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Executive Summary

Traffic congestion is an ever-growing problem in large cities, with significant implications for social and
environmental well-being. For instance, the average New Yorker travelling during peak times sits in traf-
fic for 60 hours longer than in 1987, culminating in increased stress and exposure to pollution. While
New York and other large Western cities can combat this problem through a combination of improved
public transport and pedestrianisation, these solutions are notably more difficult to implement in post-
modern cities with harsh climates. A prime example of this is Dubai; its unorthodox urban planning and
limited public transport infrastructure leave road expansion as the primary economically viable remedy
to congestion. This underscores the urgent need for an innovative transportation solution.

Owl-22’s vision is twofold. First, to provide a novel long-term solution, one that isn’t constrained by
land connections, to traffic congestion in postmodern cities. This approach enables the continuous
expansion of travel corridors through the introduction of vertical layers. Secondly, Owl-22 aims to
redefine the daily commute experience. In highly congested cities like Dubai, travelling to work typically
requires leaving at unconventional times to avoid rush hour and a general feeling of dread is associated
with the entire experience. Through this vehicle, which introduces intuitive, aerial travel, users can not
only reduce their travel times, but also come to enjoy the experience of going back and forth from work.

This report aims to document the design process that has led to the final configuration of Owl-22.
Throughout this process, the team was guided by the following mission statement, which encapsulates
the project’s core vision:

Provide a sustainable air travel option for personal daily use in urban areas, helping to decrease
traffic congestion and the need for more high-density infrastructure.

Product Overview
Owl-22 is a compact, energy-efficient personal air vehicle designed with both functionality and aesthetic
appeal in mind. Its user-friendly interface, featuring a car-inspired control setup with a yoke, pedals,
and an integrated iPad-based control panel, enhances accessibility for the target audience in the United
Arab Emirates. Furthermore, for the convenience of storing the vehicle, it is foldable, fitting in a volume
of 4 [m3] when stowed away. A visual representation of the deployed vehicle is shown in Figure 1.

Figure 1: Owl-22 external view.

The main design specifications are summarised in Table 1:
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Table 1: Owl-22 specifications.

Specification Value

Range 30 [km]
Cruise Velocity 60 [km/h]
Flight Time 30 [min]
Minimum Cruise Altitude 20 [m]
Selling Price $99,575
Operational Empty Weight 197 [kg]
Payload Mass 105 [kg]
Noise level 71 [dB]

Business Case
Before conducting technical design, a market analysis was conducted to establish a customer base
to guide the design processes. Based on comprehensive PESTEL, Porter and SWOT analyses, the
UAE market was selected for its supportive regulatory framework, advanced infrastructure and strong
cultural acceptance of emerging technologies, creating a favourable environment for market entry. Fur-
thermore, alternative markets outside of the UAE were analysed to allow for future expansion. The
countries explored include: the Kingdom of Saudi Arabia, Singapore, Qatar and the United States.
These countries share common characteristics with the UAE in terms of high income, innovation in-
vestment and urban congestion problems.

Following the market evaluation, a detailed financial analysis was conducted using NASA’s aerospace
cost modelling methodology. Costs were divided into recurring (COTS components, manufacturing,
and assembly) and non-recurring categories (R&D, certification, and production facilities). Incorporat-
ing learning curve effects for the recurring costs and a conservative risk-based contingency model, a
target selling price was established. With a profit margin of 22.5%, the final price was set at $99,575.09
as presented in Table 2, meeting the stakeholder requirement to stay below $100,000 while maintaining
long-term financial viability.

Table 2: Total per-unit price breakdown at a production volume of 1,000 units per year.

Cost Component Per-Unit Value [$]

Recurring Costs 64,936.89
Non-Recurring Costs (Amortised) 16,360.74
Total Cost (before profit) 81,297.63
Per-unit Profit (22.5%) 18,277.46

Final Selling Price 99,575.09

In order to determine the financial viability of Owl-22, two investment analyses were performed. The
return on investment (ROI) calculation resulted in a value of 1.11 over a projected production run of
15,000 units across 15 years. Nevertheless, the obtain amore accurate indicator of the financial viability
of the investment, the Net Present Value (NPV) was calculated. The NPV remained negative across
conservative discount rates (4–12%), indicating that the investment will likely not be profitable. In order
to improve the financial performance of the investment, clear pathways have been identified, including
scaling production, securing development grants, and optimising the revenue model over time.

The resulting business case positions Owl-22 as a financially viable, strategically differentiated, and
market-aligned solution in the emerging personal air mobility sector.
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Vehicle Design Overview
Owl-22 is designed as a compact, efficient and safe personal aerial vehicle which optimises perfor-
mance. At the heart of these performance characteristics lies the propulsion system selection. A
hybrid configuration has been selected, consisting of two coaxial rotors at the rear and two cyclorotors
at the front. This layout was chosen to control noise emissions while maximising manoeuvrability and
lift. The cyclorotors provide 360◦ thrust vectoring. This enhances control at low speeds and hover
stability. The cyclorotors operate at 60% of their maximum capacity to extend their lifespan. They are
positioned lower than the coaxial rotors in order to avoid aerodynamic interference.

The coaxial rotors are powered by separate brushless motors, which increases the lifespan of the
system. The rotors are made of carbon fibre. The coaxial rotors setup is designed to minimise the
blade-vortex interaction noise. This is done through corotation and unequal rotor diameters. Further-
more, trailing-edge serrations has been added to optimise the turbulence of the propellers resulting
in noise reduction. The final configuration consists of two-bladed propellers with NACA 4412 airfoils.
This selection enables the vehicle to operate at 50-60% of its maximum thrust, ensuring reliability and
efficiency. Aerodynamic simulations have shown minimal flow interference between the propulsion
systems. Safety is enhanced through physical separation and structural offsets, preventing damage
propagation in the event of blade detachment or motor failure.

Powering this propulsion system is a high-voltage solid-state battery (SSB) pack, selected for its thermal
stability, high energy density, and long-term reliability. The battery contains energy of approximately
19.8 [kWh] with a mass of just 66 [kg], enabling a typical range of 30 [km] under standard flight con-
ditions. A modular layout was adopted to support fault tolerance and ease of maintenance, allowing
safe continued operation in case of localised failure. Although structural batteries were considered,
their added complexity could not be justified without a substantial performance benefit. Battery safety
is further supported by a modular Battery Management System (BMS), which monitors both cell- and
module-level performance and interfaces with the flight controller via a Controller Area Network (CAN)
bus. The BMS handles thermal regulation through a combination of passive heat sinks and active air-
based cooling. Liquid cooling is excluded in this iteration but remains an option for future redesigns,
should thermal constraints tighten.

As part of the avionics suite, Owl-22’s Human-Machine Interface (HMI) features a yoke with an iPad
in the middle of it, mimicking a Formula One-style steering wheel. To best utilise the iPad screen, an
Electronic Flight Instrument System (EFIS) is used to digitally display the required instruments. Ad-
ditionally, vertical and horizontal vehicle translation can be done through the iPad directly if preferred.
Lastly, to ensure an easier learning curve for users, the pedals are used as acceleration inputs to better
resemble a car.

To ensure safe operation, Owl-22’s external avionics were divided into a communication suite and a
sensing-and-navigation suite. Together, the two parts would constitute the necessary data flow on a
hardware, as well as a software level. For the communications suite, the components are summarised
in Table 3.

Table 3: Communication suite components.

Component Use

Two-way very-high frequency (VHF) radio All voice communications.
Aircraft Communications Addressing and Reporting System
over IP (AoIP)

Data communication with both Air traffic
control and Owl-22 HQ.

Automatic Dependent Surveillance-Broadcast (ADS-B) Out Relaying position information.
Basic visual flight rules (VFR) instruments Communicating vehicle state to user.

The VFR instruments consist of an airspeed indicator, altimeter, temperature gauge, magnetic compass,
an Emergency Locator Transmitter (ELT), for relaying location after a crash and both navigation and
anti-collision lights for visibility. By adhering to VFR only, the user would need to undergo minimal
flight training and face an easier learning curve compared to learning the significantly more complex
instrument flight rules (IFR).
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The navigation and sensing suite consists of an inertial measurement unit (IMU), a GNSS transpon-
der and LiDAR for primary state measurements, such as altitude, attitude, position and velocity. For
this, they would need to be integrated in a tight architecture including filtering techniques to adjust for
measurement errors. The LiDAR would also be responsible for obstacle detection, providing a 20-
meter omnidirectional detection range. Moreover, a camera would be positioned nadir for extending
the user’s vision, for example, during landing. This architecture is complemented by the iPad, which
provides redundant navigation and inertial sensors.

Outside of human control, Owl-22 features semi-autonomous capabilities, leveraging a deep Rein-
forcement Learning (DRL) algorithm for automated take-off and landing. Specifically, the Returns
Uncertainty-Navigated Distributional Soft Actor-Critic (RUN-DSAC) algorithm is used due to its fine-
tuning of model riskiness, as well as an improved ability to generalise. To provide the ideal user experi-
ence in terms of safety, timeliness and energy efficiency, Proximal Policy Optimisation (PPO), another
DRL algorithm, is used to determine the optimal path for a given journey.

Given the high ambient temperatures expected in the UAE and the criticality of vehicle safety, a Prog-
nostics and Health Monitoring (PHM) system was integrated into Owl-22 to ensure safe, reliable, and
maintainable operation. The PHM system enables real-time fault detection, isolation, and health state
prediction by combining onboard with ground-based systems. Using a top-down approach, the system
is structured across functional, logical and physical domains. The system consists of five core mod-
ules: data acquisition, data processing, fault diagnostics, prognostics and health management. These
modules operate in sequence to support predictive maintenance. The battery PHM system is further
elaborated since it is identified as the most risk-sensitive subsystem of the vehicle. A physical archi-
tecture was developed that mitigates risks such as thermal runaway, cell imbalance and over-voltage.
Future work should expand the PHM framework to other subsystems and select specific hardware and
algorithms to further mature the design.

The structure of the vehicle would need to house the person as well as carry the propulsion loads
on the vehicle. Furthermore, it would need to fold to ensure the vehicle would comply to the volume
requirements set on it. For this reason, it was split into two parts, with the main airframe connected
to the propulsion units and carrying the loads introduced onto it by the user-supporting structure. The
main airframe would be made out of Al7068-T6511, manufactured using primarily extrusion. The skin
of the airframe, which would also assist the aerodynamic properties of the vehicle, would use the same
material.

The user-supporting structure would then consist of the floor, also made of aluminium alloy, the seating
and the side-skin of the vehicle. As depicted in Figure 2, such a separation of the structure would
facilitate folding the vehicle in the longitudinal direction. This would make use of telescoping beams
and an accordion-like side-skin made of polyphenylsulfone (PPSU) plastic and Dyneema fabric. The
canopy, which would be made out of impact-modified polymethyl methacrylate (PMMA), would fold over
the folded structure, with the arms of the coaxial rotors folding inwards of the structure.

Floor

Seat

Side-skin
Main airframeUser-supporting structure 

Folding telescoping beams

Figure 2: Owl-22 folding concept.

Finally, to ensure compliance with performance and safety objectives, the systems engineering process
included a full verification and validation (V&V) plan, requirement compliance matrix, and technical risk
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assessment. The verification and validation plan outlined the strategy employed to ensure the software
and hardware products function correctly, and furthermore, the plan highlighted the procedures that
must be taken in order to ensure that the final product will meet the requirements set at the beginning
of this project. The requirement compliance analysis was conducted to guarantee that the design
outputted thus far complies with the requirements, followed by a justification for the cases where a
requirement has yet to be met. The technical risk assessment evaluated the critical risks that the
system is expected to face, followed by a mitigation plan detailing the measures taken to prevent the
risk, and a contingency plan in the case of the risk occurring. From the risk assessment, it was evident
that the health of the battery was a major concern, which was mitigated through a thorough design of
the battery management system.

Mission Execution and Lifecycle Strategy
To ensure the Owl-22 is not only technologically progressive but also operable in daily life, a compre-
hensive operations and logistics framework was established. The vehicle is designed for seamless
integration into urban environments, leveraging its compactness and VTOL capabilities to enable use
without the need for large infrastructure. Its six-phase mission profile, from pre-flight to charging, is
built around safety and minimal user effort. Interaction is centred on an iPad interface, supplemented
with intuitive physical controls to ensure safe operation by non-professional users. The logistics sup-
port concept prioritises low-maintenance requirements, enabled by onboard diagnostics and predictive
monitoring. A UAE-based production strategy ensures efficient distribution. A robust end-of-life con-
cept embraces circular economy principles through a digital material passport.

Sustainability has been a guiding principle throughout the design of the Owl-22. The project integrates
environmental, economic, and social sustainability into a unified framework. Environmentally, material
selection prioritised long-term viability, and key design decisions, such as the use of energy-efficient cy-
clorotors and solid-state batteries, were made to reduce operational emissions. A lifecycle assessment
(LCA) revealed that most emissions are generated during flight operations, reinforcing the importance
of energy efficiency as a design priority. Social sustainability was addressed by minimising noise im-
pact, which is particularly critical given the Owl-22’s low cruise altitude of just 20 metres. In parallel,
local manufacturing supports national employment objectives and aligns with initiatives such as “Make
it in the Emirates.” From an economic perspective, the Owl-22’s ability to reduce travel time, combined
with compatibility with green finance models, strengthens its long-term value proposition in the urban
mobility landscape.

The post-DSE development of Owl-22 follows a structured six-phase roadmap to ensure technical
maturity, regulatory approval, and market readiness. The roadmap begins with the finalisation of the
detailed design, underpinned by extensive software and hardware testing. In the second phase, individ-
ual subsystems are tested to validate performance and identify potential issues early. These systems
are then integrated into a full-scale prototype during the third phase, where ground and flight tests
are conducted to verify system-level behaviour. Upon successful testing, the fourth phase focuses on
certification readiness, followed by a gradual production ramp-up in the fifth phase. The final phase
culminates in market entry, supported by tailored pilot training and early operational feedback loops to
ensure smooth adoption and continuous improvement.

In conclusion, Owl-22 tackles urban congestion in postmodern cities like Dubai by introducing a per-
sonal aerial mobility solution that bypasses ground traffic entirely. Its compact, foldable design, vertical
take-off and landing capabilities, and intuitive iPad-based controls enable accessible travel for everyday
users. With a coaxial-cyclorotor propulsion system and a solid-state battery, Owl-22 delivers efficient,
low-noise operation aligned with the UAE’s sustainability goals. By combining advanced tech, user-
centric design, and sustainable principles, Owl-22 offers a practical solution for future urban mobility.
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1 Introduction

Cities worldwide are approaching a critical inflexion point in transportation infrastructure. Conventional
forms of transport, such as cars, subways and buses, are starting to reach their limits under escalat-
ing congestion, worsening air quality, and an ever-growing demand for personalised mobility solutions.
These challenges demand transformative solutions that either optimise existing networks or find effi-
cient alternatives. Among the emerging solutions, urban air mobility stands out as a promising option,
offering the potential to bypass ground-level constraints. While much of the current attention has fo-
cused on air taxis for shared use, there remains a largely unexplored niche: personal aerial transport
that is swiftly deployable and can be stored within a small volume.

This report documents the development of such a system, which has been named ‘Owl-22’. The primary
objective of this report is to provide a detailed design for the project itself, the vehicle and its subsystems.
Before advancing to the detailed design stage, the project underwent a preliminary design phase during
which concepts of the Owl-22 were reviewed through a series of system and sub-system level trade-off
analyses. A wide range of design options was evaluated, ensuring the selected designs comply with
the mission requirements and design philosophy. The selected design concepts and components are
examined in greater detail in this report. The different concepts are then systematically integrated to
form the final complete vehicle architecture.

The report begins with establishing the selected concepts in Chapter 2. It then delves into the subsys-
tem design by first discussing the propulsion subsystem in Chapter 3, where the rotor design alongside
its aerodynamic and acoustic properties. The power subsystem is detailed in Chapter 4, which outlines
the battery characteristics and also introduces the battery management system that aims to preserve
the health of the battery. This is followed by the avionics suite design is presented in Chapter 5, which
describes the main electronic components required for the basics functioning and safety of the vehicle.
The prognostics and health management framework is then introduced in Chapter 6, elaborating on the
diagnostic architecture employed by the vehicle to ensure effective fault detection and health manage-
ment. Subsequently, the stability and control characteristics of the vehicle are discussed in Chapter 7.
The subsystem design is concluded in Chapter 8, where the structural design is established along with
the integration of all the subsystems to produce the final system design.

Consequently, the report then shifts focus to the overall system perspective. Chapter 9 discusses
the operations and logistics concept, detailing how the vehicle would achieve mission objectives while
remaining affordable and scalable. This is followed by the sustainability assessment performed in
Chapter 10, which evaluates the Owl-22’s impact on the environment, society and economy. The
business case for this project is elaborated in Chapter 11, including a comprehensive market analysis
and financial planning. Chapter 12 discusses the systems engineering aspects for the vehicle, covering
topics such as verification and validation, requirement compliance, and risk analysis. The project design
and development logic are then presented in Chapter 13, which outlines the strategic roadmap for
future development beyond the current design phase. Finally, the report is concluded in Chapter 15,
presenting a summary of key findings.
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2 Concept Design

For the detailed design process, a concept design must be established. This is done to outline the
functions and development process of the entire system. This chapter details the conceptual design of
the Owl-22, a personal aerial vehicle for urban transport in the UAE. This is done by firstly establishing
the design enabler, which would provide a guideline in the design selection. The design enabler would
be explained and elaborated in Section 2.1. In Section 2.2 the stakeholder requirements would be
addressed. This would include the requirements for performance, usability, safety and sustainability. In
Section 2.3, a functional analysis would be conducted, determining the actions the Owl-22 would need
to perform. Finally, in Section 2.4 the system architecture and the interface between the subsystems.

2.1. Design Enabler
When designing products with a vast design space, it is important to follow a consistent philosophy
to motivate the selection of design options. For example, assuming that two design options perform
very similarly in a trade-off, the decision would be quite challenging. To provide a uniform method
that consistently assess both macro and micro-level trade-offs, it was decided that a ’performance’
based philosophy will be followed. This is done for multiple reasons. Firstly, this approach hinges
largely on the concept of energy-efficiency, since aircraft performance depends on a delicate balance
between propulsive output and its Operative Empty Weight (OEW). This means that one of the central
tenets of this project aligns directly with the project’s approach to sustainability, thereby enabling their
compatibility.

Moreover, a vital reason for this choice was the decision to target the UAE market. Here, locals and
expats share a materialistic, trend-centric culture, which is best exploited by designing a visually attrac-
tive and unique product. While it is not the aim for Owl-22 to feed into such a culture, it is financially
essential that this social behaviour is sufficiently considered by the final design. Another method to
attract customers would be by designing a luxury vehicle. However, such an enabler would largely be
antithetical to the goal of making a compact vehicle, as well as sustainability goals.

To better illustrate how this enabler is enforced, consider a simple example between two (hypothetically)
closely ranked designs. Design A is more compact and foldable than Design B, which is a larger, more
aerodynamic option. In this case, Design B would be chosen since it better adheres to the performance
policy. Hence, adopting a performance design enabler recalibrates the vision of Owl-22, originally
intended for the more cost-wary, sustainability-oriented European market, thereby aligning the design
more with the Emirati market whilst still maintaining its core aims.

2.2. Stakeholder Requirements
To determine how the system performs, the requirements it should fulfil must be analysed. The stake-
holder objectives provide a foundational set of specification, which are later expanded into a compre-
hensive requirements framework, which would be formulated in each relevant chapter. The stakeholder
objectives, covering performance, usability, safety and sustainability criteria are included in Table 2.1.

2



2.3. Functional Analysis 3

Table 2.1: Initial stakeholder objectives.

Specification Detail

Maximum transportable mass 200 [kg], transportable by one person

Maximum volume 4 [m3]

Range and speed 30 [km] range, 60 [km/h] max speed

Deployment time Less than 2 minutes

Flight capabilities VTOL, min cruise altitude 20 [m]

Power supply Rechargeable battery preferred (≤ 35% of total weight)

Control Operable via electronic device

Payload capacity One passenger (max 100 [kg]) + 5 [kg] utilities

Usage frequency 5 days/week, 500 flights/year

Maintenance Maintenance-free for first 2 years

Security No-fly zones enforced

Diagnostics Real-time monitoring of system faults and structural damage

Noise level Max 75 [dB] (urban ambient level)

End-of-life considerations Service extension, recyclability, down-cycling, or waste treatment

Regulation Compliance with relevant airspace and certification regulations

Safety Safety of pilot and bystanders is ensured

Production volume 1000 units/year

Selling price ≤ $ 100,000 per unit

Table 2.1 includes the updated requirements. As the initial requirements have been updated based on
feasibility. Where the maximum volume was initially 1 [m3] volume and it has been updated to 4 [m3].
The battery total weight was initially 30% of the total weight, however after evaluating and assessing
this requirement it has been updated to 35% of the total weight. Also, the minimum range andmaximum
speed were 20 [km] and 40 [m/s] respectively, and have been updated to 30 [km] and 60 [m/s]. Finally,
the initial flight altitude has been adjusted to a minimum cruising altitude of 20 [m], as it initially was a
maximum altitude of 20 [m].

2.3. Functional Analysis
In order to determine what actions the personal air transportation vehicle needs to be able to perform
and aid the creation of requirements for the design process, a functional analysis is performed. The
functional analysis is performed in two stages. First, the functional flow diagram (FFD) is created, in
order to identify the timeline of tasks and their dependencies. The outcomes of the (FFD) in Subsec-
tion 2.3.1. Afterwards, the functional breakdown structure (FBS) is created, where the identified func-
tions are organised in an ’AND tree’ based on the stages of the aircraft operation. Further description
of this is included in Subsection 2.3.2.

2.3.1. Functional Flow Diagram
The first tool to determine the system functions is the functional flow diagram. This is crucial for the later
compiling of the requirements, as the process identifies the necessary functions and actions related to
the aircraft lifecycle. In this case, the flow diagram is constructed by chronologically going through the
lifecycle of the aircraft. This process identifies key functions the aircraft must perform during operation,
as well as essential functions required for its design, certification, delivery, maintenance and retirement.
These functions are then broken down further into smaller, more specific functions, such that each
higher-level function has its own functional flow presented. Overall, the flow diagram is divided into
five functional levels, outlining their dependencies. It includes both AND and OR junctions, indicating
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whether functions should be performed simultaneously (AND) or if only one need to be performed (OR).

2.3.2. Functional Breakdown
Another tool used to analyse the aircraft’s functions is the functional breakdown. While the functional
flow diagram displays the functions depending on the order in which they need to be logically performed,
the functional breakdown provides insight into the functions’ hierarchy. This helps with determining how
to separate subsystems and organise the design process.

The functional breakdown is an ’AND tree’ structured such that the first level shows the different life
stages of the aircraft. On the second level, these functions are broken down further into different high-
level actions of the aircraft, such as ’Deploy the System’. These are then divided into different aspects
of each action, such as ’Turn on on system electronics’ and ’Check airworthiness’ on level 3. Lastly,
levels 4 and 5 present small-scale functions such as ’Establish system state’, which is broken down
further into functions like ’Perform Diagnostics’.
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2.4. System Architecture and Interface Definition (N2)
The Owl-22 system will be an intricate web of connections between the subsystems. Figure 2.1
presents these interconnections between subsystems and the environment. Everything inside the grey
boundaries demarcates the operations within Owl-22. The different arrows represent flow of data, com-
mands and energy.

Global System Boundary

Flight Control System

Control Device

Avionics Suite

Navigation System (incl. 
Flight Path Assistance)

 Obstacle and State 
Sensing System

Pilot Interface Display +

OBC

Power System

Legend

Data Flow

Command Flow

Energy Flow

Attitude and Thrust 
Control Loop

Battery Pack

Battery Management 
System

Battery System

 Power Management System

Power Distribution Unit

Power Converter/Inverter

Propulsion System

Motors

Communication System
Obstacle and NFZ 

avoidance software

Authorities/ Other 
vehicles

Obstacles

Environment

Noise

Control Allocation 
Unit

Flight State

Current Positioning

Thermal management 
system

Heat

Figure 2.1: System architecture flowchart.

An alternative way of viewing the architecture is provided in Table 2.2 where the interaction with the
structure is also presented.

Table 2.2: N2 system architecture chart.

Environment NFZs, Weather
changes

Obstacles, Current
State, Signals from

Space

Outside
reference

Wind, Damage
Risks Heat

Damage risks,
Aero Loads,

Heat

To ground/in
air signals Communications Map, NFZ updates

Weather, NFZ
updates, Vertiport
assistance, Remote
control instructions*

Data from other
UAMs and
authorities

Signals to
space Position Data Navigations and

sensing

Obstacle detection.
Altitude, Attitude,

Position information,
Diagnostics feedback

Collision Warnings
and Position

information to other
vehicles.

Sensing instructions,
Fault scenario
commands

OBCs***

Visual/audio
feedback,

including path
generation**

Power
distribution
commands

Automated/
user-induced (stab.

and control)
commands.

Nominal
Temperature

Authorities and
other UAM call-outs.

Wanted temperature,
User control inputs User interface Manual

deployment

Allocated Power Allocated Power Allocated Power,
Diagnostics feedback

Power
System Allocated Power Heat

Noise Diagnostics feedback Propulsion (and
Lift) Heat Propulsion

loads

Heat Temperature
information, Cooling Cooling Thermal

management Cooling/Heating

Coms. integration Sensor integration Diagnostics feedback Ergonomics
Power
system
housing

Motor housing, Lift
and Drag Thermal state Structures

* This can be implemented in future development, though it would require significant bandwidth and would introduce extra risks.
** Initially, used as feedback helping the user. In future development stages, this can become automated feeding directly into prop. and lift.
*** OBCs stands for On Board Computers, including computations on the tablet.



3 Propulsion

The propulsion system is a critical system, which is responsible for generating the necessary thrust to
achieve lift and controlled flight. In Section 3.1, the requirements that the propulsion has to fulfil are
established. Section 3.2 includes the design, selection and sizing process of the propulsion system,
which consists of coaxial and cyclorotors. Followed by Section 3.3, which indicates the noise mitigation
process for both propulsion subsystems, the coaxial and cyclorotors. In Section 3.4, an aerodynamic
analysis was conducted, estimating the forces, pressure, turbulence and its effect on the environment.
Finally, the maintainability, safety and reliability of the propulsion system have been discussed, which
could be found in Section 3.5.

3.1. Propulsion System Requirements
The propulsion system is a critical system for the vehicle’s performance, which would have to fulfil some
essential requirements. The requirements relevant to the propulsion system are presented in Table 3.1.

Table 3.1: Propulsion system requirements.

ID Description

REQ-STR-TPT-01 The total mass of the fully assembled vehicles in its operational configuration shall
not exceed 200 [kg], excluding the pilot and any external control device.

REQ-FP-PAY The vehicle shall be capable of transporting a total payload of at least 105 [kg] over
the full mission profile.

REQ-FP-VTOL The vehicle shall be capable of vertical take-off and landing (VTOL) from a sta-
tionary position on flat terrain, without the need for external launch or recovery
infrastructure, within a ground footprint of 8 [m] x 8 [m].

REQ-SUS-NOI The system shall produce noise levels no greater than 75 [dB].
REQ-SAF-PIL The vehicle shall protect the pilot from life-threatening injury during all phases of

nominal operation.

REQ-FP-PAY and REQ-STR-TPT-01 indicate the weight of the vehicle and payload, which results in
a 305 [kg] take-off weight, which the propulsion system must provide. However, the system also has
to account for upward acceleration. This would require higher thrust levels than the maximum take-off
weight. To ensure the system can meet this, the requirement is set to be 310 [kg].

