms with Motors and Propellers

The drone’s frame features eight arms, each equipped with a three-position telescopic
capability that allows for user-manual adjustments. These arms are joined together in pairs
via two straight pieces through two joints. These two straight pieces are interconnected at
a central joint. Rotor positions are located at each free joint, providing the UAV with 12
positions for motor mounting. To facilitate the motor attachment on the drone, a custom
3D-printed motor quick release mechanism has been designed, ensuring a secure and
hassle-free motor attachment process. This mechanism comprises two parts. The first
part is permanently affixed to the drone, while the second part is attached to each motor.
Employing a straightforward plug-and-play procedure, the motor effortlessly connects
and secures to the drone through a twisting motion, complemented with an additional
pin for enhanced security. The procedure of assembling and disassembling the motor
on the UAV is calculated to take approximately half a minute, highlighting the ease and
user-friendliness of the proposed implementation (Figure 8b).

Joint No.1 Lockpin Motor

ESC Holder

Motor Base - Affixed to the Motor

Carbon Tube - Straight Pieces Motor Base - Affixed to the UAV

Joint No.2 Limit Switch

Figure 8. Telescopic arms with motors: (a) Telescopic arm mechanism; (b) motor plug-and-play
procedure—exploded view.

When not fully extended, the intermediate parts of the arms offer an alternative
configuration, with the central joint facing either outwards or inwards (Figure 9). In both
setups, the UAV can adopt either a quadcopter or a co-axial quadcopter arrangement. For
instance, when the central joint faces outward, the UAV is depicted as a co-axial quadcopter
in the visualization. Similarly, users can also configure the UAV as a co-axial quadcopter
with the intermediate parts facing inward.

(@) (b) (©)

Figure 9. Telescopic arm configurations: (a) fully extended—octocopter; (b) central joint facing
outward—co-axial quadcopter (c) central joint facing inward—quadcopter.

With the central joints facing inward, the UAV is equipped with smaller arms, provid-
ing a compact footprint ideal for navigating in relatively tight spaces. Conversely, when
the joints face outward, the UAV is provided with longer arms. This increased distance
significantly improves agility and flight control, particularly in windy conditions, essential
for tasks requiring consistent and smooth aerial footage or data collection.
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(a)

The external dimensions of each configuration that the PUL-SAR prototype can ac-
commodate are presented below (Figure 10).

<MOD-DIAM>3040mm o <MOD-DIAM>2232mm

Figure 10. Frame and arms assembled: (a) octocopter configuration; (b) co-axial quadcopter; (c)
quadcopter configuration.

5.3. Landing Gear
The landing gear was designed to fulfil the following requirements (Figure 11):

Provide a stable and impact-proof base for the drone;
Ensure easy and safe take-off and landing operations for the drone;
Provide adequate ground clearance to prevent damage to the drone’s components
and payload;
e Be able to serve future payloads of large volume (e.g., a tank or other firefight-

ing equipment).
(b) (c)

Figure 11. Landing gear: (a) side view; (b) front view; (c) trimetric view.

5.4. Electronics Design

All of the electronic components of the UAV are enclosed within a custom 3D-printed
casing. The decision to employ a protective housing for these electronics serves to enhance
their safety and provide protection against water ingress. Additionally, the UAV has been
designed to accommodate two batteries. The battery compartments on the UAV have been
designed with ample space, enabling end users to utilize various pairs of batteries to meet
the specific requirements of different pilot use cases (Figure 12).
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Battery No.1

AS150 Connector
XT150 Connector

Helical Antenna

Herelink Air Unit

Pixhawk 5X
H-RTK Unicore UM982

iIdME PRO (Remote ID) Validation Board/ Circuit HaliEa] ARTarhE

Battery No.2
(a) (b)

Figure 12. Electronics mounted on the UAV frame: (a) internal electronic components exposed
within the custom 3D-printed casing—top view; (b) enclosed configuration ensuring protection and
streamlined design—trimetric view.

5.5. Complete Drone Assembly

The sub-assemblies described in the previous subsections were assembled together to
create the complete drone assembly (Figure 13).

Figure 13. Cont.
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Figure 13. Total assembly of the drone: (a,d) octocopter configuration; (b,e) quadcopter configuration;
(c,f) co-axial quadcopter configuration—top view and trimetric view; (g) rendered representation of
the total assembly of the quadcopter configuration—trimetric view.