3.2. Propulsion System Design/Selection
This section outlines the selection and design process of the propulsion components, focusing on cy-
clorotors and coaxial rotors; the chosen lift devices from the conducted trade-off. Where two cyclorotors
would be positioned in front of the vehicle and two coaxial rotors would be positioned in the rear, slightly
higher than the cyclorotors. This was done to avoid the interaction between the two propulsion systems.
Both coaxial and cyclorotors would be required to provide a minimum thrust of 155 [kg] separately, as
the centre of gravity is assumed to be in the centre of the vehicle.

3.2.1. Cyclorotors
Cyclorotors were chosen as a part of the propulsion system for their unique characteristics. As it could
provide 360◦ thrust vectoring, making it highly manoeuvrable and smooth in the transitioning phase
between hover and forward flight. The two cyclorotors that would be used for the propulsion system of
the vehicle will be acquired from Cyclotech. To provide sufficient lift for the entire system, the CR-84
cyclorotor would be used, which could be seen in Figure 3.1. As the CR-42 does not provide enough

8
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thrust and the CR-60 would have to operate at its maximum thrust throughout the entire mission, to
provide sufficient thrust. This would make the CR-60 very inefficient and would not account for any
safety margin. Also, comparing the CR-84 to the CR-42 and CR-60, the CR-84 has a higher efficiency
and has a higher thrust-to-mass ratio [1].

Each CR-84 can provide a maximum thrust of 152.8 [kg]. However, the cyclorotors would be required
to provide only 60% of their thrust, for higher efficiency, to maximise their lifespan and to increase the
reliability and safety of the system [1].

Figure 3.1: The CR-42 model [1].

3.2.2. Coaxial Rotors
The coaxial rotors consist of two main components, the propellers and the motors. To optimise the sys-
tem’s design and minimise mechanical complexity, each propeller within the coaxial setup is directly
driven by its own dedicated motor. This independent motor-propeller configuration simplifies the over-
all mechanism by eliminating the need for intricate gearboxes or power-splitting devices that would
otherwise be required to drive multiple propellers from a single motor.

Design Decisions
In the propeller designing process, the main consideration was the noise. That is due to REQ-SUS-NOI,
which has to be fulfilled while providing sufficient thrust to lift the system. Especially due to the high
noise level that the coaxial rotors generate, as they are considered to be the main source of noise.

To reduce the noise the coaxial rotors generate, the noise generated by the propellers is split into three
main noise components. This is done considering the propellers are the main source of noise in the
coaxial setup. The three noise sources are the thickness, loading and blade vortex interaction noise.
The thickness noise accounts for the displacement of air due to the propeller motion. This is mainly
relevant for the airfoil selection. The loading noise is dependent on the loads that the air applies to the
propellers [2].

Looking at the three noise types, the blade vortex interaction is considered to be very high in a coaxial
setting. To reduce the vortex interaction noise of the coaxial propellers, two decisions have been made.
The first decision is to have a corotating propeller instead of contra-rotating propellers, as this has a
considerable interference reduction, resulting in a lower noise [3]. However, this also reduces the thrust
output of the coaxial rotors compared to counterrotating by 10% [4]. The second decision is to use a
smaller spanned propeller for the lower propeller, compared to the upper one. This is done to ensure
the vortex of the upper propellers does not interfere with the lower propellers.

To reduce the loading noise and the tip vortices, a serration would be applied on the trailing edge of the
propellers. This design option is inspired by serration on the owl’s wings, which results in their silent
flight [5]. This would improve the aerodynamic property, reducing the turbulence at the trailing edge.
As a result, the noise would be reduced.

Propeller Sizing
The main aspect of the coaxial rotors is the thrust generation. The coaxial rotors would be required
to provide thrust, which is equal to 155 [kg]. To achieve this thrust the propellers would be sized
accordingly. As mentioned earlier in the section, each propeller of the coaxial rotors would have a
different span length, thus each propeller would be sized separately.
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The first decision that was made regarding the propellers was to have a two-blade propeller. This is
because the propellers with two blades generate less drag, improving their efficiency [6]. Also, the two-
bladed propellers require less material, which saves on weight and manufacturing cost. Furthermore,
two-bladed propellers are more compact and easier to store compared to multi-bladed propellers, which
require more space due to their extended blade arrangement.

Based on the database of MadComponents and Hobbywing, a comparison was done to select a pro-
peller. This was done based on the essential thrust requirement and the size requirement, as the
propellers would require a large area. The coaxial rotors are expected to operate around 50% of their
maximum thrust. This assumption is made to include the safety factor. This percentage was obtained
by comparing the propeller’s maximum thrust to its operational thrust, which is around 50% [7, 8].

From the database, the propellers that provided the required thrust and had the smallest area were
chosen. Based on this selection, two propeller options remained. These two propeller designs that
were chosen are the Hobbywing P50M 64x20” and 54x23”, which could be seen in Figure 3.2 and 3.3
[8]. The propeller with the larger span is attached above the motor, whereas the 54” counterpart will be
placed beneath it.

Figure 3.2: CAD drawing of the P50M 64”x20” propeller design, including the dimension in [mm] [8].

Figure 3.3: CAD drawing of the P50M 54”x23” propeller design, including the dimension in [mm] [8].

Based on the chosen propellers, the chord and twist distribution could be found. This could be found
in Figure 3.4. The airfoil, however, is not known; therefore, an airfoil had to be selected to achieve
similar results. For the airfoil selection, it is important to note that, as long as the airfoil selected has a
reasonable drag polar, it does not have a huge effect on the performance of the propeller, as optimising
the twist would have a larger effect [9]. Thus the airfoil selection is done based on the commonly used
airfoil, which are NACA 4412 and Clark-Y airfoils [10]. To find the optimal airfoil, the drag polar, which
is the lift coefficient divided by the drag coefficient of these two airfoils, was compared. This was done
by first finding the Reynolds number and airspeed of the propeller. Along the span of the propeller,
different airspeed is observed on each cross-section; thus, it was determined to look at 75% of the
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Figure 3.4: Chord distribution of the chosen propellers.

blade span, as this position is usually used as a representative reference point [11]. Looking at both
the 54” and 64” propellers, which would be rotating at around 2600 and 2200 [rpm] respectively. This
would result in approximately a Reynolds number of 400000 and an airspeed of approximately 70 [m/s]
[12]. Based on this, the drag polar was computed, which could be seen in Figure 3.5.

Figure 3.5: The drag polar of Clark Y and NACA 4412 airfoils [13].

Based on Figure 3.5, it could be seen that the NACA 4412 has a higher lift to drag ratio and also has
a higher maximum lift coefficient. For that reason this airfoil was chosen for both propellers.

Since the airfoil used in both Hobbywings propellers is similar to the NACA 4412 airfoil, and because
the performance of the propellers is mainly dependant on the twist and chord of the blade, which is
also similar to the existing propellers, an assumption could be made that the performance is going to
be similar [8].

Finally, after the propeller design, the serration at the end of the trailing edge was applied. A serration
along the entirety of the propeller span has been avoided to reduce the manufacturing cost. Thus,
a decision has been made to cover only 50% of the ends of both propellers with the serration. This
decision has been made because the main thrust of the propellers is produced around 75% of its radius
with respect to the root. Thus, at 75%, the main loading noise would be generated, and the serration
would be applied for 25% of each side of that point. This could be seen in Figure 3.6, where the serrated
part is indicated by red. This would ensure a noise reduction of the main noise source.
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Figure 3.6: CAD drawing of the propellers with the serration location.

For the serration, a sawtooth configuration has been used. The associated dimensions are indicated
in Figure 3.7, where λ indicates the serration wavelength and 2h indicates the serration height. Where
the ratio λ = 2h, as this is the optimal ratio as it ensures approximately a noise reduction of 7 [dB],
compared to a non-serrated surface [14]. The serration would be applied along the second half of the
trailing edge of the propeller. The serration would be applied with λ = 0.1d, assuming d is the total
serration distance, which is indicated in Figure 3.6 [15]. The serration distance is 343.75 [mm], which
is calculated from the propeller’s dimensions. This would result λ = 34.4 [mm].

Figure 3.7: The sawtooth serration dimensions.

Finally, to ensure the two coaxial rotors’ tip vortices do not interact, a clearance has been added. This
results in a more efficient system and noise reduction. The minimum clearance that must be maintained
is 20% of the propeller radius, ensuring no vortex interactions occur between both rotors [16].

Propeller Material selection
The material selected for the propellers is carbon fibre reinforced polymers. Even though the material
cost is higher, it has a very light weight compared to aluminium and stainless steel, which complies
with the strict weight requirement. It also performs quite well with respect to durability, as it does
not significantly degrade under sunlight (UV) radiation. They also provide great corrosion resistance,
increasing the reliability of the system [17].

Since the same material will be used for the propellers as the reference propellers, and because the
geometry of the propellers used is also similar, the weight of the propellers could be found. The weight
of the 64” and 54” propellers is 860 and 707 [g] respectively [8].

Motor Selection
Two motors would be powering each coaxial rotor. The motor would be required to produce at least
100 [kg] of maximum thrust, as the motor would be operating between 40-50% of its maximum output.
This is done to ensure a reliable and safe system and also to prolong its lifespan. For the motor design,
a brushless motor would be selected over a brushed motor. Although brushed motors are cheaper,
brushless motors have higher efficiency, longer lifespan and require less maintenance. To compare
the motors for the selection, the rotation per voltage of different motors would be compared, which is
indicated as KV. A few motors that are capable of providing sufficient power were selected from the
Hobbywing and Madcomponent databases, which could be found in Table 3.2 [8, 7].
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Table 3.2: Motor selection for the coaxial rotors[7, 8].

Motor KV Motor Weight [kg]
M90C60 [7] 9.9 12.7
M60C60 [7] 8.5 9.20
M60C50 [7] 9.5 7.50
P50M [8] 11 4.25

Comparing the KV value of different motors, the P50M motor has the highest value, meaning it has a
higher efficiency. Also, it has the lowest weight compared to other motors. With that, the P50M motor
is selected, which would be used for the coaxial rotors. This would be done by installing two P50M
motors, for each coaxial rotor, where each motor would be powering one of the propellers on each of
the coaxial rotors.

3.3. Noise Mitigation
The vehicle will operate in urban environments, requiring strict noise compliance to minimise distur-
bance and ensure sustainability. The primary noise source is the propulsion system, which consists of
four subsystems: two cyclorotors and two coaxial rotors.

The noise the cyclorotros generate is computed using the results of the noise test performed by Cy-
clotech. This test was done by operating the cyclorotors at their maximum performance and measuring
the noise at 100 [m] distance. Converting the results to 20 [m], which is the cruising altitude, results in
66 [dB] [1, 18].

The noise levels of the cyclorotors were estimated using test data from Cyclotech. During testing, the
cyclorotors were run at maximum performance, with noise measurements taken at 100 [m] distance.
Converting these results to the vehicle’s cruising altitude of 20 [m] results in a noise level of 66 [dB] [1,
18].

Estimating noise generated by coaxial rotors presents significant challenges. To address this, the analy-
sis first computes the noise of a single propeller and then extends the results to the coaxial configuration.
After that, design decisions are incorporated into the noise estimation.

To estimate the single rotor noise, Hanson’s Model was implemented. This model calculates both tonal
noise (from blade passing frequencies) and broadband noise (from turbulent flow) based on propeller
geometry, operational parameters, and observer position. The model required inputs including pro-
peller dimensions, flight conditions, aerodynamic coefficients, and measurement distance. This would
provide a maximum sound pressure level of 70 [dB] for the single rotor configuration [19, 20].

While both the single-layered and coaxial rotors operate at the same fundamental blade passage fre-
quency, the coaxial rotors produce a 10 [dB] higher sound pressure level (SPL) compared to single
rotors. This increase results from aerodynamic interactions between the counter-rotating propeller pairs
[21].

Implementing different-sized propellers reduces the blade vortex interaction, resulting in a SPL reduc-
tion of 6 [dB] [22]. Additionally, using corotational upper and lower rotors instead of contrarotational
ones provides a 4.5 [dB] noise reduction [3]. Finally, applying serration to the blades results in an
additional SPL reduction of 7 [dB], as mentioned in the previous section. An overview of the impact of
these design decisions on the noise of the coaxial rotors could be found in Table 3.3.
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Table 3.3: The impact of the design decision on the overall noise of the coaxial rotors.

Design decision Effect on noise
Coaxial rotors + 10 [dB]
Different sized propellers - 6.0 [dB]
Corotational - 4.5 [dB]
Serration - 7.0 [dB]

Based on the above effects, the maximum noise generated by a single coaxial rotor is approximately
63 [dB] at 20 meters distance. However, the vehicle contains four noise sources, two coaxial and two
cyclorotors. Accounting for the noise interaction of these four sources results in 71 [dB] at 20 meters
distance [23]. Based on this value, it can be concluded that the vehicle is able to comply with the noise
requirement.

Yearly, 1,000 vehicles are produced, meaning approximately 10,000 will be produced in the first decade.
This would result in a considerable number of vehicles flying in the same city at the same time, resulting
in noise interaction, increasing the noise observed by people on the ground. To estimate the maximum
noise observed on ground, it is assumed that all the 10000 vehicles are flying at the same time with
a maximum distance of 30 meters between them and at a 20-meter altitude. It is also assumed that
the noise of the vehicle would be omnidirectional. Based on this, the maximum noise observed would
be 82 [dB]. However, having 10,000 vehicles flying simultaneously in one city is an overestimation. In
reality, far fewer vehicles are expected to occupy such compact airspace simultaneously, meaning that
the real noise levels would be lower and the estimation is conservative.

To reduce this noise, three main mitigation strategies could be considered. Firstly, reducing the number
of vehicles that are flying simultaneously. However, this would be difficult to manage, as the pilots have
no restrictions on flight within designated flying zones. Besides, reducing the number of vehicles that
are operating at the same time from 10000 to 1000, would result in noise reduction of approximately 1
[dB], as could be seen in Figure 3.8a. This proves that the number of vehicles does not have a huge
effect on the noise reduction.

Secondly, increasing the flight altitude. By increasing the altitude from 20 to 80 meters, a noise reduc-
tion of 2.5 [dB] could be achieved as could be seen in Figure 3.8c.

The third method is by increasing the minimum distance between the vehicles. By slightly increasing
the separation distance, a noticeable noise reduction could be achieved. Decreasing the distance from
10 to 60 meters results in a 12 [dB] of noise reduction, as can be seen in Figure 3.8b. This also
enhances safety by ensuring a greater clearance distance.

(a) The impact of the number of vehicles flying
simultaneously on the total noise.

(b) The impact of the vehicle’s distance on the
total noise.

(c) The impact of the flight altitude on the
noise.

Figure 3.8: The impact of different considerations on the total noise.
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3.4. Aerodynamic Analysis
Aerodynamic analysis allows for the estimation of the forces, pressures, turbulence, and other charac-
teristics crucial for understanding the propulsion system and its influence on the surrounding environ-
ment. CFD simulations were then run to simulate the two propulsion system types as well. Due to the
element number limit imposed by the Ansys software, together with being computationally expensive,
the propulsion system and the structure were simulated separately. The validity of this approach is
evaluated later in this section once the characteristics of the flow around the propulsion system types
are known.

In this section, the simulation set up is first discussed in Subsection 3.4.1. Then, the numerical model
and the solver algorithm are presented in Subsection 3.4.2. After these steps, the analyses for the
cyclorotors and the coaxial rotors are presented in Subsection 3.4.3 and Subsection 3.4.4 respectively.

Later in Chapter 8, similar analysis was performed for the structure, where characteristics like CLfuselage

and CDfuselage
were determined for both the preliminary and the updated structure.

3.4.1. Simulation Preparation
The simulation is carried out using the Ansys Workbench. This is a commercial software developed by
Ansys, Inc.; however, it offers free student access. For the purposes of this project, the tools integrated
into Ansys Workbench are considered to already be verified and validated [24]. The process starts with
simply importing the 3D model of the studied part. After this, an enclosure with an inlet and outlet is
created around the body, which represents the surrounding air. After this step, the body surface and
the enclosure need to be discretised, in order to allow for the computational method to be used. This
can be done in many ways; nevertheless, in this case, a fine mesh was used on the aircraft surface in
order to capture its complex shape. Meanwhile, a coarser mesh was used to discretise the enclosure.
Buffer layers were set up between these two entities to improve the smoothness of the transition from
one to the other. An unstructured mesh consisting of tetrahedra was used for the discretisation, since
it allows for the capture of complex shapes while retaining relatively high-quality elements. Overall, the
mesh element size was refined to approach the 106 element limit of the Ansys student license.

The first propulsion system type to be analysed was the cyclorotor. In order to analyse moving parts
like a propulsion system, relative movement needs to be imposed on parts of the mesh. Thus, mul-
tiple enclosures were created, one of which represented the stationary air domain, and the other(s)
representing the immediate vicinity of the rotating object. There was a significant limitation in terms
of the ability to realistically simulate the cyclorotor. This is because a model with 6 moving meshes
would be necessary, as there is the general rotation of the cyclorotor, but within the rotating reference
frame, each airfoil is rotating at a different angular velocity, which is also changing continuously. This
would firstly be computationally expensive to simulate and secondly, it would presumably require an
extremely high-quality, fine mesh to decrease the risk of divergence. In conclusion, it was decided to
study the cyclorotor without the airfoils being deflected, which should still provide a reasonably accurate
estimate of its parasitic drag.

3.4.2. Numerical Model
Fluid flow is described by the Navier-Stokes equations. These consist of the continuity equation de-
scribing conservation of mass and 3momentum equations describing conservation of momentum in 3D.
An incompressible case is considered due to flight at low Mach numbers. The equations are outlined
below [25]:
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Here, ∂u
∂x is the spatial derivative of the u-component of the local flow velocity with respect to displace-

ment in x. A similar relation applies to the other partial derivatives. In addition, ρ is the fluid density and
p is the static pressure. Lastly, f , g, and h are the body forces ρgx, ρgx, and ρgx respectively.

In practice, direct numerical simulation is extremely computationally expensive. Thus, models utilising
assumptions and simplifications are usually implemented. In this case, it was decided to use Reynolds-
averaged Navier-Stokes equations. This model uses Reynolds decomposition to convert the velocity
of the flow into a mean term and a fluctuating term.

ui = ūi + u′i (3.5)

The RANS equation itself will be written in Einstein notation for the sake of brevity. In this notation,
multiplication between a variable and a spatial derivative with certain subscripts is used to express
summation. An example is provided below.

ūj
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The full RANS equation is as follows [26]:
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∂ūi
∂xj

+
∂ūj
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Familiar variables appear here, except for dynamic viscosity, which follows µ = ν ∗ ρ. The last term
(−ρu′iu′j) is the so-called Reynolds stress. Further equations need to be introduced in order to close
the system of equations. For this purpose, the K − ϵ turbulence model, together with the Boussinesq
eddy viscosity hypothesis, is applied. The Boussinesq hypothesis states the following [27]:

−ρu′iu′j = µt
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−2

3
δijk (3.7)

In this case, µt is the eddy viscosity and k is the turbulent kinetic energy. They can be obtained with
the following expressions [28, 27]:

µt = ρCµ
k2

ϵ
(3.8)

k =
1

2
u′iu

′
j (3.9)

In this case, Cµ is a constant with a typical, empirically obtained value of 0.09. The k − ϵ turbulence
model by Launder and Spalding is then used to obtain expressions for the transfer of k and ϵ[28].

∂(ρkui)

∂xi
=

∂

∂xj

[(
µ+

µt

σk

)
∂k

∂xj

]
+2µtEijEij − ρϵ (3.10)

∂(ρϵui)

∂xi
=

∂

∂xj

[(
µ+

µt

σϵ

)
∂ϵ

∂xj

]
+C1ϵ

ϵ

k
2µtEijEij − C2ϵρ

ϵ2

k
(3.11)

Similarly to the previous case of Cµ, σk, σϵ, C1ϵ, and C2ϵ are constants.

With the model equations set up, a 3D finite volume method (FVM) is used to numerically solve the
PDEs at all the nodes created by the mesh that was generated during the setup of the simulation. The
FVM essentially uses neighbouring cells or boundary conditions to calculate the derivatives and values
at inner nodes of the mesh [29]. Unfortunately, the mathematical expression for the 3D case and its
derivation are too long to include in a report like this, where the numerical method is not the main focus.

The SIMPLE algorithm is utilised for the calculation of the equation terms themselves. First, boundary
conditions are set. This is a crucial step with a significant effect on simulation convergence. In this
simulation, Dirichlet boundary conditions were used for all boundaries, meaning a variable had a fixed
value on the boundary. Firstly, the inlet into the test enclosure had a fixed inlet velocity of 17 [m/s].
Secondly, a no-slip condition was imposed on the walls of the enclosure, meaning that the velocity
was zero immediately on the surface. Lastly, a fixed pressure condition was set on the outlet of the
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enclosure. Next, as previously mentioned, the solver computes the gradients of velocity and pressure
on the individual nodes, using the FVM. Next, themomentum equations are solved and the intermediate
velocity field is computed. Then, the uncorrected mass fluxes are computed at the faces. The pressure
correction is then calculated and under-relaxation is applied for more conservative correction, in order
to not make the simulation unstable. Then, the boundary pressure corrections are applied and the
mass fluxes on the faces are corrected. The gradient of the pressure corrections is then used to
correct cell velocities. This process is iterated multiple hundreds of times over the whole mesh and the
convergence of desired characteristics like drag or lift, together with the ”residuals”, is monitored. The
residuals are a useful tool to observe the amount of correction being applied between iterations and
should decrease and stabilise as the simulation progresses. Once the simulation converges, efforts
shift to post-processing.

3.4.3. Cyclorotor Aerodynamic Analysis
The drag coefficient obtained for the cyclorotor from the simulation was CDcyclo

= 0.022. Meanwhile,
lift is also created by spinning the cyclorotor at 1700 [rpm] without any angle of attack on the airfoils,
purely by accelerating air over its top. This was found to be equal to CLcyclo

= 0.027. The flow over the
symmetry plane of the cyclorotor is visualised in Figure 3.9.

Figure 3.9: Airflow over the symmetry plane of the cyclorotor when in forward flight (positive z-direction) at 17 [m/s] airspeed.

In this figure, the cyclorotor is rotating clockwise. It can be observed that the flow accelerates on both
the top and bottom sides of the cyclorotor. However, due to the rotation, the top part accelerates the
flow more. This results in the top having lower static pressure and thus exerting a lift force.

Having examined the flow around the cyclorotor, its effects on the rest of the aircraft were evaluated.
It had been assumed that the rotor could be analysed separately. This is still considered a reasonable
assumption, as the cyclorotor draws the vast majority of the air from the clean flow in front, not from
the side where the structure interferes with it. This is illustrated in Figure 3.10.

Figure 3.10: Top view of the velocity field around the cyclorotor when in forward flight (positive z-direction) at 17 [m/s]
airspeed.
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It can be seen that while the air passes around the cyclorotor on the structure side, its performance
will not be affected, since it is far forward and draws air in front of it, not from the side. The air that is
passing around it will now need to be divided and pass over the top and bottom, which could cause
minor extra drag. Nevertheless, this effect is omitted from the analysis.

Another characteristic of the cyclorotor that should be examined is the wake. The wake was found
to be straight in the longitudinal direction (z-axis), which is not expected to change significantly when
mounted onto the structure. Furthermore, the wake is angled down by approximately 30 degrees.
This is desirable behaviour, as it suggests that the wake of the cyclorotor will not interfere with the
functioning of the rear coaxial rotors. It has also been confirmed by other research that this angle will
further increase when the cyclorotor operates as it normally would [30].

3.4.4. Coaxial Rotors Aerodynamic Analysis
Lastly, the properties of the coaxial rotors will be examined. A higher-fidelity analysis can be performed
than in the case of the cyclorotor, as there is inherently only one rotating frame, which can be accurately
modelled. The propulsion system was isolated such that the two corotating rotors were simulated with
the mount in between, since it likely has some effect on the efficiency and thrust of the overall coaxial
rotor.

The simulation determined that the coaxial rotors will add approximately CDcoaxial
= 0.007 to the overall

configuration. This value is rather low but reasonable, since the rotors are analogous to a thin, circular
plate, which would have negligible pressure drag [31]. A visualisation of the flow around the coaxial
rotors is presented in Figure 3.11.

Figure 3.11: Visualisation of the airflow through the coaxial rotors when in forward flight (positive x-direction) at 17 [m/s]
airspeed.

The coaxial rotors are at the very rear of the aircraft. In previous analysis, it was not identified that
the fuselage or the cyclorotors would significantly affect the flow in that location, meaning that the
assumption that the components can be analysed separately is considered valid.

3.5. Maintainability, Safety, and Reliability
The propulsion system is a critical component of the vehicle, requiring continuous maintenance to pre-
vent potential failures. Ensuring its safety and reliability is essential for long-term operation. This sec-
tion evaluates the system’s operational robustness, focusing on maintenance strategies, redundancy
measures, and safety considerations.

3.5.1. Maintainability
The maintainability of the system is crucial, as it ensures the system is fulfilling the safety and relia-
bility requirements. To simplify and decrease the cost and time of the maintainability and inspection
process, the entirety of the propulsion system is positioned outside the structure of the vehicle. This is
done to improve the accessibility for inspection and maintenance, as the full system does not require
disassembly.
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Furthermore, to reduce the maintainability cost, the subsystems of the propulsion system could be in-
spected and maintained separately. As for the coaxial rotors, propellers and motors could be inspected
separately and could be replaced independently, as this also does not require disassembly of the entire
system.

3.5.2. Safety
The propulsion system is a crucial part of the vehicle, which should comply with the safety requirements.
To account for the safety requirement, the propulsion system would be able to provide sufficient thrust
even when one of its components fails. This is done by having each subsystem operate at around
50-60% of its maximum output.

The propulsion system incorporates fail-safe measures to mitigate risks from component failures. For
the cyclorotors, the rotational plane ensures that any ejected parts will be emitted outward away from
the vehicle structure due to their rotational axis orientation. In the coaxial rotor assembly, the upper
propeller’s rotational plane is offset from the main airframe, ensuring no ejected parts would be emitted
toward the main airframe. While the lower propeller rotates parallel to the airframe, a clearance gap
is maintained between the propeller’s blade and main airframe structure. This design redundancy
prevents certain failure scenarios, enhancing system safety.

3.5.3. Reliability
To account for a reliable system, a few decisions have been made. The use of a brushless motor has
been chosen, which has a higher reliability and durability than brushed motors. Also, the material used
for the propellers is carbon fibre reinforced polymers, which ensures the propellers are more fatigue
and erosion resistant [17].

Also, the propulsion system would be operating at approximately half of its maximum output limit. The
cyclorotors operate at 60% of their maximum capacity. The motors and propellers are operating around
50-60% of their capacity. This would increase the reliability and lifespan of the system.

3.6. Future Recommendation
Implementing serrations on the cyclorotor blades could significantly enhance performance by reducing
turbulence during rotation. This modification would improve efficiency and decrease noise levels. How-
ever, since adding serrations may increase production and testing costs, this remains a consideration
for future development.

The performance of coaxial rotors largely depends on propeller design, particularly the chord and twist
distribution. Optimising these parameters could lead to substantial improvements in aerodynamic effi-
ciency. However, this process would require extensive computational analysis and testing, making it a
longer-term goal.

Additionally, refining the serration design, such as using iron-shaped, ogee, or sinusoidal type serration,
could further reduce noise. While these advanced serrations offer acoustic benefits, their complex
shapes may pose manufacturing challenges. Future development in manufacturing techniques could
make these designs more feasible.