6. PULSAR Applications in Forest and Wildfire Management

The use of UAVs for research and operations on wildland fires has been rapidly accel-
erated by advancements in aircraft systems, sensor technologies, telemetry, and computing
capabilities. Drones have evolved beyond mere observational tools, transforming into
versatile instruments with the ability to revolutionize the landscape of wildfire research
and operational strategies. Beyond the various configurations of the UAYV, this article also
explores its ability to accommodate a range of payloads, thereby addressing crucial aspects
of wildfire and prescribed fire science. In particular, the drone’s capabilities extend across
three vital categories: (i) detailed forest mapping, (ii) edge computing and the generation
of cartographic products on the fly, as well as (iii) detection and tracking of elements such
as people, animals, and vehicles.

6.1. Detailed Forest Mapping

Detailed forest mapping using UAVs is a crucial aspect of wildfire and prescribed fire
sciences. This paper focuses on adapting a LIDAR sensor to the proposed UAV, an advanced
tool capable of capturing high-resolution imagery that enables the precise mapping of
vegetation types, fuel loads, and topography. As highlighted in [42], wildfire prevention
efforts should concentrate on modifying forest fuels. At the landscape level, wildfires
are ignited and spread through a complex interaction between weather, topography, and
fuels. Fuel characteristics, such as the vertical and horizontal structure of vegetation,
stand composition, and the properties of forest species, significantly influence the rate and
intensity of fire spread. Alterations in fuel patterns lead to changes in fire behaviour. For
prescribed burns, the information collected assists in planning controlled fires to ensure
they align with ecosystem management goals. In practical scenarios, the proposed UAV
equipped with a LiDAR sensor can be deployed to scan densely forested areas prone to
fire during dry seasons. Analyzing these data aids in identifying strategic sites for fuel
reduction treatments, such as thinning or controlled burns, substantially mitigating the
risk of catastrophic forest fires. This enhances landscape understanding, enabling more
accurate wildfire risk assessments and contributing to the development of strategic fire
management plans [43].

6.2. Edge Computing and Cartographic Product Generation on the Fly

Edge computing plays a crucial role in enhancing the agility of wildfire and prescribed
fire responses [44]. By processing data locally on the UAV, latency is reduced, facilitating
the generation of real-time cartographic products. Drones equipped with both edge com-
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puting capabilities and RGB sensors can analyze flight data and generate dynamic maps on
the fly. Among the various cartographic products that can be produced, one particularly
valuable application is the generation of vegetation density and type maps. Leveraging
the high resolution of RGB imagery and the processing power of the on-board processor,
the PULSAR prototype can perform near real-time analysis to identify different types of
vegetation and assess their density within the fire-affected area, providing firefighters with
essential insights for making proactive decisions. For instance, they can identify areas
with high vegetation density that are at greater risk of intense fire spread and prioritize
suppression efforts accordingly. Additionally, the real-time mapping and analysis capa-
bilities enable firefighters to adapt their strategies dynamically as the situation evolves,
improving the overall effectiveness of wildfire response efforts and minimizing damage to
the environment and surrounding communities.

6.3. Detection and Tracking of Elements

UAVs equipped with advanced detection technologies, such as thermal cameras and
computer vision systems, are at the forefront of wildfire management and prescribed fire
operations. The proposed UAV is able to adopt these technologies, which are adept at
detecting and tracking critical elements including people, animals, vehicles, and hotspots.
Thermal cameras play a key role in identifying heat sources that may signal an impending
wildfire and in monitoring the progression of controlled burns, while computer vision
algorithms enable the identification and tracking of specific elements, enhancing situational
awareness [45]. This is particularly beneficial for safeguarding personnel during firefighting
efforts and for observing wildlife to minimize environmental impacts. The integration of
these detection technologies into the proposed UAV bolsters the overall effectiveness of
surveillance and response strategies in fire science, providing a vital tool for use in the
preservation of natural landscapes and wildlife habitats.

6.4. Payload Categorization and Integration

The primary objective of this paper is the development of a singular, versatile UAV
with the capacity to execute a wide array of missions in wildfires and prescribed sciences,
thereby eliminating the necessity for multiple drones designed for specific tasks. To
accomplish this objective, the UAV must be able to integrate all the required payloads
according to the missions that the drone will execute. A list of all the required sensors that
are needed and have been selected for each mission is available in Figure 14.

Mission

A

Y

A 4 A 4

Detailed
Forest Mapping

Edge
Computing and Cartographic
Product Generation

Detection
and Tracking of Elements

N

Y

A4 A 4

LIDAR
(Phoenix Recon XT)

RGB & Onboard Processor RGB/Thermal & Onboard

Processor
(Sony A6100 & NVIDIA ) .
Jetson Xavier AGX) (Flir Duo Pro R/ DragonEye2

& NVIDIA Jetson Xavier AGX)

Figure 14. Payload categorization for integration into the UAV.
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In this regard, the proposed strategy entails the creation of specialized casings for
each payload, which can be effortlessly attached to the UAV. These casings will be fash-
ioned using carbon materials, serving a dual role: safeguarding the payload sensors and
streamlining the attachment process for end-users. This will be achieved by incorporating
quick-pairing fasteners.

The attachment process involves a simple plug-and-play procedure, wherein the users
need only to position the casing in the dedicated space on the drone. Subsequently, they
can secure the payloads along with their respective casings on the UAV by twisting the
quick-pairing fasteners. This method ensures safety during flight, with the added benefit
of an extremely short assembly and disassembly time, typically under a minute. It is
worth noting that both the dedicated space on the UAV and the payload casings have
been carefully designed to accommodate sensors of varying dimensions, underscoring the
adaptability and versatility of the proposed drone.

Below, considering all the points mentioned above, is a comprehensive overview of
each payload, along with its uniquely designed case tailored exclusively to fit the drone,
emphasizing the system’s adaptability and flexibility.

6.4.1. LiDAR Sensor [Phoenix RECON XT]

The LiDAR RECON-XT (Phoenix LiDAR, Austin, TX, USA) laser mapping system
represents an exceptional fusion of performance, flexibility, and weight optimization in the
field of LiDAR technology. Designed primarily for UAVs, the RECON-XT stands out as the
leader within its weight class. Notably, it offers a distinctive advantage with its exceptional
versatility in mounting options.

Moreover, the RECON-XT showcases its impressive capabilities through its multi-
target capacity, significantly expanding its operational scope. This advanced LiDAR sensor
enables the collection of highly detailed and accurate 3D point cloud data, making it the
preferred choice for professionals seeking efficient and flexible solutions for mapping and
surveying projects [46].

The technical specifications of the selected sensor (Table 2) are presented next, followed
by the custom payload case that will be developed and the configuration that will be
housing it (Figure 15).

Table 2. Phoenix RECON XT—Technical Specifications.

Parameter Value
Platform
Overall dimensions (L x W x H) 207 x 112 x 157 mm
Payload weight 1.8 kg
Camera resolution 24 MP
Power consumption 20 W Typical
LiDAR sensor
Laser properties 905 nm Class 1 (eye safe)
Range max 120 m
RMS ranging error 10 mm (Average wit.hi.n 0.5-70 m @50%
reflectivity)
Pulse rate 640 k points/s, up to 1.28 M points/s dual
return mode
Field of view +15-16° vertical /360° horizontal
Multiple echoes 2
Number of lasers 32
Beam divergence 2.29 mrad/1.52 mrad
90 mm x 60 mm @40 m
Laser beam footprint H x V 140 mm X 90 mm @60 m

180 mm x 120 mm @80 m
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(a) (b)

Figure 15. Phoenix RECON—XT: (a) dedicated custom payload case; (b) octocopter configuration

with the payload attached.

6.4.2. RGB Sensor [Sony A6100]

The Sony Alpha A6100 (Sony, Tokyo, Japan) is a mirrorless camera featuring an APS-C
sensor, which boasts 24.2-megapixel resolution, providing ample detail and clarity in the
captured visuals. Notably, the A6100’s APS-C sensor is significantly larger than those
typically found in standard compact digital cameras, enhancing its low-light performance
and depth-of-field control capabilities. In addition to conventional photography and
videography, the A6100 is well suited for photogrammetry—a technique used to create 3D
models and maps from series of 2D images. The camera’s high-resolution 24.2-megapixel
APS-C sensor ensures that the resultant 3D models are both detailed and precise. The
camera’s compatibility with interchangeable lenses, fast autofocus system, and ability to
capture continuous sequences of images make it an ideal choice for photogrammetry tasks.
Furthermore, the A6100’s 4 K video recording feature expands its utility, allowing the use
of video frames for photogrammetry purposes.

Following that, a comprehensive table of SONY A6100 technical specifications is
presented (Table 3), along with the developed payload enclosure and the corresponding
housing configuration (Figure 16).

Table 3. Sony A6100—Technical Specifications.