4 Power

This chapter presents the design of the power system. It begins with the selection of the battery type,
followed by the development of a battery management system, including thermal management and
cell balancing strategies. The chapter then outlines the architecture of the power distribution network,
detailing how the electrical energy is managed and routed to various subsystems. The maintainability,
safety, and reliability of the entire design are highlighted, after which the chapter concludes with a
summary of key design decisions.

4.1. Power System Requirements
During the initial stages of the project, requirements were formulated for the entirety of the design
process of the Owl-22. Below, in Table 8.1, all the requirements relevant to the power system can be
seen.

Table 4.1: Updated structures relevant requirements.

ID Description

REQ-SAF The vehicle shall ensure occupant and bystander safety during all phases of op-
eration with active and passive safety measures that prevent hazardous system
failures and minimize injury risk.

REQ-FP-RAN The vehicle shall have a minimum operational range of 20 [km] under standard
urban flight conditions, based on a full fuel cycle, including take-off, cruise, and
landing phases.

REQ-FP-VEL The vehicle shall be capable of sustaining a cruise speed of at least 60 [km/h] in
level flight under standard atmospheric conditions at cruise altitude.

REQ-OP-USE-01 The vehicle shall have a maximum refuel time of 30 [min].
REQ-SUS-BAT The vehicle shall include an onboard battery system as part of its energy storage

architecture by default.
REQ-SUS-BAT-01 The battery shall retain at least 80% of its original capacity after 1000 full

charge-discharge cycles under standard operating conditions (ambient tempera-
ture 297.15–318.15 [K]).

REQ-SUS-BAT-02 The battery shall be rechargeable.
REQ-SUS-BAT-03 The battery shall support repeated charge-discharge cycles without replacement

during the first 2 years of operation.

4.2. Battery Characteristics
Owl-22’s energy source will consist of a solid-state lithium (SSB) battery. This decision was reached
after performing a detailed trade-off that considered several non-battery energy sources and also dif-
ferent types of batteries. The main characteristics of a SSL battery are its very high energy density,
good durability and excellent safety (low fire risk). Furthermore, it is important to note that the battery
and battery performance assumed in the design of the Owl-22 are not currently commercially available,
but rather are expected to be in approximately five years time; around the time the Owl-22 is expected
to begin production.

A big design decision to make regarding the battery of the vehicle is whether it will carry any loading or
not. Batteries are inherently delicate components and as such, without careful considerations, any force
acting on them could critically damage them. The concept of a structural battery is defined by Jin et al.
as follows: ”an energy storage device that is able to bear structural loads and act as a replacement for

20
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structural components such that the weight of the overall system is reduced” [32]. There are two main
types of structural batteries: cell-level and material-level. The former consists of surrounding the cells
in external reinforcements, while the latter consists of developing components that act as load carriers
and valid battery components [32]. The second type of structural batteries are both very expensive and
still a very novel area of research; therefore, if a structural battery were to be used, the Owl-22 would
use of the first type.

Initially, it was believed that in order to minimise Owl-22’s weight, and following from the design en-
abler: performance, a structural battery would be designed. However, although conceptually this is
reasonable, in reality the improvement in performance from a structural battery was found to be mini-
mal for the Owl-22. As the loads of the vehicle are not particularly large, the airframe does not require
the battery to sustain any loads, and if it were to do so, the reduction in mass would be very small.
On the other hand, making the battery structural carries with it many complications. Firstly, structural
batteries are clearly more expensive than their non-structural counterparts. These costs are not only
manufacturing or production costs, but also include maintenance and fatigue analysis costs. Overall, it
was determined that for the Owl-22 the advantages proposed by a structural battery were not enough
to make up for the complications it brought. As such, Owl-22 has a non-structural battery.

4.2.1. Battery Capacity
Before defining any of the battery characteristics, it is important tomention that the following calculations
were performed under the assumption that the mass of the vehicle is 305 [kg] during flight. This consists
of 200 [kg] of the vehicle itself with an addition of 105 [kg] from the pilot and belongings. It is possible that
the mass budget that has been allocated to each system overestimates the true mass of said system.
Therefore, it is possible that the empty vehicle will have a mass lower than 200 [kg]. To facilitate this,
the battery sizing and energy capacity will be iterated on at the end of the design phase. The results
of this iteration concerning the battery can be seen in Section 8.6.

The very first step in determining the dimensions and characteristics of the battery was to determine the
required battery capacity for the Owl-22. This required an estimate of the maximum energy required for
a trip using the Owl-22. The energy required for the lift devices was calculated, and then it was assumed
that the energy used by them would be 80% of the energy used by the whole vehicle. Therefore,
using specifications from Cyclotech and Equation 4.1, ideal power for rotors equation, the total energy
needed for the lift devices in a maximum trip by the Owl-22 could be found to be 15.91 [kWh] for a trip
of maximum range (30 [km]), with up to 4 minutes of hovering [33, 1].

Pideal = T ·

√
T

2ρA
(4.1)

The variables in Equation 4.1 are the following: T is thrust, ρ is the air density and A is the area of the
circle covered by the rotors.

However, although this is the energy demand of the maximum trip, lithium batteries cannot fully charge
and discharge without their battery health being damaged. As such, the battery of the Owl-22 will only
operate within 10% and 90%of its total capacity; although it is recommended for current lithium batteries
to stay within 20% and 80%, these values are expected to improve in the future [34]. Therefore, when
applying the fact that the lift devices use 80% of the total energy of the vehicle and that the energy
needed must be 80% of the full battery capacity, the energy capacity of the battery of the Owl-22 would
be 22.91 [kWh].

4.2.2. Weight and Dimensions
Having determined the total capacity of the battery, its sizing and weighting can be conducted. Firstly,
for the weight, an energy density of 450 [Wh/kg] can be expected from SSBs in 5 years [35]. As
such, the mass of the cells in the battery can be calculated to be 50.9 [kg]. However, this mass does
not include the casing of the battery, the thermal management, or the battery management systems.
Assuming that the cells compose 77% of the total mass of the battery, the actual mass of the entire
battery pack for the Owl-22 is 66.1 [kg] [36].
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To derive pack volume, we adopt a volumetric energy density of approximately 900 [Wh/L], yielding
an estimated volume of 25.5 [L], or about 0.0255 [m3] [37]. Packaging this volume in a prismatic layout
suggests a rough envelope on the order of 50 [cm]× 50 [cm] × 10 [cm]. Therefore, in conclusion, the
battery pack of the Owl-22 has the following characteristics: capacity of 22.91 [kWh], a mass of 66.1
[kg] and a volume of 25.5 [L] (with dimensions 50 [cm] × 50 [cm]× 10 [cm]).

4.3. Battery Management System Overview
The battery pack of an electric vehicle consists of many cells that must run efficiently, be protected
against fire and failure, and communicate and function together as a unit. To facilitate this, a Battery
Management System (BMS) is used. The BMS is an electronic control unit that communicates with
other electronic systems and exchanges battery data, while simultaneously monitoring and regulating
the battery during charging-and discharging cycles [38].

The design of the BMS entails first selecting a system architecture, which establishes a framework for
how the BMS is constructed and how the system communicates. Then the functionality of the BMS
is established by detailing its state determination, thermal management and cell balancing techniques.
Finally this section will be closed off by presenting the final system architecture.

4.3.1. BMS Architecture Type Selection
The optimal design for a BMS entails making the system compact and cost-effective. Most BMS archi-
tectures/topologies fall within three categories: centralised, distributed, and modular. The centralised
BMS is a type of battery monitoring where all the measurement processing and control functions are
executed in a single control unit. A modular BMS is a system architecture that divides the system into
multiple modules that consist of a group of cells, with each module having its own control unit, the
slave BMS. These control units are then managed by a master controller, the master BMS. Finally, a
distributed BMS architecture is where each battery cell is connected to its own dedicated BMS Printed
Circuit Board (PCB) that performs all the tasks of a control unit, but for the individual cell. Then each
of the BMS PCBs are connected to a a main control unit by one communication network [39]. A visual
representation of these BMS topologies can be seen in Figure 4.1.

Figure 4.1: BMS topologies.

The ideal topology for an electric vehicle such as Owl-22 is the modular BMS, because it balances cost,
scalability, and reliability better than the centralised and distributed BMS [40].

A modular BMS outperforms a centralised BMS in critical aspects such as redundancy, scalability, and
ease of maintenance. Unlike centralised systems, where a single failure can disable the entire battery
pack, modular designs can isolate failures while the remaining system can continue its operation [41].
After failure has occurred, maintenance procedures can be executed with ease since only affected
modules must be replaced instead of an entire system renovation [40]. The architecture’s modularity
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also allows for scalability through the addition or removal of modules depending on its application [41].

Concurrently, the modular BMS also presents distinct advantages over fully distributed BMS designs.
Modular BMS is more cost-effective since fewer components must be used as the modular topology
groups cells and eliminates complex wiring. Thus, the modular architecture is the strategic middle
ground between centralised and fully distributed systems, striking a balance between performance and
cost [39].

4.3.2. Battery State Determination
Having selected a system architecture, the system functionality was allocated between master and
slave units to optimise performance. This would distribute the key responsibilities of the BMS; state
estimation, thermal management and cell balancing [42]. This section addresses the battery state
determination techniques employed.

The state determination function of BMS includes determining the State of Health (SOH), State of
Charge (SOC), State of Power (SOP), and State of Temperature (SOT). In order to establish these pa-
rameters and understand the performance of a battery, a battery model must be decided upon. Battery
models translate complex models into interpretable mathematical expressions, which aids the design-
ing, analysis and optimisation of battery algorithms [43]. In future design iterations, a suitable battery
model must be selected for Owl-22’s batteries, since the battery model selection process will not be
conducted at this phase of the project.

Similarly, a thermal model must also be selected such that the model will allow for the system to un-
derstand and predict how heat is generated, distributed and dissipated during the different operational
phases [44]. This modelling is especially vital since based on preliminary risk analyses, the thermal
conditions of the battery pose a number of concerns on the safety and efficiency of Owl-22. As men-
tioned, the selection of the thermal model will not be conducted at this stage of the project; however,
the general thermal management strategies will be discussed in the following section.

4.4. Thermal Management System
Delving deeper into the BMS, an integral part of maintaining the battery integrity is the incorporation of a
Thermal Management System (TMS). SSBs, as mentioned in Section 4.2, have many advantages such
as high power, high specific energy and higher durability; however, temperature can affect these at-
tributes negatively [45]. Hence, the TMS must be designed to ensure the battery’s safety, performance
and longevity.

4.4.1. Heat Generation Within the Battery
Before analysing the thermal management techniques, it is necessary to analyse the sources of heat
that affect the battery. Heat is generated within a SSB due to three main reasons: joule heating, charg-
ing and discharging cycles, and interfacial resistance.

Joule heating occurs due to the internal resistance of the battery, resulting in Ohmic losses [46]. In SSL
batteries, the ionic conductivity of the solid electrolyte is usually lower than that of liquid electrolytes,
which leads to greater ohmic heating [47]. Therefore, overheating is a risk that must be tackled through
the design of the TMS. The charging and discharging cycles are another cause of heat generation
within the battery. Due to the changes in Gibbs free energy during these cycles, not all the energy
is transferred into useful electrical energy; some of it ends up being dissipated in the form of heat
[47]. Finally, the last source of heat in the SSL battery would be the heat generated due to interfacial
resistance. This occurs at the junctions between the solid electrolyte and electrodes, which is specific
to SSL batteries since the solid electrolytes struggle to maintain close, continuous contact with the
electrode materials [47].

Based on the sources of heat, an appropriate TMS design was curated. The TMS would consist of both
passive and active forms to ensure a well-rounded management of heat within the battery system.
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4.4.2. Passive Thermal Management
Passive thermal management techniques control temperature using natural heat transfer mechanisms
without relying on external power sources [47]. A heat sink is a fundamental form of passive thermal
management, where heat generated by electronic components is dissipated. Heat sinks are typically
made from materials with high thermal conductivity and are constructed to maximise surface area
through fins, or other design considerations that promote airflow through the battery system [47]. In
order to amplify the system’s performance, the use of a heat sink must be combined with another
form of thermal management method, which is the use of Thermal Interference Materials (TIMs). TIMs
are essential for improving the thermal contact between components and the heat sinks, as they fill
microscopic air gaps and surface irregularities that can hinder efficient heat transfer. However, if the
battery is subjected to thermal loading beyond the capacity of the sink or the TIMs, their effectiveness
would diminish. Hence, other forms of thermal management were explored.

An alternate way to have passive thermal management would be through the use of Phase Change
Materials (PCMs). PCMs are substances that absorb and release thermal energy during phase tran-
sitions such as melting and solidifying allowing for effective thermal regulation [48]. Although PCMs
have a large effective functioning temperature range, its high weigh and volume characteristics caused
the team to avoid its implementation in Owl-22 [48].

Therefore, to comply with battery weight constraints, alternative thermal management systems must
be explored to optimise cooling performance relative to the system’s weight and volume, namely active
thermal management techniques.

4.4.3. Active Thermal Management
Active thermal management refers to use of external energy and mechanical systems to control the
temperature of a battery system [47]. The most common TMS types are air based and liquid based
TMS. In air-based TMS, fans and blowers are essential components for forced convection cooling.
While passive airflow can cool the battery during light thermal loads, during times of higher ambient
temperatures or heavier performance demand from the battery, passive airflow techniques could result
in uneven temperature distribution or inadequate cooling [48]. Thus, fans are placed at the inlet or the
outlet of the battery pack to actively drive air through the pack. This approach allows the TMS to remain
lightweight and cost-effective. On the other hand, considering the ambient temperatures in the UAE,
the air based cooling systems alone may not be sufficient for the batteries.

On the other hand, liquid based TMS use liquid coolants that circulate in the battery pack to regulate
temperatures. For an electric vehicle such as Owl-22, the liquid based TMS in question would make
use of an indirect heat exchange. In the indirect heat exchange system, the battery cells would not be
in direct contact with coolant, instead they would use intermediate structures such as cooling plates, to
transfer heat away from the battery. This configuration isolates the coolant from electrical components,
it allows for better heat exchange and more uniformity, but it comes at the risk of higher cost and weight.

Given the lack of certainty surrounding the exact battery structure, namely the number of cells and
modules present in the battery pack, the exact type of active thermal management employed cannot
be finalised.

4.5. Cell Balancing
Another critical aspect of the BMS is battery cell balancing. This is essential because variations in
manufacturing or cell usage can cause differences in cell voltage and SOC of the cell. Without effective
balancing, some cells may overcharge while others remain undercharged, leading to reduced efficiency
and possible damage to the battery pack [49].

There are two forms of cell balancing: passive and active cell balancing methods. Passive balancing
involves releasing excess energy from higher-voltage cells as heat using resistors [42], whereas active
balancing systems use additional circuitry to transfer energy between cells, redistributing charge from
higher-voltage cells to lower-voltage cells. Active cell balancing techniques are often more energy
efficient as it uses precise monitoring and modification of each cell. For an electrical vehicle such as
Owl-22, it is imperative to prioritise safety while simultaneously ensuring energy efficiency [49]. Hence,
both passive and active cell balancing methodologies will be utilised.
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4.6. Final BMS Architecture
Having examined the core components of the BMS, namely the type of BMS in Section 4.3, the TMS
in Section 4.4, and the cell balancing technique in Section 4.5; the final BMS architecture for Owl-22
was designed. This section will detail the implemented architecture, outlining the placement of the
key components and their impact on the system’s overall design. Figure 4.2 presents the final BMS
architecture design.

Figure 4.2: BMS architecture.

The modular BMS architecture presented in Figure 4.2, shows a Master-Slave configuration that fea-
tures a centralised BMS, which in this case will be the On-Board Computer (OBC), and multiple Slave
BMS modules to monitor and manage battery operations. The system utilises an inner Controller Area
Network (CAN) connecting the Master BMS to the slave units, and an outer CAN that links the Master
BMS to the Flight Control Unit (FCU).

The Master BMS executes the state determination, including Remaining Useful Life (RUL) prediction
and manages Depth of Discharge (DOD)/ End of Discharge (EOD) thresholds. Additionally, the Master
BMS handles charging protocols through the charging controller, implements safety measures via the
On-Board Diagnostics (elaborated in Chapter 6), and stores necessary information regarding the bat-
tery health. The OBC was selected to perform the tasks of the master BMS, since the OBC will have the
computational power to perform the necessary tasks of the Master BMS. This decision also allows for
scalability since adding more battery modules will not overload the OBC, since the OBC’s resources
can be scaled with vehicle needs. Additionally, it is more cost and weight-effective because using
the OBC as the Master BMS leverages the OBC’s existing hardware rather than requiring a separate
Master BMS unit.

The Slave BMS units perform real-time monitoring and balancing operations at the cell module level.
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Each Slave BMS unit manages one cell module consisting of typically 6-12 cells [50]. Each Slave BMS
will be designed to include necessary TMS and cell balancing technologies to ensure the safety and
health of each battery module.

The system operates through a coordinated workflow where Slave BMS units transmit cell-level data to
the Master BMS via the inner CAN. The Master BMS processes this information and relays the critical
data to the FCU via an outer CAN interface. Such an architecture offers significant advantages, includ-
ing scalability for larger battery packs, redundancy through distributed control, and precise monitoring
at a cell level.

4.7. Electrical Block Diagram
A key aspect of the power system architecture is its design for efficient power distribution and inte-
grated data communication across all major subsystems. A visual representation of the architecture is
presented in Figure 4.3.

Figure 4.3: Electrical block diagram.

The architecture is centred around a high-voltage battery pack rated approximately 400 [V ] [51]. The
battery outputs 400 [V ] to the Power Distribution Unit (PDU) and the propulsion generation unit. A
supplementary 12 [V ] auxiliary battery also provide voltage to the PDU to ensure backup power during
startup or emergency conditions. The PDU then steps down the input voltage to 28 [V ]. A power
converter is used at locations where the power needs to be stepped up or stepped down, depending
on the subsystem component needs. All the voltages for subsystem components in Figure 4.3 come
from the component selections made in Chapter 3 and Chapter 5.

Furthermore, the electrical block diagram also illustrates the CAN bus for digital communication across
key subsystems. CAN bus is responsible for connecting the OBC with the BMS, communications
systems, navigation sensors and the flight control avionics. This allows for real-time data exchange
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and health monitoring.

4.8. Maintainability, Safety, and Reliability
The Maintainability, Safety and Reliability (MSR) of the power system can be divided into three aspects;
the MSR of the type of battery, the BMS, and the power system as a whole.

The use of SSB brings a number of advantages, in terms of MSR, to the vehicle. Due to the higher
thermodynamic stability of a solid-state electrolyte than that of a liquid-state electrolyte, no violent
chemical reaction can occur at high operational temperatures, guaranteeing a high level of safety [52].
The higher electrochemical stability of SSBs also ensures a more consistent performance of the battery
over a longer lifespan, which reduces the need for constant maintenance.

The use of a modular BMS, as mentioned in Subsection 4.3.1, allows for damage isolation, increasing
the safety of the battery pack. The modularity and the presence of an auxiliary battery also allow for
redundancy in the case of modules failing, making the design more reliable.

The entire power system architecture provides additional safety since the high-voltage components are
separated from the rest of the components, which prevents the low-voltage components from being
exposed to dangerous voltages. The CAN bus allows for robust communication with error checking,
increasing data reliability.



5 Avionics Suite

Avionics refer to all electronic systems used onboard an aircraft. This involves a complex, intertwined
system of software and hardware. As such, this chapter will outline the main electronic components re-
lated to vehicle Navigation, Communication, Control and Data Handling. Within each of these functions,
the relevant components will be chosen and then placed in a hardware diagram to highlight the connec-
tions between different parts of the suite. Moreover, a detailed explanation of the semi-autonomous
system will be provided, followed by a high-level software diagram. Notably, the embedded systems
architecture will be missing from this diagram, since this will be designed at a later stage. Lastly, a
Data Handling diagram will also be presented to complete the overview of Owl-22’s avionics.

5.1. Communications Suite
All aircraft communications are heavily regulated by aviation authorities, and the components required
for a certified commu cations suite are well defined. For user-friendly, urban eVTOLs, the essential
instruments typically include: a two-way very high frequency (VHF) radio for voice communications; an
altitude-reporting transponder; an automatic dependent surveillance–broadcast (ADS-B) Out system
for transmitting position data; an emergency locator transmitter (ELT) for broadcasting location in the
event of an accident; and a set of basic visual flight rules (VFR) instruments for displaying key flight
information.

Given the relative infancy of the current design, specific component selection for the suite is not partic-
ularly relevant. However, to help complete the electrical diagram presented in Figure 11.1, a VHF radio
was selected to better estimate the required voltage and determine whether a step-down converter is
necessary. Thus, the Garmin GTR-205 was selected due to its aerospace heritage, relatively low cost
and dual channels for communication and navigation, respectively. Although not legally mandated, the
Aircraft Communications Addressing and Reporting System (ACARS) will also be included to help ease
the learning curve of aircraft communications for unfamiliar users. More specifically, the ACARS over
Internet Protocol (AoIP) system will be used, which allows for communication via cellular connectivity.
This drastically increases the amount of data that can be sent and received both to air traffic control
(ATC) and the Owl-22 HQ.

Moreover, while most of the listed components are self-explanatory, the VFR instruments require fur-
ther explanation. VFR refers to a mode of operation where the pilot can rely on visual references for
navigation. Conversely, instrument flight rules (IFR) rely entirely on reading navigation instruments and
communication with ATC to fly. In essence, IFR is only used for low-visibility conditions since it is sig-
nificantly harder to follow. Since Owl-22 focuses on delivering a vehicle that requires little or no formal
training to operate, it is essential that the vehicle is operable under VFR at all times. However, a pilot
is still unable to perform all flight operations using vision alone. Thus, VFR instruments are required to
be on board to allow the pilot to perform all nominal operations. In the case of an eVTOL, these are the
following mandatory instruments and equipment: airspeed indicator, altimeter, (battery) temperature
gauge, anti-collision lights (always) and navigation light (for night flights only), magnetic compass, and
ELT.

Luckily, VFR compliance is quite easy to guarantee during the day. Since the operating altitude is 20
meters, the typical visibility threat posed by clouds is nullified. Regarding the instruments themselves,
they can mostly be displayed digitally on the iPad by leveraging an electronic flight instrument sys-
tem (EFIS). This also significantly simplifies the cockpit electronics. However, since the iPad itself is
attached to the yoke, reading the display during a turn could be challenging. Of the aforementioned in-
struments, only the magnetic compass is required to be easily readable during turns, since it is actively
used by the pilot to determine the correct heading if necessary. Of course, it should be mentioned that
due to the ultra-low altitude of the vehicle, the pilot would mostly be navigating using a map software.
However, the magnetic heading remains the navigation standard for all authorities, and so users must
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be able to view this value at all times in cases of emergency. One point of consideration is stress-
testing the iPad, since the scorching summer sun in the UAE could cause critical overheating issues.
The results of such a test would then determine the need to include stand-alone, backup flight instru-
ments. However, since it is not legally mandatory to include these redundancies, they will be assumed
unnecessary for the time being.

Adhering to VFR at night is a more complex issue. To ensure visibility, Owl-22 would need to provide
additional navigation lighting. Ideally, the relevant requirements would be quantified via the GCAA.
However, since these are not yet fully outlined for Urban Air Mobility vehicles (UAMs), the FAA’s clearer
regulations are instead used as a reference. Lastly, the list below typically refers to a helicopter. This
is because the FAA allows VTOLs that ’have demonstrated a capability to autorotate or conduct an
approved equivalent manoeuvre’ to follow the same VFR regulations as a helicopter [53]. Thus, the
following regulations apply [53]:

• Flight visibility means the average forward horizontal distance, from the cockpit of an aircraft in
flight, at which prominent lighted objects may be seen and identified by night.

• 14 CFR 91.155 - Basic VFR weather minimums No person may operate a helicopter under VFR
when the flight visibility is less than one statute mile

• 14 CFR 91.205 The aircraft must have position (navigation) lights and an anti-collision light sys-
tem.

Clearly, some additional measures, such as the aforementioned light systems, have to be taken into
account, whilst also considering the unique flight case of Owl-22. In particular, the 20-meter flight
altitude is rather advantageous; it means that the light pollution, particularly from street lights, would
make the city significantly more visible for the pilot. Despite Dubai being an exceptionally well-lit city,
there are still substantially darker suburbs. To mitigate this, the Owl-22 team proposes a separate,
night no-fly zone, which would be significantly more strict and be designed roughly along highways due
to their higher levels of visibility. Another reason for this is Owl-22’s proactive approach to the social
implications of this vehicle. Currently, there are no procedures in place to detect inebriation, which
would be a particular concern for night drivers. By having a stricter airspace at night, it becomes easier
to regulate and design procedures to check for drunk driving and other reckless behaviour, thereby
making it easier for law enforcement to regulate the use of this vehicle.

Regarding the lights themselves, the navigation and anti-collision lights are heavily regulated and must
be placed in specific positions to help with visibility and indicate the direction of other aircraft relative
to the pilot. These are indicated in Figure 5.1.

Figure 5.1: Regulated colour and position of VTOL lights.

5.2. Sensing and Navigation
To enable safe operations in urban environments, Owl-22 requires an integrated sensor architecture
designed to tolerate potential failures. The risk analysis done in an early stage of the project identified
that the failure of GNSS, IMU or LiDAR poses serious risks to operations. While MEMS sensors offer
advantages in terms of cost, size, and weight, these must be integrated carefully to achieve the level of
accuracy required for UAM applications [54]. This outline of the sensing architecture can be observed
in Figure 5.2.
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Figure 5.2: Owl-22 sensors architecture.

With the GNSS providing global positioning and IMU providing inertial measurements, the combination
of these systems can provide a more accurate and robust system, which can operate in GNSS outages
[55, 56]. It is an extensively studied subject, and for a further integration with LiDAR, the proper coupling
of these two systems should be ensured first [57]. There are three coupling strategies: loosely, tightly
and ultra or highly tight. For autonomous urban operations, a tightly coupled system using an extended
Kalman filter offers the best trade-off between accuracy and complexity [54, 55, 58].

To ensure system integrity, especially in safety-critical applications, fault detection is essential. In line
with diagnostic requirement REQ-CON-DET, Fault Detection and Exclusion (FDE) methods are recom-
mended for the tightly coupled GNSS/IMU system and should be implemented in future development
stages [54]. For Owl-22, the GNSS/IMU redundancy was chosen to be implemented through the tablet.
Since the iPad would be connected to the yoke, its attitude measurements would need to be corrected
for the yoke movements. It should be noted that LiDAR would need to come with an independent
redundancy and fault detection, as it would be positioned alone.

5.2.1. LiDAR and Camera Positioning
LiDAR will serve multiple functions in the design of Owl-22, including real-time obstacle detection and
precise altitude measurement. For this, it would need to be able to provide sufficient coverage to
map out the surface around and below the vehicle. As an externally mounted sensor, it will have
independent redundancy and fault detection. Flying at 20 [m] with a 45[◦] cone would necessitate a
360-degree LiDAR of a range of at least 30 [m]. This sensor would be connected to the rear bottom
part of the vehicle, outside of the folding mechanism. Another 360 degree LiDAR sensor could then be
connected to the top of the vehicle next to the connection with the canopy. An extra four LiDAR sensors
would then be positioned around the four corners of the vehicle. These sensors would be long range,
slanted slightly downwards to also act as redundancies for the altitude measurements, while providing
long range obstacle detection in the oriented direction.