Parameter Value
Overall dimensions (L x W x H) 120 x 67 x 59 mm
Payload weight (incl. battery) 0.420 kg
Camera resolution 24 MP
Power consumption NP-FW50 lithium-ion battery

S

(a) (b)

Figure 16. Sony A6100: (a) dedicated custom payload case; (b) quadcopter configuration with the
payload attached.
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6.4.3. RGB and Thermal Sensor [FLIR Duo PRO R and DragonEye?2]

The FLIR Duo Pro R (Teledyne FLIR, Wilsonville, OR, USA) is a versatile and compact
IR and RGB camera designed for a wide range of high-performance commercial, industrial,
and public safety drone applications. Equipped with a built-in IMU (inertial measurement
unit), altitude sensors, and GPS receivers, it ensures precise positioning information is
embedded directly into the image metadata. This dual-sensor camera combines a high-
resolution radiometric thermal imager and a 4 K RGB camera into a single package, enabling
professional operators to capture both thermal and visible data in a single flight [47].

In Table 4, the technical specifications are provided, while in Figure 17a, the FLIR
Duo Pro R thermal camera is depicted alongside the PIXY F gimbal—a lightweight and
compact design tailored specifically for this sensor. The PIXY F gimbal provides a three-
axis stabilization system, guaranteeing stable footage under various conditions. With
features like a hyper-quick release system and integrated HDMI with multiple I/O inter-
faces, it facilitates rapid assembly and direct camera signal monitoring, thereby enhancing
operational efficiency.

Table 4. FLIR Duo PRO R—Technical Specifications.

Parameter Value
Overall dimensions (L x W x H) 87 x 82 x 69 mm
Payload weight 0.375kg
Resolution IR 640 x 512
Resolution RGB 4K/12 MP
Power consumption 12W

(b)

Figure 17. FLIR Duo PRO R: (a) dedicated custom payload case; (b) co-axial quadcopter configuration
with the payload attached.

The NextVision DragonEye2 (NextVision, Ra’anana, Israel) is a dual EO/IR stabilized
camera that offers unparalleled long-range observation capabilities, making it ideal for
monitoring applications. The camera is mounted on an embedded gimbal capable of rotat-
ing about the pitch and yaw axes, allowing targeting directly downwards perpendicular
to the Earth’s surface. The camera’s low maximum power consumption is an additional
advantage that reinforces its desirability. It is paired with the TRIP5 computer module,
which accommodates all necessary ports, including HDMI.

The technical specifications of DragonEye?2 are detailed in Table 5, and in Figure 18
the designed payload case along with the associated configuration.
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Table 5. DragonEye2—Technical Specifications.

Parameter Value
Overall dimensions (L x W x H) 40 x 40 x 65 mm
Payload weight 0.115 kg
Resolution IR 640 x 480
Resolution RGB 1280 x 720
Zoom X40 continuous zoom (x20 + x2 digital)
Power consumption 3.5 W (typical)/6 W (max)

(@) (b)

Figure 18. DragonEye 2: (a) dedicated custom payload case; (b) co-axial quadcopter configuration
with the payload attached.

6.5. System Requirements and Technical Specifications

The three configurations of the PULSAR UAV, as detailed in the matrices below, have
been tailored to meet the requirements of each operation. However, the selection of the final
configuration must consider not only the mission objectives but also the environmental
conditions at the time of the operation. The matrices offer a comprehensive overview,
encompassing the system requirements of the UAV (Table 6) as well as the technical specifi-
cations for each configuration (Tables 7-9). Moreover, the payloads for each configuration
have been chosen to augment the UAV’s capabilities, thus facilitating the accomplishment
of its objectives and enhancing its suitability for the intended missions.

Table 6. UAV System requirements.

Requirements Description

Nominal battery voltage: 45.6 V 2 x 65 LiPo batteries in series configuration.
Battery charger that can charge 2 LiPo batteries
simultaneously (up to 6S).

Radio transmitter, compatible with the
embedded autopilot, suitable for manual
piloting and monitoring of the power
consumption.

Necessary for the preparation and the
execution of the flight.

Battery charger

Radio transmitter for manual piloting

Ground station

Table 7. Octocopter Configuration—Technical specifications.

Requirements Description
Mission Detailed forest mapping
Max diameter 31m
Weight (no payload) 23 kg
Maximum payload weight 33 kg
Expected flight time 27.5 min

Total motor thrust (100%) 112Kg
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Table 8. Co-axial quadcopter configuration—Technical specifications.

Requirements Description
Mission Edge computing apd cartographic product
generation on the fly
Max diameter (joints facing outward) 3m
Max diameter (joints facing inward) 2.35m
Weight (no payload) 23 kg
Maximum payload weight 26 kg
Expected flight time 24 min
Total motor thrust (100%) 98 kg

Table 9. Quadcopter Configuration—Technical specifications.

Requirements Description
Mission Detection and tracking of elements
Max diameter 2.35m
Weight (no payload) 20 kg
Maximum payload weight 12.5kg
Expected flight time 27.4 min
Total motor thrust (100%) 65 kg

As the LiDAR payload was the heaviest among all the options considered, the octo-
copter configuration was identified as the optimal choice for the demanding task of detailed
forest mapping. Its superior thrust-to-weight ratio enables the capture of stable and precise
data, which is essential for detailed mapping missions across various terrains, including
forests. Moreover, since the LiDAR sensor is the most expensive component selected, the
redundancy provided by the octocopter’s eight motors and propellers offers an additional
layer of reliability against potential operational failures. Additionally, the larger size of the
octocopter is not a barrier, as the LIDAR-equipped drone is required to fly above the tree
canopy to conduct detailed forest mapping missions, making it more advantageous than
the co-axial design, which has a shorter flight duration.

For the mission involving edge computing and cartographic product generation on the
fly, the co-axial configuration of the quadcopter was selected for its balanced performance.
This configuration inherently offers greater stability compared with traditional quadcopters,
particularly in windy conditions, which is crucial for capturing accurate images—the
primary goal of this mission. With two sets of rotors rotating in opposite directions, co-axial
configurations provide redundancy in the event of motor or propeller failure, akin to the
octocopter configuration. Depending on the environment and use case, flying at lower
altitudes may be important to capture detailed imagery of the forest floor and understory
vegetation. As a result, the larger size of the octocopter configuration could be prohibitive
in such scenarios. The co-axial configuration allows flexibility in flying the UAV with the
joints facing outward, enhancing flight control, or with the joints inward, yielding a smaller
drone profile.

In tasks such as detection and tracking of elements, the quadcopter configuration
excels as the selected choice. Equipped with RGB and thermal sensors, along with onboard
processing capabilities, the quadcopter boasts a smaller footprint, facilitating navigation
through challenging environments with greater ease than the other two configurations.
Although all configurations are relatively easy to deploy, the design of the quadcopter,
which necessitates fewer motors attached to the UAV, enables swifter deployment—a
critical aspect when the detection of people, animals, vehicles, and hotspots is imperative.
Furthermore, the extended flight time afforded by this configuration in respect to the
co-axial configuration is vital for the detection and tracking of elements, thereby ensuring
robust surveillance and monitoring capabilities.

PULSAR can accommodate all selected payloads in all three configurations. However,
the choice of configuration must also consider the environment’s mission, as the UAV’s
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versatility is rooted in its adaptability to various scenarios. For instance, with the same
sensor attached, it can operate as a quadcopter in confined spaces or as an octocopter in
windy conditions, providing redundancy for continued safety even in the event of motor
failure. This adaptability is facilitated by all components being permanently mounted on
the UAV, which, despite the configurations” similar weights, maximizes user-friendliness
and allows users without technical expertise in UAVs to deploy any configuration easily.

As the DJI M600 is a prevalent model in drone applications, its comparison with the
PULSAR prototype is inevitable. The DJI M600 has a MTOW of 15.1 kg and can carry a
maximum payload of 6 kg, featuring retractable gear for unobstructed camera movement.
In contrast, the PULSAR prototype exhibits a larger MTOW, enabling it to carry payloads
up to nearly 13 kg in the quadcopter configuration. Additionally, it has been designed
for ease of use with a plug-and-play approach for payload integration and landing gear
capable of accommodating substantial payloads for future applications, such as firefighting
solutions, for example, through incorporating a water tank to address small outbreaks of
fires. As described in Section 4.4, configuration firmware is automatically updated on the
UAV without human intervention, aiming to minimize human error via the developed
circuit board. Many UAVs offering multiple configurations do not detail how airframe
selection is achieved, some require manually uploading the correct firmware each time,
which can be challenging without prior experience, while others have multiple controllers
on the UAV, one for each configuration, requiring users to connect and disconnect cables
from one flight controller to another.

In conclusion, the primary goal in designing this UAV was to facilitate end users in
performing a variety of tasks, enabling it to serve as a valuable tool extending beyond the
scope of this paper due to its capabilities.

7. Static Structural Analysis

To ensure material strength, a structural analysis should be performed during the
design stage of any manufacturing method, thereby minimizing design adjustments in
the final product for additional manufacturing. By using physics-based simulations, the
number of design—test cycles is dramatically reduced, lowering the likelihood of unexpected
design errors occurring during such testing [48].