Finally, a camera will be pointed nadir for obstacle detection as well as landing assistance. However,
due to its high computational cost relative to LiDAR, it will not serve as an active sensor. Instead, it
will provide visual information to the pilot, such as runway markings, landing pad detection, and visual
obstacle recognition.

5.2.2. Obstacle and NFZ Detection
To comply with REQ-SAF and REQ-SAF-OBJ, Owl-22 must avoid both obstacles and No-Fly Zones
(NFZs). Obstacles may be static or dynamic, ranging from birds or pedestrians during emergency land-
ings to other aerial vehicles as urban airspace becomes more congested. While NFZs are typically
static, they can become dynamic in situations such as terrorist threats [59]. Additionally, the environ-
ment evolves over time, with infrastructure like roads and buildings degrading [60].

The baseline implementation would consist of using map data, which has improved precision with the
help of particle filter coupling between LiDAR and GNSS [60]. As previously discussed, this would also
improve LiDAR accuracy, but would mainly enable avoiding static objects. The planning for static NFZs
and 2D objects could be done offline, before flight, with management of these obstacles performed on-
line, during flight, using the 3D RTAB-Map mapping technique [59]. This mapping technique is a proper
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combination of ease of integration, necessary for a modular approach, accuracy, cost and necessary
computational complexity [61].

To avoid the obstacle during flight, the system would also have to differentiate between static and
dynamic objects. For this, a protocol of ”detect, categorise, respond” could be employed, inspired by
Figure 9 in [59]. Depending on whether the obstacle is static or dynamic, the system would have to
respond accordingly. The response will be discussed below; however, detection and categorisation
would need to be verified and validated depending on the chosen algorithm. This would have to be
developed in further development stages and would likely use AI to adequately respond to dynamic
objects. The necessity to respond to dynamic NFZs would have to be communicated through the
communication system. The overall flowchart for obstacle and NFZ can be observed in Figure 5.3.
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Figure 5.3: Approach for tackling static and dynamic obstacles and No Fly Zones (NFZs) flowchart.

After categorising the object as static or dynamic, the system would have to respond accordingly. For
this, passive or active strategies could be used and the best would have to be chosen during verification.
The response necessary could furthermore be learnt through RL or be a predefined protocol. For static
objects and NFZs, given accurate position determination, passive vector potential methods could be
used, repelling the vehicle from the locations identified before the flight [59]. This could be applied to
detecting other UAVs in the future; however, it would necessitate their position being monitored, as well.
As previously discussed, obstacle avoidance could also be assisted with the communication system.
For more unpredictable obstacles, RL would need to be applied.

5.2.3. Flight Path Assistance Strategy
Owl-22 will employ a modular approach, building upon a simple take-off, cruise, and landing flight plan.
This is inspired by unmanned aerial vehicles (UAVs) that follow predefined, mission-adaptable flight
steps [62]. The flight path follows a ”goalpost” trajectory with perfectly vertical take-off and landing. To
reduce complexity and accelerate development, the first iteration will use a semi-autonomous system
operated by a pilot, allowing for real-world validation of key technologies before introducing full auton-
omy. This approach aligns with EASA’s phased integration of automation [63], but is primarily driven
by engineering prudence and risk reduction. Thus, Owl-22 initiates vertical take-off and landing using
an autopilot system that can be overridden by the pilot if needed. The cruise phase will be partially
automated, supporting obstacle detection and flight stability. These specific choices will be justified in
Section 5.3 and Subsection 5.2.4 respectively. With the modular approach in place, future develop-
ments will be able to develop the system to full mission autonomy, including path generation, though
such endeavours would be significantly more complex and expensive.

5.2.4. Path Optimisation
Path optimisation for urban eVTOLS is particularly important. This is because a careful balance of
safety, comfort, energy efficiency and noise pollution must be achieved. As such, Owl-22 aims to
implement a solution that improves as more simulation and flight data is obtained. Additionally, it is
very likely that this algorithm will only be introduced after the initial launch of Owl-22, since its success
will most certainly require significant amounts of in-flight data.

Traditional deterministic path-planning algorithms such as A* or Dijkstra’s algorithm, which often pri-
oritise single objectives, are insufficient for this multi-objective problem due to the stochastic nature of
urban environments. Metaheuristic methods, particularly genetic algorithms, are great at multi-problem
optimisation, but require vast amounts of data and time [64]. Furthermore, supervised deep learning
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architectures are especially susceptible to overfitting. Thus, deep Reinforcement Learning (RL) was
selected due to its ability to learn optimal policies through trial-and-error interactions with complex envi-
ronments, mimicking biological systems’ strategies for energy-efficient navigation. For example, birds
optimise flight paths by dynamically balancing energy expenditure and risk avoidance—a process anal-
ogous to deep RL’s reward-maximisation framework. A more in-depth explanation of the RL framework
is provided in Section 5.3. While deep RL does also suffer from the high-data, overfitting constraints of
other deep learning models, recent studies have demonstrated deep RL’s superiority in air vehicle path
optimisation, particularly in urban settings [65, 66]. Specifically, the method outlined in [66], using an
adapted form of Proximal Policy Optimisation (PPO) will be followed. This algorithm considers dynamic
obstacle avoidance, adherence to noise regulations, and energy efficiency when optimising any given
path. The associated pipeline is outlined in Figure 5.4.

Figure 5.4: Modified PPO pipeline [66].

5.3. Automated VTOL System
In line with the modular approach outlined in Subsection 5.2.3, Owl-22 will initially only implement fully
automated takeoff and landing. This is because the VTOL phase is significantly more constrained than
the cruise phase, making it easier to model and solve. This greatly reduces both the time and data
required to achieve automated flight control. Traditionally, Automatic Flight Control Systems (AFCS),
comprising of a complex set of control algorithms, are used due to their extensive reliability and validity.
However, they pose several issues; Modelling the extremely complex system dynamics, followed by
extensive verification and validation, is computationally, financially and temporally expensive. Further-
more, they are unable to operate reliably in non-modelled conditions, placing a direct dependence on
model fidelity and validity [67]. These issues are amplified significantly when considering the novel
nature of both this vehicle and the UAM industry in general. As such, an alternative, model-free ap-
proach is considered. Of course, there are a vast number of these methods, some of which involve
deep neural networks (DNNs), and others, more traditional Machine Learning (ML) algorithms. For the
sake of conciseness, this section will only elaborate on deep RL methods, which were shortlisted due
to their ability to learn complex tasks related to robotics and autonomous navigation [68, 69]. Deep
RL is a framework that combines the benefits of DNNs with the agent-reward RL approach. Figure 5.5
gives a brief description of a model-free deep RL model. Note that the DNN is used to output a policy,
π, based on a current system state, s.

Figure 5.5: Deep Reinforcement Learning architecture [70].
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More specifically, Figure 5.5 outlines an on-policy method. Here, the action-value function,Q, is trained
on the same policy that generates the agent’s actions, a. This is mathematically represented by Equa-
tion 5.1

Qπ(st, at) = E

[ ∞∑
t=0

γtR(st, at)

]
(5.1)

where Q is defined as the expectation of the sum of the reward, R, and discount factor γ at every
time-step. However, deep RL methods can also employ off-policy learning strategies. The distinction
between these approaches lies in how the agent utilises experience to update its policy parameters, θ:

• On-policy methods require the agent to learn exclusively from trajectories generated by its cur-
rent policy π(a|s; θ). This ensures that the training data reflects the policy’s latest behaviour but
limits sample efficiency, as old data becomes obsolete after each policy update.

• Off-policy methods decouple the policy used for exploration (behaviour policy) from the policy
being optimized (target policy). By storing past experiences in a replay buffer, these methods can
reuse historical data, improving sample efficiency and enabling better exploration. However, the
mismatch between behaviour and target policies can introduce instability during training.

In robotics and autonomous systems, off-policy methods are often favoured for their sample efficiency
and improved ability to generalise [71], while on-policy approaches remain prevalent in scenarios re-
quiring precise policy alignment [72]. Hybrid techniques, such as proximal policy optimisation (PPO)
[72], blend aspects of both to mitigate their respective limitations. Another hybrid technique is the Soft
Actor-Critic (SAC) algorithm [73], an off-policy actor-critic method that introduces entropy regularisation
to enhance exploration. Here, entropy refers to the stochasticity of an action; Howmany possible states
are left after this action is taken?, and how random is the probability of exploring each state? This way,
SAC optimises a modified objective function that maximises both expected reward and policy entropy,
H(π(·|s):

J(π) = E

[ ∞∑
t=0

γt (R(st, at) + αH(π(·|st)))

]
(5.2)

Where α > 0 controls the trade-off between reward maximisation and entropy deterministic strategies.
SAC’s entropy-aware formulation improves sample efficiency (inherited from off-policy learning) while
maintaining robust exploration, making it particularly effective in continuous control tasks. Conversely,
its inclination towards entropy maximisation raises serious questions regarding generalisation, an ex-
tremely common problem with 0 methods [74]. This is an even bigger concern for aircraft controllers,
since safety is paramount. Thus, this project proposes the use of Returns Uncertainty-Navigated Distri-
butional Soft Actor-Critic (RUN-DSAC), a state-of-the-art algorithm developed and tested by the Control
& Simulations department at TU Delft [71]. This method deploys several additional terms to aid with
quantifying risk and creating a model that generalises well without being too risk-seeking. This is a
particularly important problem when training the model on a simulation, since there is a risk that it will
generalise poorly compared to real life. While there are still many points to discuss, they will be omitted
for the sake of conciseness. Instead, the reader is referred to [71], which provides an excellent break-
down of RUN-DSAC, as well as other state-of-the-art alternatives. Figure 5.6 also shows the more
complex actor-critic architecture of RUN-DSAC.
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Figure 5.6: RUN-DSAC architecture [71].

5.4. System Overview
Owl-22’s complex system contains a vast array of different hardware and software interactions. Doc-
umenting these inter-connections is essential to ensure a logically sound architecture with the appro-
priate protocols in place. Furthermore, it is important to provide estimates of different data flows in the
system to ensure the data budget is reasonable and can be handled adequately using the selected
components. Lastly, outlining the chosen components is also important to verify the related budgets.
As such, two diagrams are displayed below, showcasing the data-handling and software diagrams
sequentially.

Note that the data-handling diagram also contains bandwidth estimates for the different flows. In some
cases, such as the GNSS, the bitrate could be found directly from the data sheet [75]. For the camera,
the required bitrate can straightforwardly be calculated using Equation 5.3:

bitratecam = wres × hres × fps× colourdepth × ratiocompress (5.3)

where wres, hres denote the resolution width and height respectively, fps is the camera’s frame-rate,
colourdepth is the colour bit depth and ratiocompress refers to the compression codec used. In the case
of the Walksnail Avatar Pro camera, assuming the vehicle would display Full HD, 16-bit, 60 fps video,
the resulting bitrate, including the H.264 compression codec, would equal 1920×1080×60×16×1/5 =
398[Mbps].

Calculating the bitrate IMU sensor follows a similar logic. For the IMU case, Equation 5.4 is used, with
fs denoting the sampling frequency. The chosen IMU sensor does not state its sampling frequency.
For that reason, a value of 400 [Hz] was chosen since it is commonly used for objects moving at similar
speeds.

bitrateIMU = fs ∗ 2(naxes ∗ bitdepth) (5.4)
= 400 ∗ 2(3 ∗ 16) = 38.4[Kbps] (5.5)

For the LiDAR, the calculation is significantly more difficult to obtain since certain required information,
such as the Pulse rate and number of returns, is very difficult to acquire. In this case, a value of 60
[Mbps] was obtained from literature analysing LiDAR sensors on semi-autonomous vehicles [76]. How-
ever, since Owl-22 uses a combination of different LiDAR sensors with varying field of view values, an
arbitrary 20% overhead is added to mitigate any potential oversights. Even with a larger overhead, the
bitrate of these sensors remains way below the capacity of the Apple M4 chip, and so any underesti-
mation poses little threat to the system’s feasibility.

Lastly, note the omission of any values related to the diagnostics and temperature sensors. For the
former case, it is too difficult to estimate a concrete value due to the relative infancy of the system,
whereas the latter was ignored due to its extremely low bitrate.
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6 Prognostics andHealthManagement System

The implementation of a diagnostic and prognostic system is essential for ensuring the safety, reliability,
and maintainability of the Owl-22. Personal use introduces unique challenges as tight turnaround times
and integration with user-centric planning. To address these, a Prognostics and Health Management
(PHM) system is embedded in the vehicle architecture. This enables the vehicle to detect, isolate, and
predict faults across subsystems. Being able to predict failures, efficient maintenance scheduling is
made possible.

This chapter presents the design of the diagnostic architecture based on the systematic, top-down
approach by Rui Li et al.[77]. This framework encompasses functional, logical, and physical layers.
The PHM system consists of onboard, communication, and ground layers. Fault detection, prognostics,
and health management are distributed over a modular, sensor-redundant architecture. The following
sections cover first the general architecture of the PHM system. This includes the design approach,
functional breakdown and functional flow. Afterwards, a physical architecture will be presented for the
battery system, specifically as this subsystem was identified to be the most risk-sensitive.

6.1. General Architecture
The process of designing the PHM system consists of three sequential design steps: the functional,
logical and physical design following the RFLPmethodology. This methodology ensures the traceability
of the requirements towards the physical implementation of the design.

6.1.1. Design Approach
The PHM system architecture for the personal aerial vehicle is developed following a structured top-
down methodology. The architecture definition process begins with defining a design approach and
decomposing the design process into manageable parts. This decomposition aligns with the “RFLP-
methodology” [77] (Requirements, Functional, Logical, Physical), as illustrated in Figure 6.1. This
ensures that each functional requirement can be traced to a physical implementation and vice versa.
Notably, the methodology supports iterative refinement and allows for the integration of feedback from
lower architectural levels back into the system framework.

Figure 6.1: Top-down architecture development based on the RFLP methodology.

The top-down approach proceeds through the development of three complementary architectural views:

• Functional view: Defines what the system must do to fulfil PHM-related requirements, indepen-
dent of technology or implementation. It establishes the functions and their hierarchy.

• Logical view: Captures how these functions are related in terms of sequencing and data flow,
without yet specifying physical implementation.

• Physical view: Realises the functions and logical flows using specific hardware and software
components, including sensors and communication interfaces.

36
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The PHM-system is not conceived as a single entity, but as a set of components interacting across
onboard, communication, and on-ground layers as displayed in Figure 6.2. This layered approach is
essential for the integration of onboard health monitoring with maintenance planning.

Figure 6.2: The 3-layered structure of the PHM-system.

6.1.2. System Architecture Definition
The PHM-system architecture of the Owl-22 is defined by integrating functional, logical, and physical
views following the RFLP model. This integration ensures a coherent system architecture capable of
real-time monitoring, fault isolation, and health forecasting across the vehicle’s critical subsystems.

At the core of this architecture is the three-layer PHM-system framework displayed in Figure 6.2. The
onboard layer includes distributed sensor networks and processing units responsible for real-time data
collection and (pre-)processing. The communication layer provides data transfer capabilities via the 5G
network, ensuring that collected health data is transferred to the ground-based prognostic and mainte-
nance environment. The 5G network is chosen for data transfer since the Owl-22 will fly at altitudes
where the connection is still strong. The ground layer hosts the centralised prognostics-computing
and maintenance infrastructure. Here, the more computationally intensive tasks, such as prognostics,
model updates, and health management advisory generation, are performed.

Functional architecture: The PHM system is functionally decomposed into five primary modules:

• F1 – Data Acquisition (DA): Gathers in-flight data from various sensors and avionics subsystems
and stores it temporarily.

• F2 – Data Processing (DP): Applies data manipulation and transmission to make the data suit-
able for fault analysis.

• F3 – Fault Diagnostic Assessment (FDA): Implements algorithms for fault detection, isolation,
and identification.

• F4 – Prognostic Assessment (PA): Estimate health state and remaining useful life (RUL).
• F5 – Health Management (HM): Integrates diagnostic and prognostic results to generate main-
tenance advisories considering operational constraints.
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Figure 6.3: PHM function hierarchy diagram.

These functions, represented in Figure 6.3 form the foundational elements of a diagnostic pipeline.
However, they do not yet constitute an operationally connected sequence. While each function is mod-
ular and adaptable to evolving requirements or operational scenarios, the current breakdown lacks the
interdependencies and data flows needed to form a cohesive pipeline. Therefore, a logical architecture
must be established.

Logical architecture: The functional flow of the PHM-system, as illustrated in Figure 6.4, commences
with F1: Data Acquisition (DA), where real-time sensor data is collected onboard and temporarily stored
for initial processing. This raw data is subsequently routed to F2: Data Processing (DP). The DP mod-
ule is responsible for manipulating the data into a desired form that characterises features of interest
in the condition monitoring and diagnostic process. This function can be configured with algorithms to
perform signal transformation (e.g., Fast-Fourier Transforms [FFT]) [77].

Depending on whether a critical fault is detected, the preprocessed output is transmitted to F3: Fault Di-
agnostic Assessment (FDA). If no critical fault is detected, the data will be transmitted to F4: Prognostic
Assessment (PA) for further analysis.

When a critical fault is detected, the data proceeds to the F3: Fault Diagnostic Assessment (FDA). This
module sequentially performs fault detection, isolation, and identification through dedicated software
algorithms. The resulting fault information is then used to perform a comprehensive state assessment.
Ultimately, the resulting health states are transmitted to the HealthManagement (HM)module to support
decision-making for appropriate maintenance actions.

When non-critical data is involved, the processed information is forwarded to F4: Prognostic Assess-
ment (PA). Here, the system performs health state estimation and prediction of Remaining Useful Life
(RUL), leveraging either model-based or data-driven prognostic algorithms (depending on the specific
subsystem).

The outputs from both the diagnostic and prognostic processes converge in module F5: Health Man-
agement, which combines the information and generates maintenance advisories. These advisories
are communicated via C1: Data Sharing Network with the G2: Maintenance Management System,
which factors in available inventory, technician capacity, and scheduled maintenance windows to de-
termine and execute optimal maintenance actions. All outputs are archived in the G1: Database, and
communicated across subsystems again via the C1: Data Sharing Network.

An essential component supporting the PHM system is the In-Flight Health Management System. This
system is responsible for acquiring comprehensive operational data during flight, which is subsequently
transmitted to the ground-based infrastructure. The system integrates several onboard modules such
as the indicating/recording system, onboard maintenance system, battery management system, and a
data management unit [77]. This routine collection and evaluation of flight data enhances safety and
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Figure 6.4: Prognostics and Health Management system architecture.

maintenance efficiency by identifying anomalies which indicate maintenance necessity before parts
break.

Physical architecture: Physically, the diagnostics system is realised using three key hardware com-
ponents as proposed by Rui Li et al. [77]:

• An integrated computing module executing PHM software functions (FDA, PA, HM).
• A data acquisition cabinet interfacing with sensor networks, performing initial signal filtering and
buffering.

• An auxiliary power module ensuring uninterrupted diagnostics in case of main power failure.

Each hardware element must be designed with modularity in mind to make future changes to the archi-
tecture possible. In reality, the physical architecture will differ significantly per subsystem. Due to time
constraints and advice from Dr. Dimitrios Zarouchas, this paper will treat the physical architecture of
the PHM system for the battery.

6.2. Physical Architecture of the Battery PHM-system
The battery is the most safety-critical component in the Owl-22, as acknowledged by Section 12.3.
Therefore, it is essential that a robust PHM system is integrated into the battery module in order to
ensure long-term operational safety, maintenance efficiency, and prevent severe battery degradation.

The integration of the PHM system into the battery of the vehicle enables early fault detection, RUL
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prediction, and predictive maintenance planning.

This section proceeds by defining what variables should be measured by the battery PHM and how the
data will be used. The architecture is based on findings from NASA’s battery PHM framework proposed
by Chetan Kulkarni and Mohit Mehta [78]. This framework outlines a dedicated PHM architecture for
the battery of eVTOLs used in Urban Air Mobility (UAM). The structural health of the battery PHM
system is not discussed in this section as it is considered to be part of the structural PHM subsystem.

6.2.1. System Requirements and Risk-Based Motivation
The robust physical implementation of a PHM system in the battery of an eVTOL is pivotal in ensuring
regulatory compliance and ensuring safe operation. Batteries in eVTOLs are high-risk components [78]
due to the following reasons:

The first is their potential for thermal runaway, which is defined as a self-sustaining chain reaction in
which a battery’s temperature rises uncontrollably, leading to dangerous consequences like fire or ex-
plosion [79]. The second risk for the battery is the effect of charging and discharging the battery at
different current rates, also known as C-rate [80]. Charging the battery under high C-rates can lead to
battery degradation in the long term. As a third, cell imbalance can lead to overheating, voltage fluctua-
tions, and even failure of the entire battery subsystem [81]. Another possible point of failure, identified
by Manuel Ank et al. [82], is the risk of physical contact loss between the battery and electrodes as a
consequence of mechanical vibrations. The study finds that exposing battery cells to vibrations leads to
increased resistance and capacity fade of the battery, harming the long-term performance. Finally, re-
peated discharging of the battery under varying environmental conditions imposes a high risk of thermal
runaway. Consequences could be, in this case, gas leakage and jet flames [83].

In summary, the 4 main risks for the battery are: thermal runaway, capacity degradation, cell imbalance,
over-voltage, and connector detachment. A more elaborate listing can be found in Section 12.3.

Tomitigate the risks described above, the PHM system for the battery must satisfy a set of requirements.
The requirements are derived in accordance with the method described by Rui Li et al [77]:

• PHM-DR-B1: The system shall detect early signs of runaway with a confidence level > 95%
under nominal flight conditions.

• PHM-DR-B2: The PHM-system shall support accurate estimation (±10%) of Remaining Useful
Life (RUL) based on degradation models or data-driven approaches.

• PHM-DR-B3: The PHM-system shall operate independently of the main BMS to ensure fault
tolerance and enable post-landing health reporting.

• PHM-DR-B4: The PHM-systemmust ensure sensor redundancy to tolerate single sensor failures.
• PHM-DR-B5: Data logging and transfer to ground infrastructure must be completed within 5
minutes post-landing.

6.2.2. Battery PHM Architecture
The functional architecture for the PHM system of the battery inherits from the five core functions (F1-
F5) proposed in Figure 6.3. It follows the logical flow proposed in Figure 6.4. This general architecture
will be tailored for the battery system. Details of the battery PHM architecture are discussed below.

F1 - Data Acquisition (DA): Based on multiple research papers, the parameters which need to be
monitored are listed below. These variables are collected from the sensors and relayed to the data
preprocessing unit:

• Voltage and current at the cell and module level
• Temperature at the busbars, middle of the battery pack and along the coolant flow path. This
layout was proposed by Ozge Yetik et al. [84]

• Impedance [85]
• Ambient air temperature [86]

F2 - Data preprocessing (DP): The raw data coming from the sensors is then preprocessed. This
includes noise filtering and feature extraction. Furthermore, a time stamp is added to the raw sensor
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data in order to enable traceability.

F3 - Fault Diagnostic Assessment (FDA): This module identifies and isolates faults such as over-
voltage and battery heating. Diagnostic algorithms for the battery system leverage rule-based thresh-
olds for the voltage and temperature assessment that come with a low computational cost. The Fault
Diagnostic Assessment runs both during vehicle operation and charging. Charging will be monitored
at all times to prevent battery damage and extend its lifespan as much as possible.

F4 - Prognostic Assessment (PA): The prognostic assessment estimates future health states of the
battery. It particularly monitors capacity fade and resistance growth in the electrical circuits. Based on
this, a Remaining Useful Life prediction for the battery is established.

F5 - Health Management (HM): The health management module of the battery PHM-system com-
bines the output of the Fault Diagnostic Assessment and Prognostic Assessment. Based on the infor-
mation received, the HM module then generates maintenance advice if necessary. Maintenance can
then be planned directly onboard via the iPad. Furthermore, the health management system will com-
municate via the Data Sharing Network (C1) with the maintenance management system (G2). When
non-critical faults are detected, the user will be alerted via the control display on the iPad.

Below, in Figure 6.5, the Data Acquisition module and the Data processing module are visualised for
the battery PHM system specifically.

Figure 6.5: PHM architecture for the battery.

6.2.3. Redundancy, Fail-Safe Architecture, and Risks
In order to ensure a robust battery PHM system, the architecture is designed to maintain safe opera-
tion under degraded conditions. This is essential as the battery was identified in Section 12.3 as the
subsystem carrying the highest risk of all subsystems.

The architecture is designed with redundancy in mind. This means that sensors of the DA module are
installed at multiple critical locations. Sensors are installed both at the cell and module levels to enable
the vehicle to localise faults precisely. In this way, if the cell-level sensor does not work, the module
sensor can take over its task and vice versa. In the DA module, the gathered data is temporarily stored
with redundancy in mind. In this way, no data gets lost in case of a communication loss. This enables
the vehicle to analyse all gathered data when communication is re-established.

In the electrical circuits of the vehicle, fail-safes are implemented to ensure anomalies do not result
in unsafe situations or vehicle damage. As an example, charging will halt in case of a short-circuit
or over-voltage is detected. As a result, the risk of fire and long-term battery damage is significantly
reduced.

As detailed in Section 12.3, the battery subsystem of the Owl-22 is subjected to key risks. The battery
PHM-system monitors these risks in the following ways:

• Thermal runaway: Redundant temperature sensing and trend analysis.
• Capacity fade: Impedance monitoring and resistance growth tracking.
• Cell imbalance: Redundant voltage monitoring and generation of state of charge estimations.
• Connector detachment: Monitoring of voltage drops.
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• Over-voltage during charging: Continuous voltage monitoring during charging and cut-off if
voltage exceeds a certain threshold.

6.2.4. Conclusion and Recommendations
This chapter first discussed the design of the general architecture of the PHM system. Afterwards,
a physical implementation for the battery PHM system is presented. The system is designed to de-
tect and predict key failures before they can pose a significant safety risk. The architecture includes
both real-time fault detection and post-flight trend analysis. Its functionality includes temperature and
voltage monitoring, the tracking of capacity degradation and predicting the remaining useful life of the
battery. The proposed system mitigates known risks as over-voltage, thermal runaway and connector
detachment. The system aims to catch anomalies promptly and inform the user when necessary.

The main recommendation for further development of the PHM-system of the Owl-22 is the implemen-
tation of a PHM-system for subsystems as propulsion and the structure. Furthermore, for the battery
PHM system, the proposed architecture could be further elaborated by selecting the specific sensors
and algorithms. These were not included in this paper due to time and resource constraints.



7 Stability and Control Design

Unlike most fixed-wing aircraft, the Owl-22 is not stable and needs active control, as will be explained
in the first section of this chapter. Therefore, the design of a robust (7.4) control system is necessary in
order to have a safe flight. In that case, the vehicle will be able to move due to pilot inputs and correct
for disturbances by the control system. This chapter presents the design of this system. There are
a number of examples of quadcopter software publicly available. However, for the cyclorotor’s thrust
vectoring capabilities, original work was required to be done. The model was made with the intention
of being as robust as possible. The big assumptions emphasise why this is preferable in accordance
with pilot comfort.

7.1. Stability
TheOwl-22 is very similar to a quadcopter in terms of stability. During hover, as well as during horizontal
movement, there are no significant restoring aerodynamic forces that bring the vehicle back to an
equilibrium state when opposed to a disturbance. However, the quadcopter does not tilt over further.
Therefore, the Owl-22 has statically neutral stability and dynamical instability and needs active control
adjustments [87].

7.2. Coupling
An interesting fact about the Owl-22 is that it has thrust-vectoring capabilities. Due to this, it can perform
translational movement in the forward and backwards direction without having to tilt. This means less
coupling and allows for easier pitch control. The coupling means that a certain manoeuvre is always
connected to another manoeuvre. In the case of tilting to translate, the vehicle would be very prone
to overshooting. This could be especially dangerous during landing. Furthermore, not having to tilt to
translate forwards is more comfortable for the pilot since tilting is not something most people experience
regularly.