Finite element analysis (FEA) or finite element method (FEM) is a widespread struc-
tural analysis numerical simulation technique. FEA /FEM, in essence, employs mathematics,
specifically partial differential equations (PDEs), to comprehend and evaluate permissible
quantities within a structure [49]. This method yields precise solutions to a given prob-
lem while also providing valuable insights into the behavior of physical quantities in the
real world [50]. FEA is useful in predicting and optimizing the structural performance of
components to ensure they meet design criteria and perform effectively under a variety
of conditions.

Nowadays, these simulations can be executed for performance and reliability analysis
using the solid model represented in a CAx tool. Structural analyses within CAx tools
are widely used to assess the strength of mechanical systems [51]. These analyses, which
are required prior to the production of mechanical components, aid in the identification
of factors that are not readily apparent, ensuring both the efficient use of materials and
mechanical robustness. This study presents a structural analysis of the proposed multi-
purpose UAV during the design stage, performed using the SolidWorks Simulation CAE
tool, with a particular emphasis on examining stress and displacement in the mechanical
system. Stress analysis involved assessing how internal forces distribute within the ma-
terial, helping identify areas prone to deformation or failure under different loads, while
displacement analysis examined the movement and distortion of the structure in response
to applied forces.
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7.1. Structural Simulation Results

Ensuring problem-free application is paramount and a critical step towards achieving
this was, prior to construction, to calculate the response of the newly designed mechanical
system to external loads under operating conditions.

The components examined in the specific context investigated in this paper underwent
meshing using the FEA method for static analysis. Meshing is an important step in FEA
because it involves the discretization of complex geometries into smaller elements, which
affects the accuracy and efficiency of subsequent numerical simulations [52]. The static
analysis starts by applying a force to the relevant regions of the mechanically meshed
system equivalent to the anticipated real-world conditions. Static analysis can produce
a variety of results, and the particular emphasis in this study was on examining the
mechanical system’s stress and displacement.

In this study, the simulation tests were primarily focused on the UAV body, the
telescopic arms and carbon tubes, and the aluminum joints, as well as the 3D-printed
mechanism to which the drone’s propulsion system is attached. The objective is to ensure
their capacity to withstand the thrust force generated by the selected motors.

As previously stated, the primary material used in the development of this UAV was
a carbon fiber-epoxy composite (CFRP). Additionally, aluminum arm joints have been
used, along with stainless steel bolts. However, since manufacturing with carbon fiber
elements might be too complicated, the—3D printed motor quick release mechanism will
be developed using Nylon 12 Powder (Table 10).

Table 10. Material characteristics.

Aluminium Alloy

Material CFRP Tubes [53] Nylon 12 Powder [54] 7075 Arm Mounts
[55]
E-modulus [GPa] 64 18.50 71.7
Tensile strength 650 50 503
[MPa]
Density [kg/m?] 1600 1020 2810

As already mentioned, the SolidWorks Simulation CAE tool was used for this analysis.
However, the version used did not support simulation of composite materials. Given this
limitation and to streamline the analysis without compromising the integrity of the results,
the following strategy was adopted: (i) from the beginning, to design the assembly keeping
in mind the anisotropic behavior of the CFRP material; (ii) to perform the FEA analysis in
sub-assemblies so as to simplify the process; and (iii) to use physical testing to verify the
FEA results.

7.1.1. Anisotropic Behaviour of CFRP Material

Even before simulation, during the design phase of the CFRP assemblies, the anisotropic
behaviour of the material was taken into consideration. CFRP consists of layers of woven
mats of long carbon fibres encapsulated in a resin matrix. The carbon fibres exhibit out-
standing tensile strength, enabling the achievement of exceptional mechanical properties in
specific loading directions. Consequently, strength is exceptional along the fibre directions.
However, the resin matrix itself cannot bear significant loads compared with carbon fibres.
Thus, certain loading directions in the CFRP material should be avoided (e.g., tension in a
direction vertical to the CF layers does not take advantage of the CF strength and relies
only on the relatively weak resin, making the material prone to delamination failure).

The UAV body structure has been designed to capitalize on the aforementioned
characteristics. Two CFRP plates, separated by a distance “d” via the intermediate structure,
collaborate to withstand the loads exerted by the UAV arms. The upper plate operates
under compression, while the lower plate functions under tension (Figure 19).
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Figure 19. Forces acting on the UAV’s body.

The intermediate structures, comprising one central rectangular flanged ring and eight
radial reinforcements, additionally enhance the stiffness of the body assembly (Figure 7).
These CFRP structures were formed with a molding process and high temperature-cured
in a vacuum (vacuum bagging). Moreover, they have been designed to have large contact
surfaces with the upper and lower plates.