Instead, there is coupling between the pitch-up moment of the cyclorotors due to the lift created and
the pitch-down moment due to the cyclorotors because of the torque. Because this coupling is about
the same motion, the control system can correct this by robust tuning instead of aggressive tuning.

7.3. Dynamical model
In order to design a software system that would be able to correct the Owl-22, the dynamics of the
hardware are required. This chapter shows how the equations of motion go into the state space model
and which assumptions need to be made. The state space model is used for the design of the control
system.

Equations Of Motion (EOM)
In order to simulate a control system for the Owl-22, the dynamics first need to be known. These are
described by the equations of motion, which are shown below 7.1.
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∑
Fx = k1 · h1,x + k1 · h2,x −mgθ = mẍ∑
Fy = mgϕ = mÿ∑
Fz = −k1 · h1,z − k1 · h2,y − k2 · h3− k2 · h4 +m · g = mz̈∑
Mx = L1 · k1 · h1,z − L1 · k1 · h2,z + L1 · k2 · h3 − L1 · k2 · h4 = Ixxϕ̈∑
My = L2 · k1 · h1,z + L2 · k1 · h2,z − L2 · k2 · h3 − L2 · k2 · h4 = Iyy θ̈∑
Mz = L1 · k1 · h1,x − L1 · k1 · h2,x = Izzψ̈

(7.1)

These equations of motion make use of the body-fixed reference frame. This means that the x-axis
points in the direction of forward flight, the y-axis to the right and the z-axis points downwards in order
to finish the right-handed frame. Angles roll, pitch and yaw are the rotations around the x, y and z
consecutively. The EOM makes use of a constant ‘k’ for Fpropellor = k · ω2 = k · h. This is the lift
efficiency and is specific for the coaxial rotor and the cyclorotor [88]. This number contains the relation
between force created by the propulsion device and the angular velocity squared. This relation was
statistically confirmed to be present and is known to be proportional to the size and lift coefficient of the
propulsion devices. It tells how much force is created due to the rotation of the lift devices.
The symbol ’h’ is defined as the square of the lift devices. The control system modifies this quantity
directly.

The left cyclorotor has a lift efficiency k1, h1,x tells the forward thrust and h1,y upward thrust. The right
cyclorotor similarly produces thrust with the same lift efficiency k1, but now has h2,x and h2,y. The
coaxial rotors have lift efficiency k2 and produce an upwards force by modifying h3 and h4 for the
left and right rotors consecutively. In reality, the cyclorotors can do thrust vectoring by modifying the
angular velocity and the lift efficiency in the x- and z-directions. However, this translates one-to-one
to the assumption of constant lift efficiency and then modification of the apparent angular velocity that
contributes to a force forward and upward. This was done in order to save one input parameter and
make the model simpler. An overview of what every symbol in the EOM means is provided in Table 7.1.

Table 7.1: Quantities in the EOM.

Quantity Description Value
Hardware parameters

k1 Lift efficiency of the cyclorotors 0.04610 [ N
rad2 ]

k2 Lift efficiency of the coaxial rotors 0.01326 [ N
rad2 ]

m Vehicle Mass 305[kg]
L_1 Difference in y-position from the CG to a lift device 0.5[m]
L_2 Difference in x-position from the CG to a lift device 0.8[m]
I_xx Mass moment of inertia around the x-axis 130[kg ·m2]
I_yy Mass moment of inertia around the y-axis 100[kg ·m2]
I_zz Mass moment of inertia around the x-axis 90[kg ·m2]

Control actuators
h1,x Radial velocity squared for the x-component of the left cyclorotor [ rad

2

s2 ]
h1,z Radial velocity squared for the z-component of the left cyclorotor [ rad

2

s2 ]
h2,x Radial velocity squared for the x-component of the right cyclorotor [ rad

2

s2 ]
h2,z Radial velocity squared for the z-component of the left cyclorotor [ rad

2

s2 ]
h3 Radial velocity squared for the left cyclorotor(z-component) [ rad

2

s2 ]
h4 Radial velocity squared for the right cyclorotor(z-component) [ rad

2

s2 ]

State Space
Inspired by to the work of a paper on ‘State Space System Modelling of a Quad Copter UAV’ [89], a
state space model was formulated for the Owl-22. The general form of the continuous time-invariant
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state space model is stated below in equation 7.2.

ẋ = Ax+Bu

y = Cx+Du
(7.2)

Using the EOM from the previous section, the following state space model is set below in equation set
7.3.



ẋ
ẏ
ż
ẍ
ÿ
z̈

ϕ̇

θ̇

ψ̇

ϕ̈

θ̈

ψ̈



=



0 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 −g 0 0 0 0
0 0 0 0 0 0 g 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0





x
y
z
ẋ
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(7.3)

The change in state is described by the non-zero or one entries of the system matrix. These are
forward and sideward accelerations due to roll and pitch. The absence of restoring forces showcases
the inherent lack of stability and the demand for constant active control for state-maintenance. Similarly,
the establishment of the input matrix is almost a copy of the EOM. In order to include gravity in themodel,
a new entry in the input vector was made. While in literature, the upwards force input is modelled as
the resultant after subtracting one-fourth of the gravity. This becomes very complex in the case of 2
types of propulsion devices. The disadvantage of our solution, however, is that in the control model, a
constant step input is needed. The benefit of this method is that the inputs of the input vector exactly
correspond to the propulsion system action.

The output vector is a subset of the state vector. Therefore, the output matrix only consists of ones for
the state variables that will be controlled and zeros otherwise. As usual, the inputs do not directly feed
through outputs. This results in a feed-through matrix that consists of zeros.

Assumptions
AS-CTRL-1: The angles for pitch and roll remain within ±15 degrees.
This small-angle assumption is important for the EOM. The relation between pitch, roll and acceleration
towards x and y is assumed to be linear. As long as it can be shown that the roll and pitch angles are
small, this approximation is accurate. Angles bigger would give estimation errors bigger than 1.14%,
which would make the model inaccurate.
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AS-CTRL-2: Aerodynamic forces on the body can be neglected.
Since the speed limit is 16.67 [m/s], the aerodynamic forces are too small to take into account for this
model. Neglecting it gives no unreasonable errors, although it would be a good suggestion to include
for future models.

AS-CTRL-3: Preliminary dimensions are representative of the final design.
The model was made for the estimation of the dimensions and design options from the midterm review.
Therefore, this model does not exactly apply to the final design. This means that the dynamics differ,
leading to different optimal control gains. Fortunately, the control system can also correct itself by
having gains that are not exactly optimal. This explains that the model is still useful.

AS-CTRL-4: No net torques on the body are created due to the coaxial rotors and cyclorotors.
Since the left coaxial rotor rotates in the opposite direction to the right coaxial rotor, the net moment
is zero. The torque on the cyclorotors creates a pitch down moment on the vehicle, however the lift
creates a pitch up force. Since the unexpected moment can be counteracted by the coaxial rotors and
the robust design of the control system, it is reasonable to neglect this moment in the EOM.

AS-CTRL-5: Desired inputs can be reached instantaneously.
Using saturation, the forces that the system can give are limited, which is realistic. However, how fast
the propellers accelerate is also limited in reality. Due to a lack of knowledge on hardware, no saturation
can be added to how quickly a force can be reached. All that can be done is to make sure the control
system does not make aggressive adjustments.

AS-CTRL-6: Propeller forces do not influence each other, resulting in constant lift efficiency .
The assumption that propeller forces have no effect on each other is a hard one to quantify. This would
have to be done using dynamic CFD, which is outside of the scope of this project. However, if the
propeller efficiencies turn out to be lower, the control system can correct it.

7.4. Control System
Now that the state space model was developed, simple code was made to represent it in MATLAB.
It has to be noted that this consisted of the state space model as presented earlier, in addition to an
initial condition of all zeros. This code could then be used in the Simulink package in order to make the
control system from scratch. Below, in figure 7.1, the design of this system is shown.

Figure 7.1: Screenshot of the developed control system (Simulink).
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The state space model is the box that is in between the mux (left) and demux (right), which are the
thick vertical lines on the right. As expected, the state space model takes in 6 control inputs and a step
function for gravity. Via the mux, these inputs are matched to the dynamical model. From the columns
of the matrix ‘B’ from the state space model, it can be shown why the 2 inputs are controlled by 2 PID’s
and 4 by 3 PID’s. After these contributions are summed, they go through a saturation. This is explained
in section 7.4.

From the old state and the inputs, the change in state and output are calculated. This goes through a
continuous loop, and the outputs can then be plotted using the scopes to the right of the demux.

The 5 inputs to the system are the desired altitude (negative of z-position), the roll, pitch, x-position and
y-position. These can be modified by the blocks that stick out on the left. The desired z-position was
set to 20 metres because of the operational altitude and the roll and pitch to 0 for lateral and longitudinal
equilibrium. Furthermore, the vehicle wants to fly to (x, y) = (10, 3) in order to simulate how it moves.

The rest of the chapter will explain what the rest of the system does and how it was developed.

PID controls
The control system was developed that has several PID controllers in order to stabilise and go to a
desired position. Figure 7.3 and 7.2 show what a PID controller does and give a schematic overview
of the architecture for the altitude control.

Figure 7.2: PID architecture for altitude control.

Figure 7.3: PID controller.

A PID controller takes in a signal, which is the comparison between an actual state component and the
desired value. As an example, for the altitude, the Owl wants to climb to 20 metres. The differences
give an error signal. Proportional to this error, a signal is fed through a gain. Therefore, the bigger the
difference in state, the harder the cyclorotors and coaxial rotors will rotate in order to fly up. They are
made sure to give the same lift by a correction of the lift efficiency (k1/k2). The problem is that the
quadcopter will never reach the 20-meter altitude without the ‘I’ in PID. The propellers would shut off at
20 metres because the error signal is equal to 0. Therefore, the integral term is needed. This portion
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counts the past error times in order to keep track of the error history. Using a gain of ‘I’, this makes
sure that the vehicle will reach the desired altitude. The last gain D is used with a prediction of future
errors. When the derivative of the error to time is either very big or very small, this component gives an
opposing signal. This makes sure the vehicle does not overshoot too much, and goes to the desired
position quicker.

The Owl-22 is designed to fly to a variable position and to an altitude of 20 metres. Therefore, the
control system consists of 5 PID controllers to control the components of the output vector, with the x
and y combined. This was done because the vehicle is designed to face the direction it wants to go and
then move forward without tilting. This forward movement is in the xy-plane and by defining a distance,
the model saves a controller. This method requires yaw control to work, however, this would already
be done. As shown in the next section, the choice to control for yaw and distance instead of x and y
comes with a challenge.

Distance Definition
The Owl-22 is designed to fly at zero pitch and roll, also when it is flying forward. Therefore, it makes
sense to make controllers for yaw angle and distance to the desired position instead of the difference
in x-position and y-position.

PID controllers assume an error term that can be both positive and negative. When the actual state is
below the desired state, a positive signal will be given and vice versa. Now, for the distance definition,
this is done with the Pythagorean theorem. Since

√
(xactual − xdesired)2 + (yactual − ydesired)2 > 0 for

every location, a PID controller will not understand if the vehicle is in front of or behind the desired
position. This leads to the vehicle flying away from the desired position when overshooting, since
it thinks it is still in front. Therefore, a section was made that modifies a combination of the signals
for position and orientation relative to the desired position. This was included as part of the control
architecture in order to give unambiguous information to the distance controller. Unfortunately, this part
did not work out.

Saturation
If not for saturation, the model would be able to give any input that is preferred the most. For example, if
the preferred height was 200 metres, then the propeller force would be 10 times higher. This, however,
is not physically possible. Therefore, saturation was implemented in order to make the model realistic.
This means that there is a limit to the radial velocity of the cyclorotors and coaxial rotors. For the
cyclorotor, there is a maximum rpm of 1722 [1] and for the coaxial rotors it is 3266 [8]. Therefore, the
mechanical limits of the ‘h’ inputs are calculated as follows.

h∗1,limit = h∗2,limit = ω2
cyclolimit = (1722 ∗ π/30)2 = 32517

rad2

s2

h∗3limit
= h∗4limit

= ω2
coaxlimit = (2654 ∗ π/30)2 = 77243

rad2

s2

(7.4)

This puts an upper bound on how fast the propellers are allowed to rotate. However, by requirement
REQ-SAF-ASC, it is not allowed for the vehicle to ascend quicker than 3 metres per second. Therefore,
the control system was designed to have a limit lower than this. Trying out various limits gave the
following results.
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h3limit
= h4limit

= 65000
rad2

s2

h1,zlimit
= h2,zlimit

= 65000 · (k2/k1) = 18700
rad2

s2

h∗1,xlimit
= h∗2,xlimit

≤
√
(h∗1,limit)

2 − (h1,zlimit
)2 =

√
325172 − 187002 = 26602

rad2

s2

h1,xlimit
= h2,xlimit

= 18700
rad2

s2

(7.5)

The limits on h3,h4,h1,z and h2,z resulted from plotting the z-position and lowering the limits until the
vehicle did not move upwards faster than 3 metres per second. Here, again, a factor of k2/k1 was
used because of the different lift force that is created per angular velocity when comparing the coaxial
rotors to the cyclorotors. Since the limits set by the control system in equations 7.5 are lower than the
limits of the hardware given in equation 7.4, the control system will not require the propellers to rotate
harder than they actually can. The limits on the horizontal component of the cyclorotors have to be
below 26602 [ rad

2

s2 ], because the sum of the square of the horizontal and vertical components cannot
be higher than the square of the mechanical limit. However, it was set to the same level as the vertical
component since the horizontal component will never be higher.

Tuning And Plotting
In order to have a robust control system, the PID controllers went through a long tuning procedure.
This was needed in order to make sure that the responses would be as efficient and comfortable as
possible. By robustness, it is meant that the vehicle smoothly goes to its desired state. The opposite
would be aggressive and would make the Owl respond uncomfortably to small disturbances. The plots
that will be shown come from a single simulation, where the desired state is (x, y, z) = (3, 10,−20) in
metres. This also means that the vehicle should face in the direction of arctan(10/3) = 1.279 radians,
meaning yaw. To begin, the plot for the altitude is shown below in Figure 7.4.

Figure 7.4: Z-position plot.

This plot shows the gradual climb to an altitude of 20 metres. Since the z-axis is directed downwards,
the vehicle travels towards the negative z-direction. The absence of overshoot shows how pilot comfort
was taken into account for the control system.
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Next are the plots for roll and pitch. These are both controlled to stay at zero, meaning that a horizontal
orientation would be preserved. The results are shown below in figures 7.5 and 7.6.

Figure 7.5: Roll plot Figure 7.6: Pitch plot.

The plot for roll shows that in the simulation, no net roll moments are created. It was not possible
to zoom in further. In order to be sure that roll control works well, it would ideally be tested with the
presence of a disturbance. For the pitch control, there is a response during the take-off. However, the
axis shows that this remains within 5 · 10−4 radians from the horizontal position. This plot shows that
the pitch correction control works well, that it gives a comfortable response and that the vehicle can
move to a desired position in the horizontal plane without having to tilt. This would not be possible for
a regular quadcopter.

For the yaw, the vehicle needs to go to an angle of −1.279 radians. The result is shown below in
Figure 7.7.

Figure 7.7: Yaw plot.

It can be seen that in about 4 seconds the vehicle is oriented in the right direction and then it stabilises.
This is what is desired from the control system. However, after this, it approaches an angle of pi over
2. This means that the vehicle faces the y direction.

Lastly, there are the plots for the x and y positions in figure 7.8 and 7.9.
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Figure 7.8: X-position plot. Figure 7.9: Y-position plot

Obviously, the control for the x-position succeeded and for the y-position it did not. From what can
be read off, the vehicle goes to the desired x position of 3 metres. However, it accelerates in the y-
direction. This means that the code that should account for the distance definition unfortunately did
not work completely. Although the vehicle unintentionally flies off, the simulation shows that the vehicle
does not need to tilt in order to go forward.

7.5. Verification and Validation
In this section, the verification and validation process of the control system model is presented. Here,
the question of whether or not the model works as intended and whether or not the right model was
built is answered.

Verification
For the verification and validation process of the control system, there has been looked at the responses
of the different outputs have been examined. These consist of the following 4 measures: overshoot,
delay time, rise time and settling time. These can be visually explained below in Figure 7.10.

Figure 7.10: Response measures [90].

In the case of the study that was done, the delay time is defined as the time it takes for the response
to rise to 10% of the final value. The rise time is defined as the time it takes to rise to 90% of the final
value. The overshoot is defined as the maximum difference between the highest point and the final
value. The settling time is defined as the time it takes for the response to enter a 5% difference from the
final value for the last time without leaving this range afterwards. Below, the results of these measures
are presented in Table 7.2.
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Table 7.2: Verification table.

Overshoot[-] Delay time[s] Rise Time[s] Settling Time[s]
Altitude

N.A. 0.8963 51.1982 67.4306
Pitch

-0.0255[rad] N.A. N.A. 56.1060
X-position

N.A. 23.6574 211.2487 147.9224
Yaw

N.A. 0.2321 1.3075 1.7065

These numbers display a comfortable experience for the pilot of the Owl-22 when travelling to an arbi-
trary position. However, the translation to the desired x-position takes a very long time. Therefore, the
answer to the question of whether the model functions as it should would be answered by this. The
model can translate differences in current states and desired states by giving beneficial output signals.
For altitude, roll and pitch, it works perfectly. The simulation shows that the model slowly sends the
vehicle to the desired x-position, but the control for the y-position doesn’t work properly. For roll, the
verification measures were also not applicable because of the final value.

Validation
Due to the realisation of the output vector, a model was built that intends to control the position and
orientation. The user of the vehicle would, however, control the velocity. This means that a model was
built that is more useful for an autopilot rather than a human pilot. Because of the autonomy ambitions
of the Owl-22, the right model was built.



8 Structural Design and Integration

Much of the previous design phase focused on constraining the structural design through the configu-
ration, lift device placement and seating position. As such, this chapter inherits these constraints and
aims to iteratively converge to an optimal solution. First, the necessary requirements and budgets the
structure would need to adhere by are discussed. Then, the design strategy is detailed, following that
with preliminary and detailed sizing of the structural members. Informed by the aerodynamic consider-
ations and Finite Element Analysis (FEA) simulations, the way the optimal design was converged on
is detailed. Finally, the integration of subsystems and future recommendations are discussed.

8.1. Structures Requirements and Budgets
The requirements relevant to the structures design are presented in Table 8.1. Certain requirements still
remain to be decided (<TBD>) at this stage of the design phase. The safety factor on the limit loads in
REQ-STR-LOAD was set to 1.5 as recommended by the Federal Aviation Administration (FAA) and the
European Union Aviation Safety Agency (EASA) [91, 92]. Furthermore, for REQ-STR-PIL-01 the body
height requirement was set to values corresponding to a range from the 5th percentile of female height
data to the 95th percentile of male height data as is often used in designs with anthropometric (the study
of body size ranges in a population) considerations [93, 94]. Also, the shoulder “width” requirement
was reworded to a be a shoulder “breadth” requirement, a more precise definition when accounting
for the shoulders width as well, setting the value to the 95th of male data with a small margin [95, 96].
Male data was used for the maximum values as they are on average higher than female numbers.

Table 8.1: Updated structures relevant requirements.

ID Description
REQ-STR The vehicle’s structure shall support all mission phases - including ground handling,

deployment, flight, and stowage - without permanent deformation or failure while
minimizing weight and enabling single-person transport and operation.

REQ-STR-STAB The vehicle structure shall remain stable and upright on flat urban surfaces un-
der wind conditions up to <TBD> [m/s], without the need for external support or
anchoring.

REQ-STR-LOAD The structural components of the vehicle shall withstand all flight loads with a min-
imum safety factor of 1.5, without permanent deformation or structural failure.

REQ-STR-PIL The vehicle shall be capable of transporting one pilot weighing up to 100 [kg] + 5
[kg] of utilities over a full mission cycle.

REQ-STR-PIL-01 The deployed structure shall provide a seating area that accommodates a pilot with
a body height between 1.50 [m] and 1.94 [m] and a shoulder breadth up to 0.55
[m], without restricting control input or field of view during any phase of operation.

REQ-STR-TPT The folded version of the vehicle shall be transportable by 1 person.
REQ-STR-TPT-01 The total mass of the fully assembled vehicle in its operational configuration shall

not exceed 200 [kg], excluding the pilot and any external control device.
REQ-PHY-VOL When fully folded for storage or transport, the vehicle shall fit entirely within a

bounding volume of 4 [m3].
REQ-STR-PROP The structures shall house the propulsion elements, transferring the loads without

discomfort to the user, or other systems.
REQ-STR-PROP-
01

The displacement of structural members supporting the propulsion units shall not
exceed 1/100th of the length of the supporting structural member.

REQ-OP-DEP The vehicle shall be deployable from its fully retracted transport configuration to a
flight-ready state by a single person in no more than 2 minutes.

53
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What also should be noted is that REQ-STR-PROP and REQ-STR-PROP-01 were added due to the
consideration of integrating the propulsion and structures together. REQ-STR-PROP translated into a
need for vibrational considerations, as well as volume considerations, and REQ-STR-PROP-01 origi-
nated from the necessity of the propulsion system to be capable of fulfilling its lifting and control func-
tions under the present structural deformations. The preliminary constraint on the displacement of
coaxial rotor arms was set to be approximately 1/100th of the length of the arm, with a reference from
existing quad-copter designs [97]. It should be acknowledged that this reference provides just a possi-
ble design, which has not been fully validated, and that the necessary deflection would not necessary
scale with a large model. Nevertheless, the deflection angle of less than 1 [◦] is assumed to be rea-
sonable as a preliminary estimate to guarantee the functions of the propulsion system are fulfilled.
With better knowledge of the control in future design iterations, a better estimate could be identified.
REQ-STR-PROP-01 would also have implications of the deformation constraint on the airframe as the
propulsion integration arms would be connected to the structure itself, and with the airframe deforming,
the connections would deform with it. For this reason, the maximum deflection of the body was decided
to not exceed that of the coaxial arms by more than 50%. As a result, the sizing of the airframe would
be both stress and displacement dependant, with the driving factor identified during the design.

Finally, the structure would need to stay within the budgets allocated to it in previous design reports.
In particular, the mass allocated to the structure would have to not exceed 76 [kg], including canopy
and interior, and the overall volume of the integrated structure with the propulsion would not exceed
a volume of 4 [m3], with REQ-PHY-VOL updated after renegotiating the requirement. This volume
is defined as the bounding box around the vehicle without the consideration of wheels. In previous
reports, this was budgeted for between the propulsion and the structures subsystems. However, since
the structure would house the propulsion system, the budgeting here was done on the integrated system
of the structures with the propulsions. Finally, although in previous design stages a certain percentage
of the power budget was allocated to the structures for the folding mechanism, it was decided that it
would not be electronically assisted, as detailed previously in the design stage reports. For this reason,
no power considerations were made for the structures here.

8.2. Structures Design Strategy
While Al7068-T6511 was selected as the primary structural material due to its aerospace heritage, low
cost and easy manufacturing, it is also overqualified for the Owl-22’s flight profile, which experiences
significantly lower loads compared to most aircraft. This left a lot of room to minimise the weight of
the main load-bearing structure, which was done mainly through topology optimisation. A benefit of
this method is the ability to form an initial idea about the stress distribution across a design [98]. By
identifying the most loaded parts of the structure, a preliminary airframe was constructed and verified
through a combination of simplified beam analysis and FEA. This pipeline is illustrated in Figure 8.1.
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Figure 8.1: Structure design pipeline.

To perform the initial airframe outline design and topology optimisation, a host of Computer Aided
Design (CAD) tools were considered, namely Rhino and CATIA. However, Autodesk’s Fusion was
chosen due to its versatile T-splinemodelling technique known as form, as well as its shape optimisation
tool which uses the well established Solid Isotropic Material with Penalization method (SIMP) [98]. By
using Fusion, initial concepts could quickly be designed, iterated on and tested at a much faster rate
than other CAD solutions. With this established, the initial outline for the outer airframe is presented
in Figure 8.2a. The front of the vehicle resembles a typical aircraft cockpit, with the notable addition
of two extruding elements on either side to account for the cyclorotor connection. At the back, the tip
is raised in a generic spoiler-style configuration to account for the coaxial rotors. It should be noted
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that this was not intended to be the final airframe outline and was to be iterated, with, for example,
aerodynamic considerations. The outline’s main purpose was to perform the topology optimisation,
depicted in Figure 8.2b, where the colour key can be observed in Figure 8.2c. Red represents the
region which needs most material.

(a) Initial airframe outline. (b) Topology optimisation for initial outline. (c) Topology optimisation legend.

Figure 8.2: Initial airframe outline and topology optimisation.

Since topology optimisation operates using FEA, the load case and boundary conditions needed to be
specified. For the loading case a combination of different situations were considered. The simplest
case is the symmetrical, vertical loading case experienced during VTOL. There, the maximum thrust of
the cyclorotor and coaxial propellers were used, since this represents the largest loads experienced by
the structure during flight. This was tested alongside on-ground scenarios and the resulting optimisation
netted a structure with similar key structural elements as in Figure 8.2b. For simulating the in-air load
case, the structure was constrained at the bottom of the structure in the skin region where the person
would sit. This generated a point-load-like reaction at the location of the constraint, simulating a static
scenario in the local reference frame of the vehicle while in an inertial reference frame the vehicle is
accelerating with maximum thrust output. This is returned to in more detail in Subsection 8.4.2, where
the same boundary conditions are set for the FEA design iteration.

A limitation of this analysis was that the loads were introduced without consideration of how the propul-
sion system was to be integrated. This will be addressed in Subsection 8.3.2. Furthermore, topology
optimisation generates structures which would be hard to manufacture without additive methods. Nev-
ertheless, the main output from the topology optimisation was used as an inspiration for a simplified
structure, which would have more easily manufacturable parts. Hence, returning back to Figure 8.1,
with the topology optimisation performed, a very simple initial structure design was generated. This al-
lowed to start sizing simple members by hand with simplifying assumptions, to then dimension a more
streamline structure. Next, the design decisions were verified with a FEA to ensure confidence in com-
plicated structure. Furthermore, the design was iterated to ensure compliance with other subsystems
and volume and mass constraints.

8.3. Preliminary Sizing
The goal of the preliminary sizing was to determine the starting external and cross-sectional dimensions
of the structural members. However, first the structural members needed to be identified. This was done
with the consideration of a more streamline design, inspired by the initial airframe outline in Figure 8.2a
and the topology optimisation in Figure 8.2b, for optimal structural members. Based on these, first a
significantly oversimplified structure was proposed. However, under the assumption that the members
are beam elements, even a simplified structure like the one outlined in grey in Figure 8.3 would be
highly statically indeterminate due to normal, shear, and bending internal loads at each connection
point carrying part of the introduced load. For this reason, the main structure was further simplified into
two “L” shaped structure interconnected by one beam in the middle, and coaxial rotor arms to the side
of the “L” members. For the “L” shape, the vertical part of the member would transfer the load of the
coaxial rotor arms to the horizontal beam. The horizontal part of the “L” and the intermediate beam
would carry the bending loads of both the propulsion devices, with the user weight also introduced
through the intermediate beam. With the necessary dimension found for such an arrangement, the
“lumps” of area could be redistributed into the real members, such that it would represent the structure
in grey. Such a structure would be more applicable for housing a person, as it would have two horizontal
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members on the sides. In other words, the preliminary sizing was performed on a “discretisation” of
the structure and the results of the sizing informed the final design.

“L” members

Intermediate beam

Coaxial arms

Figure 8.3: Simplified structure for preliminary sizing.

Since this would be a symmetric problem, for the preliminary analysis, the sizing was performed on
one half of the structure. In asymmetric thrust conditions, some extra bending would likely need to
be carried by the intermediate beam; however, as previously mentioned such a scenario would not be
sizing as the asymmetric loads would not exceed the maximum thrust.

To size the external dimensions of the vehicle, REQ-STR-PIL-01 was referenced, which limited the
minimal possible vehicle dimensions. The initial guesses for the dimensions were set to 1 [m] width,
1.2 [m] height, and 2 [m] length resulting in a conservative 2.4 [m3] for the volume with a margin
accounting for the the integration of the propulsion and landing gears. These values were furthermore
adjusted in the detailed design phase to accommodate for the volume constraint, as will be discussed
in Section 8.4. However, before the sizing was performed, first, the loads were considered (thermal
loads were assumed relatively negligible for the current sizing, given the operating conditions).

8.3.1. Weight Loads on Structure
While operating the vehicle, the user would introduce their loads onto the vehicle. For the maximal
design conditions, the vehicle would need comply withREQ-STR-PIL, introducing a maximal total mass
of 105 [kg]. It was assumed that this weight was distributed along the length of the structure supporting
the user, for example, a beam, with 1/3 of the weight acting on the front part and 2/3 on the back
part, where the main body of the person would be seated. This load was assumed to stay completely
constant throughout the design iterations.

However, the user would also introduce more dynamic loads, while moving around in the vehicle or
getting inside the vehicle. The dynamic loads are harder to account for. However, their consideration
will be returned to during the detailed design. The battery loads on the structure will also be discussed
in more detail in the detailed design alongside the positioning of the battery within the structure.

8.3.2. Propulsion Loads, Vibration, and Integration
When it comes to the loading from the propulsion devices, these were obtained from the propulsion
subsystem with the maximum possible thrust provided by a single coaxial rotor and cyclorotor being
1669 [N ] and 1499 [N ] respectively.

The propulsion devices would also induce vibrational loads onto the structure. An approximation of
the induced vibration on structure could be made using blade pass frequency calculated by multiplying
the rotor speed by the number of blades [99]. This is used for calculating the frequency in helicopters
and is assumed to be the major contributor of vibration from propulsion. The cyclorotors rotate at 1722
[RPM ] [1], which is 28.7 [Hz] and with 5 blades, would result in an excitation of 143.5 [Hz] and its
harmonics. In case of the coaxial rotor, both the bottom and top blades would rotate at 60% throttle at
2057 [RPM ], or 34.3 [Hz], with two blades corresponding to a frequency of 68.6 [Hz] [8]. The angular
position of the two blades would be offset, meaning that although the overall, vibrational frequency
would remain the same, it would be less critical due to occasional destructive interference. It should be
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noted that other sources of vibration would come from gusts and/or other aerodynamic effects, which
were not evaluated at this design stage.

Besides the loads, the propulsion subsystem also created implications for the 4 [m3] volume constraints
set on the system. Namely, the spacing between coaxial rotors needed to be respected to avoid interfer-
ence between the blades. Furthermore, to minimise volume, the top coaxial rotor would be positioned
on the same vertical level as the highest point of the structure; the connecting arm would have to ex-
tend enough such that the lower blade would not collide with the structure. These considerations are
depicted in Figure 8.4. The spacing between the top blades would need to be 20% of the rotor radius,
meaning 0.1625 [m], and the spacing between the structure and the lower blade would need to be 10%
of the lower propeller radius, meaning 0.07 [m] spacing from the structure [16]. This meant coaxial
arms of at least 0.24 [m] to ensure sufficient inter-propeller spacing and arms of at least 0.76 [m] to
ensure sufficient body-blade clearance. With the body-blade clearance sizing, a value of 0.8 [m] was
chosen.

1.374 [m]

1.625 [m]

Motors Coaxial blades

Inter-blade clearance

Body-blade clearance

Figure 8.4: Coaxial rotor integration.

The dimensions of the newly selected cyclorotors would need to be considered as well. For the pre-
liminary design it was assumed that with the connecting struts of the cyclorotors in the structure, they
would span a maximum of 0.84 [m] outside of the body on either side [1]. They would be connected
directly to the structure on the sides.

Finally, with the integration of the propulsion devices decided their torsional loads would need to be
considered. In particular, since the coaxial rotors would be connected via an extending arm, as can
be seen in Figure 8.4, they would not create a direct torsional load in the arm. Instead, they would
introduce a torsion at the connection point, translating a bending moment into the arm. This value can
be found to be 140 [Nm] [8]. When it comes to the cyclorotor, they would be connected to the structure
by the two horizontal members extending from the triangular structure in Figure 8.3. This means that
they would introduce a torque of 300 [Nm], which was calculated using Equation 8.1 [100],

T =
P · 9550
RPM

=
9550

1722
= 292 [Nm] (8.1)

where P is the power in [kW ] and RPM is the maximum rotational speed in [rpm], provided by Cy-
clotech [1]. To ensure a conservative estimate, the final value is rounded up to 300 [Nm]. In the final
structure, the torque introduction would like in Figure 8.5.

Cyclorotor load 
introduction

Figure 8.5: Cyclorotor integration and torque load introduction.
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8.3.3. Loading Scenarios
In the previous reports, the design of different components was proposed for the different flight stages,
designing the landing gear for on-ground operations, the coaxial rotor connections for take-off and
landing, and the cyclorotors integration for cruise, where it would need to provide both thrust and lift.
Designing for the critical flight conditions would ensure it would not fail in other nominal conditions.
However, for the current design, the critical in-air design scenario was assumed to be the situation
where the propulsion devices provide maximum thrust output vertically. In nominal operations, such
thrust would never be provided and would never occur during cruise. As such, the sizing would also
account for differential thrust conditions in cruise and engine failure scenarios. The wheels and certain
parts of the skin; however, would still need to be evaluated during on-ground operations.

8.3.4. Preliminary Member Sizing
With the driving loading scenarios identified and the maximum propulsion loads found the preliminary
sizing could be performed. However, to comply with REQ-STR-LOAD a slightly different approach was
used than in the aviation industry, applying the safety factor on the allowed stress rather than on the
loads, since the propulsion units could not produce higher than their maximum thrust. This mathemat-
ically yields the same result. In fact, this would most likely lead to an overdesigned structure, mainly
due to the fact the propulsion devices would never operate at the maximum settings, and they would
not be able to operate above them. Future designs would have clearer estimations of the operational
limits, and more optimal sizing could be performed. This is especially relevant because at the maximum
take-off weight, the maximum thrust setting of all propellers would result in a load factor above 2:

1669(2) + 1499(2)

305(9.81)
≈ 2.1 =

L

W
(8.2)

where L is the lift produced by the lift devices andW is weight of the vehicle. The obtained load factor
could perhaps be a setting too high for the everyday user.

The material proprieties used for the the sizing can be seen in Table 8.2.

Table 8.2: Main airframe material properties.

Material Density([kg/m3]) Young’s Modulus([GPa]) Yield Strength([MPa])
Al 7068-T6511 2850 71 650

Sizing the ``L" Member and Intermediate Beam
For the sizing, it was early identified that the vertical member, loaded mainly in tension, would not be
sizing if the “L” shaped beamwas one continuous part, which would be beneficial for manufacturing and
load introduction. To carry the tensile load introduced by the coaxial rotors, for example, this member
would need an area of 2.42 · 10−6[m2]:

650 · 106 =
1669

A
, A =

1669

650 · 106
= 2.42 · 10−6[m2]

or around 4 · 10−6 [m2] rounding up with the 1.5 safety factor. This would correspond to, for example,
a solid square cross-section with 2 [mm] sides, with a cross-section like this most definitely performing
worse in bending and under compressive loads. The tension or compression induced by the 300 [Nm]
torque of the rotating cyclorotor, as presented in Figure 8.5 would not generate a significant loads, as
it would be introduced into the bending of those beams and the compression and tension of the side-
members. Similarly, as could be expected for slender long beams, it was also not limited by failure
under shear loads. However, for shear and bending sizing the cross-section first needed to be decided
upon. For preliminary sizing, the “L” members were assumed to have a hollow square cross-section.
A closed cross-section was chosen to avoid warping torsional effects in a 3D structure more effectively,
and a square was chosen over a circular cross-section for easier assembly between the members and
the skin. It should be noted that in future designs the square cross-section could be further optimised
for the exact aerodynamic profile, and that it allowed for the optimal folding mechanism introduced later.
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To simplify the initial sizing, thin-walled approximation was used. Without the simplification it would be
more difficult to solve for the dimensions of the cross-section. The simplified second moment of area
would be:

Ixx ≈ 2(
1

12
ta3 +

(a
2

)2

ta) =
2

3
ta3 (8.3)

where a is the side of the square-cross section and t is the thickness.

Assuming that the bending moment of the coaxial propeller arms would act through half of the distance
of the horizontal beam, that would result in a bending moment of 1669 [Nm]. Hence:

1669(a/2)
2
3 ta

3
=

650 · 106

1.5
, ta2 ≈ 2.89 · 10−6[m3] (8.4)

The mass per length (m̄), can be represented as:

m̄ = ρA ≈ 4ρat = 4ρ
2.89 · 10−6

a
(8.5)

where ρ is the material density. Hence to optimise for the mass of a thin-walled hollow cross-section,
it would be best to decrease the thickness, while increasing the lengths of sides of the square cross-
section. This is not surprising as parallel axis theorem contribution scales with the square of the dis-
tance.

For this reason, the thickness of the square cross-section was constrained to a minimal value first,
yielding the necessary length of the sides for the cross-section. This was done with manufacturing,
buckling, and assembly considerations in mind. In particular, extrusion was chosen as it is cost and
material efficient for long hollow section production, and with reference to extrusion manufacturing
capabilities of similar alloys, 5 [mm] was chosen as a realistic minimum thickness [101]. This minimum
value was also informed by the fact the element would have to be connected to skin, which itself would
not be much thinner than 1 [mm], as will be discussed later. This resulted in the necessary square
dimension of:

a =

√
2.89 · 10−6

5 · 10−3
= 0.024[m] (8.6)

However, now the thin-walled assumption needed to be verified as the actual second moment of area
is given by:

Ixx =
1

12
a4 − 1

12
(a− 2t)4 (8.7)

and would give the value of 2.44 · 10−6[m4], while the thin-walled approximation gives 4.608 · 10−6[m4].
As this is a order of 2 magnitude overestimation of moment of inertia, the following equation could be
solved numerically:

650 · 106

1.5
=

1669a/2
1
12a

4 − 1
12

[
a− 2( 5

1000 )
]4 (8.8)

leading to a value of a = 3.1[cm]. As a sanity check, the shear stress could be approximated using

τ =
V Q

Ixxt
=

1669

2.44 · 10−6

[(
3

200
− 5

1000

)(
3

200

)(
5

1000

)
+

(
3

400

)(
3

200

)(
5

1000

)]
(8.9)

where V is the internal shear, and Q is the first moment of inertia. This results in a maximum shear
stress of 0.2 [MPa]. It should be noted that even though this equation should be used for thin-walled
cross-section and as previously shown, that assumption is not fully true. However, it is a reasonable
order of magnitude check. The displacement considerations of the “L” structure will be returned to
during the detailed design.
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When it comes to sizing the intermediate beam in Figure 8.3, it would have to carry approximately twice
the force. However, over half the distance, relative to the “L” member, themoment in Equation 8.8 would
not change for it. With this also beneficial for assembly, the intermediate beam would have the same
cross-section dimensions as the “L” member.

Sizing the Coaxial Arms
Before sizing the skin, the arms depicted in Figure 8.4 would have to be sized, as their weight would be
important for designing the skin. To size for them, it would be necessary to ensure that they would not
yield nor would they displace more than a 1/100th of their length as per REQ-STR-PROP-01. For the
cross-section of the arms, a hollow circular section was selected, as this is optimal for bending. The
second moment of area of this hollow cross-section can be found using:

Icirc =
πd4 − π(d− (2(5))/1000)4

64
(8.10)

where d is the diameter of the cross-section and the thickness of the member has again been fixed to
5 [mm] due to the same reasons as in the square cross-section. Using the beam bending equation,
Equation 8.11 could be set up with the maximum allowable deflection set to 0.8 [cm] as per REQ-STR-
PROP-01.

δ =
0.8

100
=

1669(0.8)3

3(71 · 109)Icirc
(8.11)

Solving it numerically gives a necessary diameter of 6.83 [cm]. The necessary diameter to prevent
yielding, with a safety factor of 1.5, can be found using Equation 8.12:

650 · 106

1.5
=

[1669(0.8) + 140]d/2

Icirc
(8.12)

where the generic flexure formula is simplified for a symmetrical structure and the total moment con-
tribution of the coaxial lift and torque, which induces moment, as discussed previously. Solving it
numerically gives a necessary diameter of 3.60 [cm]. This means that the deflection condition is sizing.
As a result, the dimensions of the hollow circular section would be set to a diameter of 7 [cm] and a
thickness of 5 [mm].

Skin Design
With reference to Figure 8.2a, for aerodynamic, visual, and electronic protection purposes, the front
and back parts of the vehicle would also be covered with aluminium skin. For reasons mentioned in
Section 8.4, the side skin and floor would be designed separately. However, to analyse the stresses
induced in the skin due to the connection with the structural members, the skin thickness would need to
be decided. For this, aircraft were referenced, where the thickness tends to be in the 0.5-2 [mm] range
[102]. Choosing the lower bound of this range would guarantee a safe yet weight optimal solution; there
would likely not be the need for higher thickness, as such thickness is sufficient for aircraft. However,
making it thinner would be associated with manufacturing and performance risks. Hence, the thickness
of 0.5 [mm] was decided upon.

The critical case in tension of the skin would come from the back panel, which would induce the load
from the two coaxial rotor arms. However, the skin would not carry a negligible part of the force, hence:

Fs + 2Fm = 3338[N ] (8.13)

where Fs is the force in the skin panel, and Fm is force in the member. Furthermore, assuming perfect
joints and that the length of skin and E are equal for both, compatibility states that:

δskin = δm,
FsL

EAs
=
FmL

EAm
, Fm =

Am

As
Fs (8.14)

where δskin and δm are deflection of skin and the member respectively. Solving Equation 8.13 and
Equation 8.14, using the skin width of 1 [m], from external dimensions, leads to an induced force of
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1112.7 [N ] in the skin, leading to an induced stress of 2.23 [MPa]. This the skin canwithstand. However,
the buckling is more critical.

In particular, the critical stress for buckling of the panel, assuming simply supported boundary conditions
at the connection points of the panel, could be calculated using Equation 8.15 [103]:

σcr = 4
π2E

12(1− ν2)

(
t

b

)2

(8.15)

where ν is the Poisson ratio (about 0.33 for metals). The resulting critical buckling stress is 0.066 [MPa].
The actual compression load would come from the weight of the coaxial rotors, the coaxial rotor arms,
the horizontal part of the “L” member and the skin above itself. The total mass would equal about 25.4
[kg]. Under the assumption that this load would be split between the skin and the vertical members as
in Equation 8.13 and Equation 8.14, this would result in a load of 83.1 [N ] and a stress of 0.166 [MPa].
As a result, the back panel would need to be reinforced with stiffeners to prevent buckling. An empirical
equation for aluminium alloys, Equation 8.16, showed that L stringers with side lengths of 2 [cm] and a
thickness of 2 [mm] would cripple:

σcc
σy

= 0.8

[
0.425

650 · 106
π2(71 · 109)
12(1− 0.332)

(
2/1000

2/100

)2
]1−0.6

= 0.57 (8.16)

Since an L stringer is composed of two equivalent area rectangles, this would correspond to a crippling
stress of 370 [MPa] and using this stiffener for the skin would give the new buckling stress of 25.6
[MPa] via Equation 8.17.

σccpannel
=

∑
σccAstif

Astif +Askin
(8.17)

8.3.5. Preliminary Sizing Takeaways
Themajor takeaway from the preliminary structural analysis was that, as was expected, the loads acting
on the vehicle are relatively small, and a relatively light structure can be employed. However, with the
integration of the propulsion units, the volume bounding the vehicle would become:

V ol = 4.225 · 2 · 1.2 = 10.14[m3] (8.18)

Although it is possible to define the volume in different ways, the coaxial rotors would be an inconve-
nience to the user. For this reason, to abide by REQ-PHY-VOL, some sort of folding mechanism would
need to be employed, and since the structure is relatively light, it would be possible to trade mass for
volume. Additionally, what the preliminary sizing showed was that the vertical part of the “L” is not that
demanding in tension, the member could be made more streamline, transition from the vertical member
into the horizontal member, and it could follow the contour of the final external skin. This way it would
be easier to make it look something like Figure 8.2a.

8.4. Detailed Design
The preliminary design gave the dimensions for the simplified structure. In this section, these dimen-
sions will be translated into a more streamlined structure, such as the one depicted in Figure 8.6.

Figure 8.6: First airframe concept.
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Furthermore, with the insight from the preliminary sizing, the approach to the design was informed by
the necessity of folding the vehicle to fit the 4 [m3] requirement. For this reason, the folding mechanism
will be discussed first, with the decisions for the design of the main airframe and the structure supporting
the user in the vehicle informed by the folding mechanism. Furthermore, since FEA was performed on
the airframe without the folding mechanism, appropriate safety factors will be set and the reliability of
the results will be discussed. To assist in meeting the volume constraint, the airframe dimensions were
also adjusted, decreasing the width from 1 to 0.9 [m] and the height from 1 to 1.2 [m].

8.4.1. Folding Mechanism
With the coaxial rotor arms extending outside the vehicle, alongside the dimensions of the actual blades,
see Figure 8.4, folding the arms would be an obvious first step in reducing the volume of the bounding
box around the vehicle. Such technologies have already been tested and implemented in, for example,
Jetson One [104]. However, it should be noted that the Jetson One weighs less, and the implementation
of such a mechanism would need to be extensively tested. The detailed design of the folding arms will
not be discussed here. However, when discussing future mass optimisations, the dimensions of the
arms supporting the coaxial rotor will be reconsidered. Even with the coaxial arms folded, though, the
cyclorotors would bound the width of the vehicle at 2.590 [m3], resulting in a bounding box of:

V ol = 2.590 · 2 · 1 = 5.18[m3] (8.19)

With the new airframe dimensions mentioned in the introductory paragraph. As a result, the volume
constraint would still not be met.

For this reason, it was decided to fold the structure down the middle with telescoping hollow square
cross-section beams. However, now the vehicle would need to fold right where the person would be
sitting. Hence, the structure was formalised more clearly by splitting the analysis into two parts. The
first part would be the main airframe (consisting of the members sized in the previous section), which
would be responsible for carrying the propulsion loads, as well as the user-induced loads transferred to
it through the user-supporting structure. The user-supporting structure would then consist of the floor,
seating, side-skin, and interior of the vehicle, so the parts with which the user would directly interact
with. Both of the sub-parts of the structure would facilitate the folding, as depicted in Figure 8.7. The
canopy would be raised in the folding process, coming back over the folded airframe, with the coaxial
rotor arms folding by its side. Finally, since cables would likely be running throughout the vehicle, some
sort of slack guiding would be necessary along the structure.

Floor

Seat

Side-skin
Main airframeUser-supporting structure 

Folding telescoping beams

Figure 8.7: Folding concept visual.

However, the telescoping beams would now be positioned in a critical structural location and to guar-
antee safety in flight, a safety factor for the design would be necessary. Furthermore, the two halves
of the telescoping beam would now necessitate different cross-sectional areas to allow the members
to slide into each other. Also, with the structure folding down the middle, REQ-STR-STAB would still
need to be ensured, preventing tip-over.

Now, to meet the volume requirement, if it was to be defined as specifically fitting the vehicle in a
bounding box of 4 [m2], the length of the vehicle would need to be reduced to 1.6 [m]. To reduce the
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length of a telescoping beam by 0.4 [m], the length of the folding section would need to be at least 0.8
[m], with a region of intersection, for the pin preventing folding of the structure mid-air. This would mean
that at least 0.8 [m] of the side members would have to be flat, allowing for the folding. In the initial CAD
model, the flat section of the telescoping beams was indeed set to be 0.8 [m]. However, the beams
would also need to intersect at some point. For this reason, the total flat section of the telescoping beam
would have to be larger than 0.8 [m]. Alternatively, the telescoping beam could be split into several
parts. This would be more volume efficient, but it would introduce the need for higher safety factors.
The two concepts are presented in Figure 8.8 with “o” depicting the overlap length between the beams.

c c

b

o

Pin

Figure 8.8: Telescoping beam concepts.

Prior to deciding between the two mechanisms, the pin joints fixing the telescoping beams in place
needed to be sized first to get an insight into the necessary dimensions of the overlap between the
telescoping beams. The pins would ideally be positioned along the neutral axis of the telescoping
beams to avoid unnecessary bending stress. They would fail under shear, and although the cyclorotor
torque would be a contributing factor in flight, trying to pull one part of the telescoping beam away, while
the other is pushed in, as depicted in Figure 8.5, the preliminary sizing was done with a force of 1000
[N ]. This magnitude of load could be a superposition of a dynamic load of a person “falling” onto the
seat and transferring some of their weight in the horizontal direction, tensile propulsion loads in flight.
However, even with such a load, the necessary area of the pin (Apin) would be:

Apin =
1000

325 · 106
≈ 3.1 · 10−6[m2] (8.20)

which would correspond to a square cross-section pin of 2 [mm] sides. As a result it would be very
easy to over-design the pins with a high safety factor. This meant that the intersection region between
the telescoping beams could be relatively small, and it was reasoned that it would be beneficial to use a
three-stage telescoping beam to save more length while folding the mechanism. To facilitate maximum
folding, the dimensions “b” and “c” would have to be equal in Figure 8.8. With the constrained length of
0.8 [m] and a fixed overlap length of 5 [cm], which would be sufficient for the pin and would not result
in critical stresses under transfer of bending moment, this would result in:

0.8 = 2c+ (b− 2o), 0.8 = 2c+ (c− 2o), c =
0.8 + 2(5/100)

3
= 0.3[m] (8.21)

Hence, the flat section of the beams could be folded from 0.8 to 0.3 [m], saving 0.5 [m] of length and
reducing the bounding box volume to:

V ol = 2.590 · 1.5 · 1 = 3.885[m3] (8.22)

As a result, if the flat section of the beam were made longer, increasing the part of the structure that
could fold, even more volume could be saved. However, there would also be the need to prevent the
telescoping beam from “pulling-out” during deployment. Furthermore, for easier deployment, it would
be ideal to make the sliding of the beams relative to each other as smooth as possible. For this, the
proposed folding mechanism is presented in Figure 8.9.
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Connected at back 
of member Facilitates smooth 

sliding and prevents 
pull-out at overlaps

Pinned through 
overlap here

Figure 8.9: Proposed folding mechanism.

In Figure 8.9, the black and blue members are flat parts of the structural members depicted in Fig-
ure 8.7, extending further out into the structure. The rear element is the black one. The green beam
is connected to the end of the middle beam, allowing the blue member to slide in. The green mem-
ber simultaneously acts as a way of ensuring smoother deployment and preventing pull-outs during
deployment via sliders. In the case of the rear beam, the slider is connected using the yellow bracket
introduced during the assembly. The yellow bracket slides into the green member, while the blue
member slides over the green beam.

8.4.2. Main Airframe
With the preliminary design of the airframe completed, it needed to be finalised and verified using FEA.
In particular, firstly, the results of initial sizing needed to be translated to a more streamlined design, like
the one in Figure 8.6. This would involve manufacturing considerations and cross-section dimensioning
based on preliminary sizing and the new safety factors, due to the folding mechanism. When it comes
to manufacturing considerations, the folding mechanism would be advantageous, allowing for splitting
of the side member of the airframe, similarly to how it is depicted in the right image of Figure 8.7. This
would allow to the manufacture the hollow parts with extrusion, as previously suggested, without more
complicated techniques, which would be necessary for a closed member.

FEA Analysis Strategy
To verify the design, an FEA was performed on the design iterations. Since this was performed in
Autodesk’s Fusion, there were certain limitations to the simulations that could be performed. For one,
simulating the condition of the aircraft in the air would necessitate different boundary conditions than
the ones available in Fusion. To circumvent this, the structure was constrained at the bottom of the
airframe with a beam which was not part of the airframe, as shown in Figure 8.10.

Fixed

Reaction forces

Figure 8.10: FEA boundary conditions simulation setup.

The reaction forces would simulate the weight from the human and the structure, which would be
reasonable as the structure was indeed split into the user-supporting and airframe. Even though the
reaction forces would likely be an overestimate, not all of the weight would be introduced through the
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floor structure, with both the battery and the human introducing their weight in that part of the airframe,
this was deemed a reasonable way of setting up the analysis.

When it comes to FEA, its results were split into displacement results and stress considerations. The
displacement considerations were first used to check the convergence of simulation runs with different
mesh sizes. The results of the convergence study can be observed in Figure 8.11. It was decided that
a mesh with more than 2.5 · 106 nodes was sufficient for the current model. The results were deemed
reasonably convergent when the displacement values were within a millimetre of each other.

0.5 1.0 1.5 2.0 2.5
Number of nodes 1e6

12

14

16

18
M

ax
im

um
 d

ef
le

ct
io

n(
m

m
)

Figure 8.11: Convergence of FEA simulation results.

Secondly, the displacement results gave an insight into the deflection of the vehicle, and particularly,
the amount by which the coaxial rotor arms would deflect under the loads. This needed to be verified
to be within the REQ-STR-PROP-01 requirement. It should be noted that as the airframe would also
deform, and for this reason, the threshold of 20 [mm] was set as the initial constraint. It should further
be reiterated that this constraint would need to be fulfilled for the FEA. However, with the introduction
of the folding mechanism, the final deflection would differ and hence in future design iterations, FEA
on the structure with the folding mechanism would have to performed.

8.4.3. FEA Member Resizing
With the simulation set up, two simulations were ran. Both had the same external dimensions, which
were previously determined for the necessary fitting of the human in the vehicle. However, the cross-
sections of the hollow square elements were varied, which was done in the context of the necessity of
having different cross-sectional properties for a telescoping beam. The thickness remained the same,
while the sides were increased from 3 [cm] to 4 [cm]. Furthermore, the diameter dimension of the
coaxial rotor arm was increased from 7 [cm] to 8 [cm]. This allowed to comply with REQ-STR-PROP-
01, decreasing the deflection of the structure from 34 [mm] to below 20 [mm]. The final result for the
displacement can be seen in Figure 8.12.
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(a) Final FEA displacement diagram. (b) Final FEA displacement legend.

Figure 8.12: Final design FEA displacement results.

Note that the bottom panel does not deflect as it is modelled as a fixed constraint, as detailed in Fig-
ure 8.10. Since the beam would not be part of the actual structure, that is to be expected. This result
was interpreted to be sufficient.

However, there still would be a disconnect between the real structure and the FEA results as the anal-
ysis was performed without the telescoping beams. For this reason, the stress analysis results were
also referenced. In particular, the stresses in the parts where the folding mechanism would occur were
studied in both the 3 [cm] and 4 [cm] FEA results. In both cases, the resulting stress in the members
had a safety factor larger than 9. However, to facilitate the folding, the cross-sections would also need
to be accessible and assembly would have to be possible. The cross-section dimensions were hence
chosen to be 3 [cm] in the front, 4 [cm] for the intermediate telescoping beam, and 5 [cm] for the rear half
of the structure. For other members not limited by such constraints, such as the intermediate beams,
they will be optimised using the approach discussed in Subsection 8.6.2.