The body assembly is held together with aerospace grade adhesive (taking advantage
of the large contact surfaces), to uniformly distribute the loads throughout the structure. Es-
pecially for the upper plate, which is subject to compressive forces, the radial reinforcements
ensure that no buckling can occur.

Additionally, bolted connections (Figure 7) reinforce the structure where loads are
transferred from the arms to the body via the aluminum joints. Small CFRP plates (also
glued) have been added at the areas of the bolted connection as reinforcements to help
evenly distribute the arm loads to the body. Moreover, the bolted connections create a
compressive state along the axis vertical to the body plane, ensuring that no excessive
tensile stress (that can lead to delamination failure) can occur to the resin matrix (especially
for the upper plate where compression occurs).

A similar design approach was also applied for the assembly of the arms and joints.

7.1.2. Sub—Assemblies Simulations

For simulation purposes, the total assembly was divided into smaller sub-assemblies,
each simulated separately with the appropriate supports and loads applied.

UAYV Body

Analysing and estimating the strength of a UAV’s airframe is critical in the develop-
ment of the UAV. Various forces act on the structural elements of UAVs, including thrust
forces from the propulsion system, gravitational forces from the payload, impact loads,
and wind-induced loads. The airframe must maintain structural integrity while preserving
size and weight under both dynamic and static loading conditions. In essence, the ideal
airframe for any UAV should be lightweight while also being robust. The sub-assembly of
this UAV was simulated with the following considerations:

e  Structural support: A fixed constraint was applied, as shown in Figure 20a;
e  Loads: The loads applied to the aluminum joints due to motor thrust were calculated
as described in Figure 20b.

The sketch above (Figure 20b) is a representation of the UAV arm from the moving
part of the aluminum joint (left) to the motor/propeller end where the thrust is applied
(right). The maximum thrust from the 32” propeller (100%) is 16.5 kg (Table 1), which
is approximately 165 N. To calculate the reaction forces at points A and B, we apply the
formulas for equilibrium on each axis. Following that, the three forces (Ax, Bx, By) are
transferred to the stationary part of the aluminum joint, resulting in opposite directions
(Figure 21).
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Figure 21. Forces acting on the aluminum joint: (a) By; (b) Ax; (c) Bx.

Each of the horizontal forces is applied across two equal surfaces, so half of the force
is considered for each surface (9547 N/2 = 4785 N).

The simulation results for the frame are presented below, with an emphasis on stress
and displacement (Figure 22).

The outcome shows that the stresses and displacements are within acceptable limits.
The maximum stress occurs on the outer bolts of the upper side, which are high strength,
grade 12.9 (meaning a tensile strength of 1200 MPa and a yield strength of 0.9 x 1200 =
1080 MPa), making them more than adequate to withstand the stresses. The stress on the
CFRP upper plate is relatively low, while the maximum stress on the small reinforcing
CFRP plate is larger but still within allowable range. Similarly, the maximum stress on the
stationary part of the aluminum joint is within the permissible threshold. It is important to
highlight that the aluminum joint itself was a purchased part, and its ability to withstand
the required stresses has been physically tested from the beginning, prior to integration
into the UAV (Figure 23).

In this test, the arm joint—CFRP tube assembly was repeatedly subjected to a tensile
load of up to 18 kg at a distance of 920 mm from the joint. It is important to highlight that
the joint was turned upside down to facilitate force application, with the force direction
being downwards. Additionally, in this test, the CFRP tube wall thickness was only 1 mm.
However, a final wall thickness of 2 mm was selected to minimize deformations.
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Figure 22. Stress analysis for the UAV frame: (a) assembled UAV frame; (c) upper plate; (d) small
reinforcing CFRP plate; (e) aluminium joint. Displacement analysis for the UAV frame: (b) assembled
UAV frame.

Telescopic Arms and Joints

Despite the plan for the drone’s motors to operate at half of their maximum thrust
across all three configurations, in this study, the system was tested under full power to
validate the integrity of the structure. The authors simulated two of the three configurations
of the UAV, as these are the two scenarios where the UAV’s arms experience the highest
force. Regarding the co-axial quadcopter configuration, the following considerations were
taken into account:
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1. Structural support: a fixed support was assumed at the ends of the tubes at the con-
nection with the aluminum joint (note that the tube end—aluminum joint connection
had already been physically tested);

2. Loads: Two sets of 165 N loads were applied to each of the two quick release parts, as
depicted below (Figure 24). All forces were directed upwards.

I

Figure 23. Physical testing of the aluminum joint.