The final contribution of the stress analysis was instilling confidence in the design of the regions where
connections would be made, as well as the skin rivet locations, which would lead to stress concentra-
tions. It should be noted that this was done only for skin in tension, as more complex methods than the
FEA in fusion would be necessary to study the skin under buckling. The preliminary hand calculations
were deemed sufficient to guarantee the necessary performance in this failure mode. The main use
case of FEA here was to identify regions of low stress in the interconnection between the skin and
the stringers, as depicted in Figure 8.13a. This would verify that the skin could be joined with rivets
there, even with a concentration factor of 4. The spacing of the rivets could then be identified in fu-
ture development stages. What also could be observed from Figure 8.13b is the highest stress region,
which happened at the interconnection between the boundary condition used for modelling the reaction
forces. Such local effects were neglected as they were localised errors.

(a) Back panel stress. (b) Topology optimisation for initial outline. (c) Final FEA stress legend.

Figure 8.13: Final Design FEA stress results.

On a final note, the following design would fit constraints set on it, with a safety margin of around 3 on
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the most critically loaded members, which happened to be the coaxial rotor arms, and a safety factor
of 6 on the region where the folding mechanism would be. This is a significant overdesign also due to
the deflection constraint, and future design iterations could aim to decrease the mass further through
a more detailed analysis of the folding mechanism and a better estimate of the allowed deflections of
coaxial rotors.

8.4.4. Vibrational Analysis
Due to the scope of the current design and the time-consuming convergence studies, the vibrational
analysis was not performed using FEA. Instead, preliminary estimations were made for lateral vibration
(since the beams would be long and slender) using the assumption that in the final structure, the beams
would act as if fixed joints between the connection points, as pin joints would significantly underestimate
the stiffness. It was deemed more reasonable to look at the critical members than the whole structure,
to not ignore localised effects. For this Equation 8.23 was used [105].

ωn =
(βL)2

L2

√
EI

ρA
, fn =

(βL)2

2πL2

√
EI

ρA
(8.23)

With ωn corresponding to the radial natural frequency and fn corresponding to the natural frequency.
For the coaxial rotor arms, the boundary conditions would be assumed to be fixed and free, leading
to βL = 1.875. With the chosen dimensions, this would lead to a natural frequency of around 115
[Hz] for the coaxial rotor arms, which would be around 22 [Hz] away from the second harmonic of the
coaxial rotors. As such, future designs should be careful not to create excitation in the coaxial rotor
arms through the implementation of dampers or isolation of vibration in the member [106].

8.4.5. User-supporting Structure and Battery Integration
With the user-supporting structure introducing the loads of the human onto themain airframe, the design
of the floor would be critical for introducing all the weights. Since the floor would have to fold or get out
of the folding telescoping beams, two concepts were considered for its design. The first one was using
some sort of fabric, reinforced with ribs, that would fold together with the telescoping beams. However,
in the end, the second option of just using aluminium was chosen and moving it upwards, out of the
way of the folding. This was mainly chosen as an extra redundancy for locking the folding mechanism
under the weight of the person; fabric would be in tension and would not assist in preventing the folding
of the mechanism mid-air. Furthermore, such a design would be more aerodynamically favourable with
aluminium skin flush on the outside. Finally, the user would be more likely to perceive this as safe.

It was decided that the battery would be introduced under the seat. Hence, to size the skin, the dis-
tributed weight of the person, seat and battery were considered. This would size the beams running
through the two layers of skin. The top layer of skin would be for the user, and the bottom layer would
interact with the airflow. Using the dimensions of the model in fusion, the mass of the two skin sections
came down to 2.28 [kg]. To estimate the weight of the floor, the beams carrying the human load would
also need to be estimated.

Using the assumption that 2/3 of the weight of the human would be towards the back of the floor, the
preliminary sizing of the battery and the referencing existing seats, which tend to be in a range of 6-8
[kg] for F1 seats [107], the loading on floor as depicted in Figure 8.14 could be obtained. For the seat,
an extra 2 [kg] were added to account for integration.

2500[N/m]

1750[N/m]

0.8[m]
775[N]925[N]

3 [cm]

4 [cm]

5[mm]

Figure 8.14: Approximate distributed load on floor structure, and floor I-beam cross-section.
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This resulted in a maximum internal moment of 260 [Nm] with the load factor of 1.5. Three I-beams
were sized for this, with the height dimensions bonded by the separation of the top and bottom skin of
the floor. Together, they would provide the necessary rigidity for the floor. Their dimensions can also be
observed in Figure 8.14. With such dimensions, three members would weigh around 3 [kg]. However,
in reality, this would already be quite over-designed. As a result, a realistic budget for the total weight
of the floor structure could be set to 5 [kg].

In future design iterations, it is recommended to verify that the folding mechanism would be easy for a
user with a dynamic model. At the current stage, however, it was merely guaranteed that the structure
was as light as possible. For this reason, the battery, which would be under the seat, would have to
slide out of the way horizontally, due to its weight.

For the surrounding structure, the side skin of the vehicle in Figure 8.7, Dyneema was chosen due to
its mechanical, water-resistant and abrasion-resistant properties. It is also FAR 25.853b certified for
flammability [108]. To estimate its mass, the dimensions of the CAD model led to:

2(0.7)(0.8)(
3

1000
)(970) = 3.3[kg] (8.24)

However, Dyneema itself would not be able to house the person completely. For this, the proposed
structure of the side skin would be reinforced with polyphenylsulfone (PPSU) thermoplastic, which is
commonly used in aircraft interiors, in an accordion-like structure as can be observed in Figure 8.15
[109].

Skin stringers Dyneema
PPSU

Fixed 

Connected, but
not fixed

Figure 8.15: Side skin “accordion” structure for folding.

As the telescoping beams fold, the Dyneema and the PPSU members will follow. However, in air, the
Dyneema might be loaded in shear and even though it is quite strong, unnecessary loading could be
avoided through slack fabric in folds. However, the proposed solution here would be to first introduce
stringers to the skin to also prevent having free skin. Then, alongside the stringer, a PPSU member
would be fixed to the bottom part of the structure and connected but not fixed at the top, via a joint that
allows some movement. This would also assist in introducing the user’s dynamic loads. With the skin
connected to this member, it would carry less torsion and be mostly responsible for housing the person.
The mass budget for the PPSU and Dyneema was set to 5 [kg]. Finally, the canopy around the user
was designed after the aerodynamic iteration, as detailed in Section 8.6.

8.4.6. Landing Gears
Several decisions are made before the structural analysis of the landing gears is performed. Four
landing gears are implemented in order to have better ground stability, especially when the vehicle
vertically lands, and to prevent tip-overs. Each of them is assumed to carry the same amount of load.
The landing gears are in the form of wheels so that they could also be used for transporting on the
ground. The landing gear struts will be placed directly onto the bottom main airframe, the front two
connection points of the beams and the back curved beam as shown in red points in Figure 8.16. The
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tyres are selected from Electron Retracts with a diameter of 200 [mm], which are for up to 150 [kg] per
pair [110]. Moreover, the struts are fixed, not retractable, in order to have a lighter and simpler structure.
Finally, the material used for the landing gear struts is Aluminium 7068-T6511, which is the same as
the main airframe material, resulting in consistency in material properties of the overall structure.

Figure 8.16: Position of landing gears on the main airframe (bottom view).

As demonstrated in Figure 8.17, the struts of the landing gears are hollow cylindrical beams. The
thickness ’t’ is 5 [mm], which is the same as the thickness of the main airframe beams for efficient
manufacturability. The outer diameter ’d’ is 4 [cm], which is the side length of the square hollow beam
cross section. With these values, the length L is determined based on the comparison between the
buckling stress and the yield stress. Afterwards, it is assessed whether the strut design can withstand
buckling for vertical landings and bending for forward movements on the ground.

Figure 8.17: Dimensions of a landing gear strut including t, d, and L.

Buckling
First, for vertical landing motion, the strut must withstand buckling and compressive yield. Since yield
before buckling is more desirable, the buckling stress ’σb’ should be larger than the yield stress ’σy,
resulting in Equation 8.25.

σb =
π2EI

L2A
> σy · 1.5 (8.25)

where E is the Young’s modulus of the material, I is the area moment of inertia of the cross section,
and A is the area of the cross section. To satisfy the condition above, L should be less than or equal
to 32.69 [cm].

Based on the dimensions, it is essential to make sure that the actual load applied to each strut is below
the critical buckling and yield loads. The analysis is conducted on a nominal landing scenario, where
the maximum load on landing gears is the total weight of the aircraft. Extreme cases such as abrupt
falling are not considered, but these could be investigated in future research. The total weight of the
aircraft, including the pilot and payloads, 305 [kg], and the safety factor of 1.5, results in the actual load
Preal of 1122.0 [N ] per landing gear. The relationship between the critical load and the real load on the
strut is shown in Equation 8.26.
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Pcr =
π2EI

L2
> Preal · 1.5 (8.26)

where the critical load Pcr is 579162 [N ], the actual load Preal is 748 [N ], based on the maximum L
of 32.69 [cm] and with a safety factor of 1.5. Therefore, it means that the actual load is lower than the
critical load.

Bending
Next, for the vehicle to move forward on the ground, the strut should withstand bending. To take into
account the extreme case, it is assumed that the wheels are on the brakes so that the bottom end of
the strut is fixed onto the ground. With the dimensions obtained from previous analysis on buckling, it is
checked whether they comply with bending as well. The maximum forward force on the vehicle is when
the two cyclorotors produce their maximum thrust in the forward direction, which is 2998 [N ]. Therefore,
each landing gear will experience one-fourth of the force Pf , 749.5 [N ]. The deflection caused by the
bending is calculated in Equation 8.27.

vmax =
PfL

3

3EI
= 1.392[mm] (8.27)

where vmax is the maximum horizontal deflection due to bending of vertical landing gear strut, which is
slightly over than the total load deflection limit of aluminium, L/240 [111]. In order to have vmax within
the deflection limit, L should be less than 31.68 [mm].

In conclusion, the dimensions and mass of the landing gears are specified in Table 8.3 and the length
of the struts are demonstrated in Figure 8.18. Specifically, the front two landing gear struts have a
length of 15 [cm], which is below 32 [cm], the maximum allowable length and above 10 [cm], the radius
of the wheel. 5 [cm] margin from the top of the wheel to the bottom of the airframe provides clearance
from the ground and the wheel, which complies propeller ground clearance requirement of EASA [112].
The rear two struts have a length of 31 [cm] and are placed as far back as possible while not letting the
aircraft tilt backwards. This ensures the centre of gravity of the vehicle to be in between the front and
back landing gear positions, preventing tip-over.

Figure 8.18: Length of front and rear landing gear struts.

Table 8.3: Landing gear dimensions and mass.

Thickness (t)
([mm])

Diameter (d)
([cm])

Front Strut
Length (Lfront)

([cm])

Rear Strut
Length (Lrear)

([cm])

Mass per Strut
([kg])

5 4 31 15 0.51

The landing gears are exposed to cyclical loading over time, which could lead to fatigue. The fatigue
strength at 107 cycles of Aluminium 7068-T6511 is 228.5 [MPa] [113], which is significantly higher than
the actual stress on the strut, 1.36 [MPa]. This means that the actual stress is lower than the stress
that would cause fatigue after 107 cycles. Due to the over-designed strut structure from buckling and
bending analysis, the landing gears are safe under cyclical loading.
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8.4.7. Tip-Over Prevention
Based on the positions of the landing gears determined in Subsection 8.4.6, it can be obtained that
the front two landing gears are placed 0.4 [m] away and the rear two are located 1.5 [m] away from
the nose. When the vehicle is deployed, the total centre of gravity is placed at the range of 0.96 [m] to
1.22 [m] from the nose and when folded, 0.53 [m] to 0.95 [m], using Equation 8.28. This is when the
distance of the battery from the nose has a range of 0.4 [m] to 1.5 [m]. This indicates that wherever the
battery is placed in between the front and back landing gears, the centre of gravity of the whole vehicle
stays between the front and back landing gears in both deployed and folded state, preventing forward
or backwards tipover. Moreover, all landing gears placed at the side edges of the vehicle also prevent
tipping over sideways.

xcg =

∑
imi · xi∑

imi
(8.28)

where xcg is the distance from the nose to the centre of gravity of the whole vehicle, mi are the mass
of different components, including the airframe, coaxial rotors, cyclorotors, battery, and pilot, and xi
are the distance from the nose to the centre of gravity of the components. Nevertheless, to guarantee
tip-over and ease of folding, the battery was placed as close to the centre of the vehicle after folding.

8.4.8. Maintainability, Safety, and Reliability
In order to facilitate successful operations, it would be important to ensure that vehicle structures are
safe, reliable, andmaintainable. For the safety and reliability aspect, the foldingmechanismwould be of
particular importance and extensive testing would be crucial to guarantee a design that could be trusted.
Furthermore, for example, the telescoping beams could have ways of access to ensure smooth folding
procedures, via anti-friction coating, for example. When it comes to the structure overall, the safety
will be reinforced with diagnostics, which monitor the structural health and ensure that the structural
elements need to be serviced.

8.5. Aerodynamic Analysis
In order to ensure the aircraft can achieve the set performance requirements, the aerodynamic char-
acteristics need to be assessed. In addition to modelling the general flow characteristics and creating
points for improvement, a significant task of the aerodynamic analysis is drag estimation, which pro-
vides data required for range estimation. The analysis was performed separately for the structure and
the two propulsion system types. This is a significant assumption, which was made in order to optimise
the timeline of the analysis, as simulation of the full model would require a very fine mesh and long
computational time. Its validity was further discussed in Chapter 3.

In this section, the preparation steps required to run the simulation are first briefly discussed in Subsec-
tion 8.5.1. Then, the analysis of the preliminary structure is carried out in Subsection 8.5.2.

8.5.1. Simulation Preparation
The process is similar to when the propulsion system was analysed. It starts with simply importing
the 3D model of the part, after which an enclosure with an inlet and outlet is created around the body,
which represents the surrounding air. After this step, the body surface and the enclosure need to be
discretised, in order to allow for the computational method to be used. This can be done in many ways,
but in this case, a fine mesh was used on the aircraft surface in order to capture its complex shape.
Meanwhile, a coarser mesh was used to discretise the enclosure. Buffer layers were set up between
these two entities to improve the smoothness of the transition from one to the other. A structured
mesh consisting of hexahedrons was used for the discretisation, since it has been suggested that it
leads to higher accuracy for the same number of edges when compared to its unstructured, tetrahedral
counterpart [114]. However, some unstructured elements were still necessary in order to facilitate
the transition from fine to coarser mesh, or to capture certain curves on the aircraft’s surface without
creating elements with high aspect ratio or otherwise bad quality. In the end, such elements were
identified in limited cases, which could affect solution convergence. The overall meshing approach
would need to be reconsidered in case of a diverging simulation; however, this was not necessary.
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Overall, the mesh element size was refined to approach the 106 element limit of the Ansys student
license.

8.5.2. Preliminary Structure Aerodynamic Analysis
With the computational method outlined, it is time to look at the results of the simulation. These consist
of numerical values that can be extracted from the simulation, but it is also possible to plot certain
variables and examine the development of their values depending on the chosen coordinates. Further
visualisations, such as streamlines, can also be plotted. A key characteristic of the aircraft is the drag
coefficient. The parasitic drag coefficient of the structure was found to be 0.037, which is a reasonable
value when compared to general aviation aircraft, although higher than usual. For example, the Cessna
172 has a profile drag coefficient of 0.029 [115]. To evaluate points for improvement in the structure’s
shape, the velocity contour plot is shown on the symmetry plane of the aircraft in Figure 8.19, and on
a plane offset by 0.530 [m] in the y-direction in Figure 8.20.

Figure 8.19: Contour plot on the preliminary structure centre
line plane showing the velocity distribution.

Figure 8.20: Contour plot on an offset plane (y=0.530 [m])
with the velocity distribution around the preliminary structure.

These contour plots already suggest that the preliminary structure might not be aerodynamically effi-
cient. Firstly, there is an area of very low velocity at the rear of the aircraft, which could indicate flow
separation. If that were the case, this would be causing additional drag to the aircraft when in forward
flight. The phenomenon is accentuated on the plane shown in Figure 8.20, since the rear panel has
a sharper edge in that region, and the skin surface at the rear is ascending more aggressively. This
potential issue was further investigated using a contour plot of the velocity x-component (Figure 8.21),
as well as the local velocity vectors in the region (Figure 8.22), and it was confirmed that the flow is sep-
arating at the rear of the aircraft, since the mean flow velocity in that region is in the opposite direction
compared to the rest of the flow field.

Figure 8.21: Contour plot on an offset plane (y=0.530 [m])
with the horizontal velocity distribution around the preliminary

structure.

Figure 8.22: Local velocity vectors of the air flow around the
rear extremity of the preliminary structure, plotted on an offset

plane (y=0.530 [m]).

A number of potential solutions were proposed. The first option was to create slots through the structure
from the high-pressure regions on the front side of the rear plate to the separation region. Alternatively,
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the whole rear assembly carrying the coaxial rotors could be turned into a truss structure with large gaps
between members. Either of these solutions would help transfer higher-pressure air to the separation
region and prevent the formation of the separation bubble.

Alternatively, vortex generators could be placed at the bottom side of the aircraft. This approach aims to
draw outer flow into the boundary layer and energise it, which leads to delayed separation and reduction
of pressure drag [116]. However, this solution comes with its own disadvantages, such as increased
friction drag [117].

One other potential solution to the separation problem would be to make a rather significant change to
the structure’s shape. In particular, a more gradual slope on the trailing side of the aircraft would delay
or prevent separation. This would, however, require certain changes to the positioning and type of the
coaxial rotor connection, and/or changes to the internal arrangement of other components, together
with pilot repositioning. In case such changes were to be implemented, discussions and compromises
would be necessary to accommodate other subsystems.

Another separate issue is that the airflow on the lower side of the aircraft is faster than on the upper side.
It is reasonable to assume the Bernoulli equation is valid in this case, since the cruise Mach number is
significantly lower (≈ 0.05) than the 0.3 where the equation usually stops being used.

P1 +
1

2
ρV 2

1 = P2 +
1

2
ρV 2

2 (8.29)

Considering this formula and the accelerated flow over the aircraft’s bottom, it can be concluded that
the pressure on the lower side of the aircraft will be decreased. Thus, it can be expected that the
aircraft to create negative lift when in forward motion. The resultant lift coefficient calculated from the
simulation is CLfuselage

= −0.036.. This could be mitigated by altering the shape of the aircraft, but
would likely require the seating position and the overall internal arrangement to be changed. For this
reason, and considering the relatively low magnitude of the negative lift, which can be compensated
by the relatively high-thrust propulsion system (more information in Chapter 3), only limited effort was
made to mitigate this effect. Namely, an attempt to flatten the floor and thus slow down the flow in the
given region will be made in order to increase the local static pressure.

8.5.3. Aerodynamic Iteration
The aerodynamic analysis informed certain design decisions regarding the structure. Namely, the rear
edge of the aircraft, on which the coaxial rotors are mounted, wasmade into a more streamlined, blunter
shape with the intention to eliminate or at least reduce flow separation. An effort was also made to
decrease the steepness of the back side of the Owl-22. Nevertheless, due to other constraints, mostly
the volume limit and the functioning of the folding mechanism, the structure was not fully optimised
for aerodynamic performance; in fact, the aerodynamic characteristics of the final design are worse
than those of the preliminary concept. This is a result of changing the dimensions and shapes of the
structure, since it is now taller, blunter, and more box-shaped in the front. The parasitic drag coefficient
of the new design was found to be CDfuselage

= 0.037, with the lift coefficient being CLfuselage
= −0.047.

Both of these worsened values make sense upon examination of the pressure distribution shown in
Figure 8.23.

Figure 8.23: Pressure distribution around the final structure design on an offset plane at x=0.394 [m].
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Overall, the region of increased velocity and decreased pressure has shifted further backwards com-
pared to the preliminary design, causing increased drag.

In terms of the other issue identified with the preliminary design, the flow separation region adjacent to
the main body has been reduced in size. On the other hand, more separation was introduced with the
implementation of the mounts for the coaxial rotors. These effects are presented in Figure 8.24 and
Figure 8.25.

Figure 8.24: Contour plot on the symmetry line with the
horizontal velocity distribution around the final structure.

Figure 8.25: Contour plot one an offset plane at x=0.533 [m]
with the horizontal velocity distribution around the final.

structure.

8.6. Final Iteration and Final Design
The following section presents the iteration strategy and the final structural design of Owl-22.

8.6.1. Final Iteration and Sensitivity
As detailed in Figure 8.26, the final iteration step would include reconsidering the design with a new
total mass estimated, which could differ from the initial value assumed when sizing the propulsion
and battery systems. The initial value used was the maximum allowable mass from the requirements,
and a lighter structure would necessitate a lower battery size and potentially a reconsideration of the
propulsion system dimensioning.

Total mass
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Figure 8.26: Detailed iteration flowchart.

However, before the iteration could be implemented, some other masses needed to be approximated.
When it comes to the canopy, impact-modified PMMAwas chosen as thematerial, with a density of 1150
[kg/m3]. From the preliminary structure dimensioning a conservative estimated of the area it would
need to cover would be 1.6 [m] x 1.8 [m], with products like Plexiglass manufacturing aviation certified
canopy at a variety of different thickness, ranging mainly around 3 [mm] thickness for aviation purposes
[118, 119]. This results in a mass of around 10 [kg], without a margin for considering the way it would
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be integrated with the structure. It should, however, be noted that future design stages should create
a more detailed design considering its integration with the airframe, with the recommendations for
compliance from the FAA [120]. Using the external dimensions and the cross-sectional properties, the
mass of the airframe could be calculated, resulting in the total mass breakdown in Table 8.4. Specifically,
the members were sized to have a thickness of 5 [mm], for reasons discussed previously, with the side
beams of dimensions of 3 [cm], 4 [cm], 5 [cm] for the telescoping beams, 8 [cm] diameter for circular
beam, and 4 [cm] for the connecting beams.

Table 8.4: Mass budgeting with final dimensions.

Component Mass [kg]
Airframe side beams 19.7
Airframe circular beam 8.4
Airframe connecting beams 5.2
Airframe skin(with stringers) 6
Seating 10
Floor 5
Canopy 10
Battery 66.13
Coaxial rotors 12.6
Cyclorotors 37.3
Landing gear 2
Dyneema + PPSU interior 5
Electronics + Controls 9.5
Total* 196.8
*Without battery mass iteration.

The mass budget for electronics was estimated from the budgeting completed in the previous design
stages. However, the majority of components were selected in Chapter 5, as presented in Table 8.5.

Table 8.5: Electronics masses.

Component Mass [kg]
Camera 0.0095 [121]
LiDAR sensors 0.45 [122] [123]
IMU 0.0275 [124]
GNSS 0.011 [75]
iPad 0.5 [125]
External SSD 0.009 [126]
OBC 0.06[127]
Radio 1.4[128]
Router 0.26[129]
Total* 2.73
*Without all the cabling

This would leave about 6.7 [kg] for the yoke, pedals, which have been dimensioned but not yet fully
developed and cabling, which was not already accounted for in the table above. However, as detailed
in previous design stages, the budgeting would also come with a 10% contingency, which would then
lead to 7.72 [kg].

With the total mass equalling around 196.8 [kg], very close to the 200 [kg] used for propulsion decision
and battery sizing, the full iteration step was not necessary. In particular, it was not necessary to select
new propulsion devices. This is because the propulsion selection was made with existing devices
in mind, which would otherwise need to be redesigned. Specifically, future design iterations should
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consider collaborating with CycloTech to further optimise the propulsion and structure sizing. In this
case, the strategy in Figure 8.26 could be fully employed. However, such decisions would come with
increased costs.

Instead, the iteration consisted of resizing the battery and reconsidering the optimal cruising thrust,
while still using the same propulsion devices. This was done using Equation 8.30

mi+1 = mi − (66.13−mbi) (8.30)

wheremi constitutes the current mass estimate, 66.13 [kg] is the mass of the battery for 200 [kg] system
weight andmbi is the battery mass formi system weight, which were calculated using the samemethod
as in Section 4.2.

As will be discussed in Subsection 8.6.2, a sensitivity analysis on changing the structural mass and
how that would affect the battery mass is described. What this meant for the structure was that it would
be designed for the same ultimate loads, as the propulsion devices would still be able to output the
same maximum thrust. The resizing of the battery would not have a significant effect on the structure;
it would have a negligible weight change when compared to the driving factors sizing the structure; it
would only slightly affect the distributed load onto the floor of the structure. With the iteration of the
battery mass for the new total mass, the final total mass came down to 196.37 [kg].

8.6.2. Mass Sensitivity and Future Recommendations
It should be noted that the current mass estimate still does not account for certain masses, like rivet-
ing, although these are considered a reasonable allowance because in the places where there would
be rivets/bolts, material would also be removed. Furthermore, as previously mentioned, the current
structure was still over-designed, and although these values were completely verified using FEA due
to time constraints, a sensitivity analysis was performed to see by how much future iterations could
expect to decrease the mass. To do this, the mass contributions were split into constant and changing.
This was done under the assumption that no major changes would happen to the design. For example,
the propulsion device’s mass was kept constant.

The seating, floor, canopy, and landing gear were also assumed to be fixed. Finally, the electronics can
be considered with the contingency of 10% still allocated to it, as mentioned previously. This resulted
in a range of mass of 9.5 - 10.45 [kg]. A margin of 20% would be applied to the Dyneema and PPSU
interior to account for the fact that it would be a newly designed part [130], leading to a 5-6 [kg] range.

The current airframe mass estimate is 39.3 [kg], with the mass mainly depending on the cross-section
of the beams. The external dimensions of the members were imported into Python, and cross-section
elements that were initially oversized in the preliminary design and in the FEA analysis model were,
leading to a mass range of 30 - 40 [kg] for the airframe. Specifically, the intermediate beams cross-
sections were resized to be thinner, from 4 [cm] to 3[cm] and the circular cross-section of the member
connecting the two coaxial rotor arms was resized to 5[cm] from 8 [cm], as the coaxial arms would be
folded and it would not be a continuous member, as depicted in the airframes previously presented.
Furthermore, the length and width of the vehicle were varied. This resulted in a mass range of around
180 - 200 [kg], limiting the maximum mass by the maximal requirement value. With the iteration using
Equation 8.30, this would result in a mass range of 175.42 - 200 [kg]. To conclude, the mass would
mainly depend on the redesign of the structure, changing the weight of the battery and hence of the
whole vehicle again, and further optimisation could make the vehicle even lighter.

Future design iterations would need to identify more accurate operational limits to design amore optimal
structure within those loads, as the current structure still assumes a load factor above 2. Furthermore,
FEA simulations would need to be run with the proposed more light-weight structure, with optimised
cross-sections. Finally, FEA simulations would need to be run to assess the feasibility of integrating
the folding mechanism in the structure.

8.6.3. Final Design
The final external dimension of the deployed vehicle can be seen in Figure 8.27.
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Figure 8.27: Deployed Owl-22 external dimensions.

The final external dimension of the folded vehicle can be seen in Figure 8.27. Note that the volume
would be defined without the consideration of wheels.
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Figure 8.28: Folded Owl-22 external dimensions.

Lastly, simplified interior layouts with seat dimensions are displayed in Figure 8.29 and Figure 8.30.
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Figure 8.29: Simplified interior when deployed
with seat dimensions in mm.

Figure 8.30: Simplified interior when folded.