Force Value(Total) (N): m
3

(b)

Figure 24. Force acting on the motor base affixed on the drone: (a) upper motor base; (b) lower motor

base.

The simulation results for the co-axial quadcopter configuration of this multipurpose
UAV are detailed below (Figure 25).

The simulations indicated that the stresses and displacements were within acceptable
limits. The maximum stress of 171 MPa occurred on a stainless-steel washer, whereas the
adjacent CFRP plate experienced a much lower maximum stress.

In the case of the octocopter configuration, the same approach for structural support
was followed. Regarding the loads, two sets of 141 N loads, corresponding to the maximum
thrust of the 30” propellers (Table 1), were applied to each of the two quick release parts in
the same manner as before. All forces were directed upwards. The simulation results for
this configuration are showcased below (Figure 26).
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Figure 25. Stress analysis for co-axial quadcopter configuration: (a) assembled pair of arms; (c)
stainless-steel washer; (d) CFRP plate on the arm joint. Displacement analysis for co-axial quadcopter
configuration: (b) assembled pair of arms.

In terms of the mechanism, the parts were exclusively studied for stress and displace-
ment to verify that the components can sustain the full throttle that the motors can provide.
Regarding the motor base affixed on the UAV as well as the one affixed on the motor, the
considerations applied were as follows:

1. Structural support: four fixed supports were placed on the surface where the bolt
heads come in contact with the part (Figure 27a).
2. Loads: a total load of 165 N was placed as shown below (Figure 27b,c).

The results indicated that the stresses and displacements were within acceptable
limits. Physical tests were also conducted on the 3D-printed coupled parts, demonstrating
exceptional behavior under a tension load of 40 kg, a torsional load of 8 Nm, and a combined
tension load of 30 kg (~300 N) along with a torsional load of 6 Nm. It is important to point
out that all three scenarios significantly exceeded the maximum expected loads.

After extensive simulations, Table 11 summarizes the results obtained, providing
a detailed overview of system performance and behaviour. This facilitates comparison
with the mechanical properties of the materials involved, enhancing understanding of
real-world scenarios. As can be inferred, the generated loads are lower than the values of
the mechanical properties.
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Figure 26. Static analysis for octocopter configuration: (a) stress; (b) displacement. Stress analysis: (c)
CFRP plate on the arm joint.

Force Value(Total) (N):
(b) (c)

Figure 27. Structural support: (a) motor base affixed on the UAV. Acting loads: (b) motor base affixed
on the UAV; (c) motor base affixed on the motor.

The simulation results for both mechanisms’ parts are shown below (Figure 28).
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Figure 28. Stress analysis for the motor attachment mechanism: (a) lower part; (c) upper part.
Displacement analysis for the motor attachment mechanism: (b) lower part; (d) upper part.

Table 11. Simulation results.

Simulation Max Stress (MPa) Max Displacement (mm)
Octocopter configuration 51.80 0.070
Co-a.x1a1 qgadcopter 171.0 38.79
configuration
Drone frame 332.26 0.39
Lower Part of twisted 739 0.037
mechanism
Upper part of twisted 23.65 0.2033
mechanism

8. Conclusions

This paper offers a comprehensive exploration of the design and modelling of a
versatile, reconfigurable multi-rotor UAV. Its telescopic arms can seamlessly transition
into quadcopter, octocopter, and co-axial quadcopter formations without necessitating any
mechanical alterations to the fixed body structure. This adaptability, as well as the ability to
accommodate various payloads, empowers end users to customize the UAV’s performance
to meet diverse mission profiles in wildfire management.

Continuing the examination of structural aspects of the UAV, the simulation results,
as shown in the figures and the tables above, provide a detailed insight into the stress
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analysis of the mechanical components. The findings show that the selected carbon fibre
materials, aluminium joints, stainless steel bolts, and Nylon 12performed admirably, even
under the demanding conditions of full power operation for the drone. Stress levels were
analyzed and found to consistently remain within the mechanical property values, thereby
demonstrating the robust structural integrity of the components.

Furthermore, an examination of displacement patterns revealed intriguing insights.
The displacement in components directly connected to the motors was noticeably low,
remaining well within the operational standards” permissible limits. This observation
is especially important because it ensures that structural deformations in these critical
areas do not pose any operational issues for the drone system. These findings confirm
the system’s resilience and ability to withstand the dynamic forces encountered during
operation, due to the careful selection of materials and overall structural design of the
UAV. In conclusion, the paper highlights the exceptional adaptability and structural in-
tegrity of the UAV, showcasing its potential impact on diverse applications, particularly in
wildfire management.
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