9 Operations and Logistics Concept Design

The Owl-22 is a conceptual personal aerial vehicle designed for short-range urban transportation in the
UAE. It aims to provide individuals with a compact, self-deployable air mobility system that minimises
reliance on large infrastructure such as airports. The vehicle is capable of vertical take-off and landing,
making it ideal for urban commutes and rapid point-to-point travel in densely built environments. The
operational and logistical aspects of the system are central to its viability. These factors directly influ-
ence critical system-level requirements, including mass limits, foldability, charging infrastructure, main-
tenance strategies and safety protocols. This section outlines the operational concept and its logistics
framework, ensuring that the vehicle meets its mission profile while remaining affordable, sustainable
and scalable.

9.1. Operational Use Concept
The operational use of the Owl-22 is centred on simplicity, low maintenance, and minimal ground-
dependency. The vehicle is designed to be stored and deployed from a private location, allowing
the user to initiate a mission without relying on large infrastructure or ground crew support. Routine
maintenance is embedded into the operational cycle, aided by real-time diagnostics and predictive fault
detection. A typical mission is envisioned to consist of the following 6 mission phases:

1. Pre-flight and deployment
2. Take-off and climb
3. Cruise

4. Descent and landing
5. Post-flight and stowage
6. Charging

Mission Phases - The mission profile of the Owl-22 is designed around short-range, point-to-point
transport for individual users in urban settings. The vehicle’s operations are divided into six sequential
phases, each governed by specific functional and environmental requirements to ensure safe, efficient,
and low-maintenance travel, as represented in Figure 9.1.

Figure 9.1: Operational phases of the Owl-22.

Pre-Flight andDeployment - Themission starts with user activation via a dedicatedmobile application.
Upon confirmation of weather conditions and airspace clearance through onboard systems and external
data links, the Owl-22 initiates a self-diagnostic sequence. This includes structural integrity checks,
battery state-of-charge assessment, sensor calibration, and control surface functionality verification.
Predictive maintenance algorithms evaluate component health, ensuring issues are detected before
flight. The vehicle then unfolds from its stowed configuration.

Take-Off and Climb -Once deployment is complete and all systems are verified as nominal, the vehicle
engages its electric propulsion system to achieve vertical take-off. The climb is conducted under full
autonomous control, using real-time sensor data (e.g. LiDAR, optical flow, inertial measurement) to
stabilise the vehicle and avoid immediate obstacles. System performance is logged continuously to
update maintenance models.

Cruise - During the cruise phase, the Owl-22 transitions to forward flight at a nominal speed of 40
[km/h] and an altitude of 20 [m]. This phase is piloted by the user, assisted by the onboard computer.
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A navigation system will be implemented to make the pilot aware of any (temporary) no-fly zones.
Real-time diagnostics monitor propulsion efficiency and sensor stability, and deviations are flagged for
post-flight maintenance actions.

Descent and Landing - Upon reaching the destination, the vehicle transitions to vertical descent. Ob-
stacle mapping ensures a safe approach path, and ground proximity sensors verify landing zone suit-
ability. The final touchdown is executed with soft-landing protocols that dynamically adjust rotor speeds
to minimise impact loads and reduce wear on structural components. Any anomalies detected during
landing are recorded for deferred maintenance evaluation.

Post-Flight and Stowage - After landing, the Owl-22 automatically retracts its wings and rotors into
the folded configuration. The vehicle logs mission and system data to the user interface and central
monitoring system. Post-flight diagnostics assess system degradation, detect sensor drift, and evaluate
component wear. If critical thresholds are reached, the system schedules a maintenance notification
to the user. The vehicle becomes inactive and safe to handle once all systems confirm a secure and
powered-down state.

Charging - The Owl-22 connects to either a fast or conventional plug-in charging system. Battery man-
agement software initiates controlled charging to prolong battery life and monitor for anomalies such
as temperature spikes, voltage irregularities, or cell imbalances. Users are notified of charge progress
and flight readiness through the mobile interface. Any faults detected during charging are recorded and
scheduled for maintenance inspection. Charging is designed to complete within operational turnaround
time, ensuring multiple daily flights are feasible.

9.2. User Interaction
The interaction between user and system for Owl-22 has been designed with a strong emphasis on
simplicity, safety, and intuitiveness. This design philosophy is chosen since the vehicle will mainly
be piloted by non-professional users. The majority of the control functions are executed via a tablet
interface, integrated into the cockpit in a mount on the steering yoke. Supplementary physical controls
are implemented for redundancy and as a possible alternative for the digital controls.

The team selected the Apple iPad (11-inch models) as the control device due to its market dominance
in the UAE (with a 56.98% tablet market share [131]). The interface will be developed to be fully
compatible with the iPad, iPad Air, and iPad Pro models. While many customers may already own a
suitable device, Owl-22 will offer the iPad as an optional bundled product to ensure a seamless user
experience. Mounted directly onto the steering yoke, the iPad serves as the primary interface for flight
control. The control mapping is presented in Table 9.1.

Table 9.1: Overview of iPad-based controls for Owl-22.

Control Type Functionality

Digital Sliders • Acceleration / Deceleration
• Vertical movement (Up / Down)

Digital Buttons • Cruise Control Activation
• Automatic Take-Off & Landing

3-Finger Swipe Gesture • Hand Brake (Swipe from top to bottom of screen)

These controls are presented in a clear, high-contrast layout optimised for outdoor visibility. Real-time
telemetry, such as altitude, velocity, attitude, and proximity warnings, is displayed alongside the controls,
allowing users to maintain situational awareness at all times.
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Despite the comprehensive use of the tablet interface, braking is controlled by a dedicated physical
paddle. This decision was driven by the critical nature of braking in emergency and landing scenarios.
The paddle is placed ergonomically on the ground to be controlled by the user’s feet. Owl-22 is operated
in semi-autonomous mode. The user provides high-level inputs via the iPad or physical controls, while
core flight stability and control allocation are handled autonomously. Pre-flight system checks are
initiated from the iPad, including system diagnostics, no-fly zone mapping, weather updates and route
preview.

9.2.1. Safety and Human Factors
The safety of the user is central to the design of Owl-22 and its control interfaces. Since the vehicle
is operated by non-professional users, controls are designed to be intuitive, while key safety functions
are either automated or reinforced through redundancy.

Before each flight, the Owl-22 runs checks automatically. It verifies battery health, propulsion, structural
deployment, and ensures the aircraft is not in a no-fly zone. If any check fails, take-off will be blocked,
and a clear error message is shown on the iPad.

During flight, the system monitors critical parameters real-time. Warnings for low battery, obstacle
proximity, or sensor faults are shown on-screen and signalled both visually and audibly. In the event
of system degradation, an automatic landing protocol will be triggered. The main controls are digital
sliders and buttons on an iPad mounted to the steering yoke. However, braking is handled by a physical
breaking paddle at the pilot’s feet to ensure quick access. A handbrake can also be triggered by a
three-finger swipe gesture on the iPad—designed to be fast but hard to activate by accident. To reduce
workload and error, all controls are placed logically, using familiar layouts and large, high-contrast
elements.

9.3. Manufacturing and Assembly
Production of the aircraft, including shaping of parts and joining them together, could have major influ-
ence over the aircraft performance and safety overall. The suitability of shaping and joining processes
depends heavily on the materials used and the desired shapes.

First, it is important to determine what manufacturing processes and machines are required for the
production of the individual aircraft components. This is done in Subsection 9.3.1. Next, the off-the-
shelf components required for the aircraft production are outlined in Subsection 9.3.2. Lastly, Subsec-
tion 9.3.3 shows the assembly plan for the Owl-22 aircraft.

9.3.1. Part Manufacturing
The aircraft consists of numerous parts that need to be manufactured in-house. These can be divided
based on the material used.

Aluminium
Multiple processes will be used to shape the aluminium parts. The aluminium beams (airframe and
landing gear) will be manufactured using extrusion. This complements the necessity to produce long
beams with hollow cross-sections. Hot extrusion will be used to shape the aluminium parts, since the
material is too stiff and strong to be used with cold extrusion, and could start cracking under this type
of stress. The curved beams will use stretch forming in addition to extrusion, in order to achieve their
desired shape. Again, stretch forming will be used to shape the surface skin of the aircraft, since it is
expected to be delivered in sheet form.

CFRP
The Owl-22 uses two parts made of carbon fibre. These are expected to be the propellers of the
coaxial rotors and the pilot seat. Production volume of 4000 units per year is required for the propellers,
meaning that 11 units per day need to be produced. A potential failure of the propellers would endanger
the life of the pilot. They must also last for a number of years, which overall means that they must
be of the highest quality. For this reason, automated tape laying of CFRP pre-preg will be used to
manufacture the propellers, after which they will be cured in an autoclave. The seat is another carbon
fibre part of the aircraft, and will be made using vacuum infusion of resin into a dry carbon fibre part.
This process was chosen because it is better suited for production of large parts and is usually cheaper



9.3. Manufacturing and Assembly 82

than working with pre-preg [132, 133].

Thermoplastics
Another material type which will need to be shaped into parts is thermoplastic. two processes will
be used again, namely thermoforming and injection moulding. Thermoforming will be used for the
canopy, since it needs to be a thin, curved, flowing shape. For the other thermoplastic parts (serrated
end-pieces, PPSU side walls, yoke), injection moulding presents itself as a fast, low-cost solution with
sufficient precision, and will be used for this reason.

Miscellaneous
There are two individual parts which require a separate manufacturing process. The pedals inside
the aircraft will be machined from larger plates of aluminium. Machining might also be required to
perform finishing touches on certain components like the airframe beams. Secondly, the interior will
require cushioning surrounding the pilot, for the sake of comfort and safety. Sewing will be required to
manufacture these parts.

9.3.2. Off-the-shelf Components
Certain items either cannot be manufactured or it is disadvantageous to manufacture them in-house.
These parts appear in the propulsion subsystem, namely the cyclorotors, the electric motors for the
coaxial rotors, and their ESCs. The battery, sensors, and components of the cooling system will also
be purchased off-the-shelf. Lastly, the wires, Dyneema side sheets, and the landing gear wheels will
also be bought, since it is more efficient to outsource their production rather than attempt to establish
a new supply chain.

9.3.3. Aircraft Assembly
Once all the Owl-22 parts are manufactured and purchased, it will be necessary to assemble them to-
gether. In some cases, like the landing gear, it would be desirable to use welding as a joining method,
however, this is generally not possible, due to the chosen material [113]. Thus, extensive use of me-
chanical fasteners will be made. In particular, bolting will be used in order to join the main airframe
parts like the airframe beams, the coaxial rotor mounts, and the landing gear. Meanwhile, the skin will
be riveted onto the structure, since it disrupts the flow on the aircraft surface less than bolts, and the
removal and reuse of the skin is not planned, meaning a permanent fastener can be used. For the
non-structural parts such as the serrated end-pieces on the propeller trailing edges and various interior
pieces, adhesives will be used to save costs and keep surfaces smooth.

The Owl-22 production will be created in steps, some of which can be performed in parallel. The
outcome of each step is a sub-assembly, all of which are eventually made into the full assembly. The
overall assembly plan is presented in Figure 9.2.
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Figure 9.2: Assembly plan showing the flow from individual components to a completed Owl-22 aircraft.

9.4. Logistics Support Concept
To ensure operational reliability and user satisfaction throughout the service life of the Owl-22, a compre-
hensive logistics support concept is developed. This concept defines how the system will be sustained
once deployed, including maintenance, supply chain, and support infrastructure tailored to the needs
of a personal air transport vehicle. Given the goal of providing a low-maintenance mobility solution, the
logistics framework focuses on minimising user burden while ensuring safety. The concept accounts
for the urban context in which the system will operate. Subsequent sections detail the organisational
structure and maintenance strategies.

9.4.1. Infrastructure and Deployment Requirements
To enable seamless integration into the daily routines of private users, the infrastructure requirements
for the Owl-22 are intentionally minimal and tailored to urban environments. The vehicle is operable
from residential and light commercial locations without the need for dedicated take-off or landing infras-
tructure. Its VTOL capability allows operation from compact, flat surfaces such as rooftops, courtyards,
or driveways. A recommended area of 6 [m]x 6 [m] ensures safe rotor deployment and sufficient airflow
during vertical manoeuvrers. The required surface load capacity is still under evaluation. Deployment
of the vehicle is manual but spring-assisted to reduce user effort while minimising system weight.

Energy infrastructure is designed for flexibility. The Owl-22 supports both slow and faster charging
modes, allowing users to preserve battery longevity when time permits or opt for rapid charging when
needed. Compatibility with existing electric vehicle charging stations ensures ease of integration with-
out the need for proprietary infrastructure. An optional wallbox may be installed to further reduce charg-
ing times. All pre-flight diagnostics are handled autonomously by the vehicle.

9.4.2. Production and Distribution
Production of the Owl-22 is planned to be UAE-based. This decision is driven by a combination of
logistical, economic, and geopolitical factors. Local manufacturing significantly reduces the complexity
and cost of supply chain operations, particularly for final assembly and customer delivery. The UAE’s
favourable trade relationships with key aluminum-exporting nations ensure stable access to primary
structural materials. Additionally, relatively low labour costs in the region contribute to a competitive
production model without compromising quality.

Final assembly will occur in a facility near DXB airport, allowing streamlined integration of imported
components. The resulting proximity to early adopter markets further enhances deployment efficiency.
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This centralised production and distribution model ensures control over quality, simplifies after-sales
logistics, and aligns with the project’s scalability objectives.

9.4.3. Maintenance
The maintenance strategy is designed to maximise reliability and to minimise downtime. In line with
stakeholder requirements, the vehicle is intended to operate maintenance-free for the first two years un-
der normal use conditions. This is achieved through robust component selection, conservative system
design margins, and embedded health monitoring.

Core systems perform automated diagnostics before each flight, assessing battery status, rotor per-
formance, and sensor functionality. Any deviations are communicated via the user interface. Critical
faults result in disabling the vehicle, while non-critical issues are communicated and logged for later
resolution. The maintenance framework distinguishes between user-level and service-level actions.
Users are not expected to perform hardware interventions. All physical maintenance (beyond basic vi-
sual checks or online software updates) is reserved for certified technicians at authorised facilities. To
ensure long-term airworthiness and support proactive servicing beyond the initial two-year period, the
vehicle collects and transmits diagnostic data throughout its lifecycle. This enables predictive mainte-
nance planning and allows the service centre to coordinate interventions efficiently, thereby enhancing
availability and user convenience.

9.4.4. End-of-Life Logistics
To align with sustainability goals, the Owl-22 incorporates an end-of-life strategy grounded in circular
economy principles. In the context of Owl-22, end-of-life is defined as the stage at which the vehicle
is no longer viable for safe or cost-effective operation and is therefore withdrawn from service. At this
point, the vehicle enters a managed retirement process focused on minimising environmental impact
through responsible material handling and reuse.

A substantial portion of the vehicle’s mass is intended to be reused, recycled, or safely disposed of
using sustainable methods. Although precise targets are still being defined, material choices have
been made to prioritise low-impact disposal and leverage established recycling pathways. Aluminium
alloys are used extensively due to their proven recyclability and global processing infrastructure.

The vehicle is also designed for efficient disassembly. Fasteners, interface joints, and subsystem lay-
outs are configured to enable straightforward separation of structural components, battery modules,
and electronics. This facilitates both targeted recycling and the potential reuse of high-value compo-
nents such as sensors and batteries. To support this strategy, a digital material passport is being
developed to track component provenance, lifecycle data, and recycling compatibility. An overview of
the retirement and disposal flow is shown in Figure 9.3, illustrating the decision pathways from initial
evaluation to reuse, refurbishment, or material recovery.

Vehicle Retired
from Operation

Component Condition
Evaluation

Reuse
(Reinstall / Resale)

Remanufacture /
Refurbishment

Recycle /
Safe Disposal

Update Digital
Material Passport

Functional

Degraded

End-of-Life

Figure 9.3: Retirement and disposal path of the Owl-22.



10 Sustainability Assessment

Product sustainability has been a notoriously difficult concept to quantify and report transparently, due to
the complexity of the topic, as well as the deceptive nature of reporting undertaken by profit-generating
businesses [134]. Current literature agrees upon the existence of three main pillars of sustainability: en-
vironmental, social and economic. However, despite this description having been generally accepted,
sustainability remains an open concept with countless interpretations, resulting in a culture where cor-
porate social responsibility (CSR) is almost always deceptive [135]. To avoid falling into these same
pitfalls, a clear approach has been implemented throughout the design of the Owl-22. This method
adheres to the concept of ’sustainable development’ that was popularised by the Brundtland Commis-
sion [136], a sub-organisation of the United Nations: ’development that meets the needs of the present
without compromising the ability of future generations to meet their own needs’. As such, this chapter
has been divided into three sections, one for each of the main pillars, where the current and future
impact of the Owl-22 will be analysed.

10.1. Environmental Sustainability
Before performing any environmental analysis, Aerospace material expert Dr. Irene Fernandez Ville-
gas was consulted. Regarding carbon footprints, she explained that aircraft have one overwhelmingly
dominant source of carbon, their energy source [137]. While the UAE’s sourcing of electricity is beyond
the control of Owl-22, its contribution can be minimised through the design of an extremely light-weight,
energy-efficient and durable vehicle. To achieve this goal, several important design decisions were
made. For one, the choice to incorporate the energy-efficient cyclorotors was made, in spite of their
higher cost and more difficult integration. Another important consideration was related to the battery
sizing; as explained in Chapter 4, a conscious decision was made to size the battery such that its
charge-discharge cycle would occur in the 10-90% range of its overall capacity. The reason for this
was twofold: to allow for an extra 10% of backup energy in case of serious emergencies, as well as
to prolong the lifespan of the battery and mitigate its vastly decreased efficiency over time [138]. An-
other sizeable advantage to using solid-state batteries (SSBs) in particular is their potential to achieve
full sustainability. At the current rate of improvement in energy density, durability and recycling tech-
nologies, the sustainability-focused non-profit organisation (NGO) RMI estimates that net-zero mineral
demand for cobalt, lithium and nickel can be achieved by 2050 [139]. These are important ecological
considerations which may not necessarily be reflected in the short-term assessment of this vehicle.

Of course, it is especially important to assess the environmental impact of Owl-22 using one of the
many different frameworks and models. In this report, the widely adopted Life Cycle Assessment (LCA)
method will be used to provide a comprehensive overview of Owl-22’s environmental sustainability
[140]. Furthermore, as there are several types of LCA’s, the specific one that will be used in this
report is one that focuses solely on the Global Warming Potential (GWP). This LCA indicator measures
the impact on climate change by expressing the emissions of all greenhouse gases in terms of the
equivalent mass carbon dioxide [kgCO2e] required for the same warming effect. In order to perform
a preliminary LCA, the following functional unit will be defined: kilometre travelled per vehicle. This
allows for the easy comparison with more conventional modes of transport. The three main sources of
environmental harm within the aircraft will be considered: the battery, UAE’s electricity generation and
the materials used in the vehicle’s structure. It is important to note that, as the Owl-22 is a one-person
vehicle, no adjustments need to be made in order to comply with the functional unit.

For the LCA of the battery, the fact that modern and cutting-edge SSBs have a 0.05 - 0.09 [kgCO2e/kWh]
is used [141]. Furthermore, 80% of the energy capacity of the battery is 18.98 [kWh] and this cor-
responds to a 30 [km] journey. Therefore, assuming the battery will last for 8000 cycles, the final
[kgCO2e/km] can be determined [142].

For the estimation of the carbon footprint of the electricity, two values were relevant: the 0.4041
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[kgCO2e/kWh] from the UAE and the energy consumption of a max-range 30[km] flight being 18.98
[kWh]. Therefore, assuming the same linear relationship between energy consumption and range
mentioned previously, the [kgCO2e/km] of the electricity used by the Owl-22 can be determined.

Finally, for the estimate of the material’s LCA, the following information was used: an estimate for the
LCA per km of a 122 [kg] piece of aluminium used in the aviation industry, assuming a lifespan of 30
years (1.05e4 [kgCO2e]). Then this was scaled down to the mass of aluminium used in the Owl-22.
Although other materials in the vehicle will have a carbon footprint besides the aluminium, the LCA for
these is much harder to determine with the resources available. As such, it has been assumed that the
GWP of the materials of the Owl-22 is double that of the aluminium in the vehicle.

With this information, the estimated LCA can be seen in Table 10.2:

Table 10.1: GWP of Owl-22’s different sources

Source kgCO2e per km
Battery 0.01971
Electricity 0.30685
Materials 0.0338
Owl-22 0.36036

Thus, as was previously suggested by our sustainability expert, it is immediately apparent that the op-
erational emissions dominate the carbon footprint of the vehicle. This emphasises the need to continue
prioritising energy efficiency in all design stages to effectively decrease Owl-22’s environmental impact.

Furthermore, as this LCA represents the final design of the Owl-22, a comparison can be performed with
respect to other modes of transport in urban areas. Before performing this comparison, it is important
to realise that road vehicles will have to travel greater distances than the Owl-22 in order to reach
their destination; this is due to the fact that the Owl-22 can just take the shortest straight path to the
destination, while ground vehicles have to adhere to roads. Therefore, the direct route index - howmuch
longer car journeys are compared to straight-line distances - for Dubai has been used to compare the
LCA of the Owl-22 with alternative transport. This index is 1.6 for Dubai; therefore, this value will be
used for the comparison [143]. The results of this comparison can be seen in Table 10.2 below:

Table 10.2: Life cycle GWP of different vehicle types adjusted for distance travelled.

Vehicle Type kgCO2e per VTOL km
Gasoline-powered internal combustion car 0.32 – 0.48
Hybrid electric car 0.27 – 0.40
Plug-in hybrid electric car 0.37 – 0.43
Battery electric car (2021 electricity grid) 0.32 – 0.40
Owl-22 vertical take-off and landing aircraft 0.36036

As can be seen in the table, the Owl-22 performs relatively well in comparison to cars. For all types of
cars except plug-in hybrid electric, it is inside the range provided. However, the Owl-22 can only carry
1 passenger, while most cars can carry a minimum of 4. Therefore, if a car is carrying more than 1
person, it would already be less polluting than the Owl-22. While this is true, it is worth mentioning that
this eVTOL will mainly serve as an alternative to cars for daily commutes. And daily car commutes in
the UAE mostly have one person per car; to be exact, the average passengers per vehicle in Dubai is
1.3 [144]. In conclusion, although cars have the potential to be less polluting forms of commuting when
compared to the Owl-22, this depends on the number of passengers in the car. And since for daily
commute this number tends to be 1, the option of the Owl-22 is equally environmentally sustainable.

10.2. Social Sustainability
The social pillar of sustainability is harder to assess quantitatively than its environmental counterpart;
however, this does not make it less relevant or important. Simply put, social sustainability focuses
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on the well-being of people and their communities, promoting and protecting equity, human rights, and
quality of life [136]. This subsection discusses how the Owl-22 has been developed with these concepts
as core parts of the design.

Firstly, electric propulsion and cyclorotors in particular help reduce noise pollution when compared to
traditional rotorcraft. Furthermore, reducing noise emissions has been, aside from providing sufficient
lift, the most important factor considered during the design of the coaxial rotors at the back of the vehicle.
In order to be as quiet as possible, serrations have been added to sections of the rotors, the top rotor
is larger than the bottom rotor in order to avoid interactions between their tip vortices, and the rotors
have been designed to be co-rotating. This aspect of the Owl-22 is critical in determining whether it will
be accepted by the communities living in the major cities of the UAE, which is why so much effort has
been invested in addressing it.

Furthermore, the design and operational performance of the Owl-22 are designed to preserve the
pilot’s health and well-being. The Formula-1 seat provides comfort under all the loads the vehicle
will experience throughout its use. In addition, the cockpit will be air-conditioned in order to ensure the
temperature remains within a safe range. This aspect is of particular importance in the UAE, as the
ambient temperatures can exceed what a pilot would be able to withstand, without immediate health
concerns, for a half-hour flight.

Another important aspect of the integration of the Owl-22 into the UAE society is its alignment with
the country’s visions for advanced mobility and sustainability under initiatives such as Dubai’s Smart
Dubai Vision [145] and Abu Dhabi’s SAVI cluster—designed to cultivate autonomous and air mobility
solutions [146]. These factors will make the adoption of the Owl-22 into the communities of Abu Dhabi
and Dubai smooth, as the vehicle and what it represents will be supported by said communities.

Since the Owl-22 will be manufactured in the UAE, its development and production will contribute to
local job creation in the aerospace sector from R&D and design to assembly, testing, and support
services. This aligns with the government’s ’Make it in the Emirates’ initiative, which aims to bolster
domestic manufacturing and reinforce national pride through home-grown innovation [147]. By connect-
ing the Owl-22 to UAE facilities, the project will strengthen technical expertise and the workforce and
also build a sense of ownership among the local community. Furthermore, the presence of high-skilled
job opportunities will likely enhance public acceptance and enthusiasm for the vehicle. As national sen-
timent increasingly values Emirati-built advanced technologies, the Owl-22 will serve as a commute
solution and as a symbol of UAE innovation.

During peak hours, a 30 [km] urban commute by car in the UAE often exceeds 60 minutes, some-
times reaching 75–90 minutes in congested corridors like Business Bay or Sheikh Zayed Road [148].
In contrast, the Owl-22’s 30 [km] flight takes just 30 minutes, saving commuters 30–60 minutes per
trip during rush hours. That’s between 1 to 2 hours saved daily, equating to 5 to 10 extra hours of
personal time each week. Research in psychology and public health shows that how free time is
used—particularly time spent on meaningful leisure or social activities—strongly correlates with im-
proved life satisfaction, reduced stress, and better mental health. Studies highlight that even modest
boosts in discretionary time, when well-managed, significantly elevate well-being and strengthen men-
tal resilience [149]. Therefore, by reducing commutes, Owl-22 does not just provide convenience, but
it also delivers tangible improvements to life quality. Freed from traffic-induced stress and granted ex-
tra time for leisure, family, or creative pursuits, commuters gain autonomy and psychological relief. In
urban environments where “time poverty” is increasingly common, these improvements are even more
valuable.

10.3. Economic Sustainability
The economic sustainability of the Owl-22 focuses on three main areas: the time-saving value it pro-
vides by avoiding traffic, job creation across the aerospace sector, and accessible financing options
that make the vehicle more attainable for potential buyers. Owl-22 offers significant value for profes-
sionals dealing with the UAE’s heavy traffic congestion. During peak hours, saving commuters 45–60
minutes per trip, which translates to 1.5–2 hours saved daily, or 7.5–10 hours per week. These time
savings represent real economic value. For professionals whose time has monetary worth, or anyone
who values work-life balance, the Owl-22’s ability to cut commute times in half makes the investment
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worthwhile. This aligns with growing market trends where consumers are willing to pay premium prices
for mobility solutions that deliver substantial time efficiency.

Furthermore, the Owl-22’s production and adoption will create employment opportunities across the
entire aerospace value chain. Manufacturing, assembly, testing, maintenance, and air traffic manage-
ment will all require skilled workers. The vehicle fits directly into Abu Dhabi’s SAVI cluster initiative [146],
which aims to create 30,000–50,000 new jobs while contributing AED 90–120 billion to the economy.
Beyond local impact, the advanced air mobility sector is projected to become a USD 1.4 trillion market
by 2040, according to Morgan Stanley forecasts [150]. This growth potential reinforces the economic
viability of vehicles like the Owl-22 and supports long-term investment in the sector.

Several UAE banks now offer attractive financing for electric and sustainable vehicles, making the
Owl-22 more accessible to potential buyers. Emirates NBD [151] provides Green Auto Loans with
up to 80% financing and interest discounts of 0.25–0.5%. ADCB [152] offers green car loans starting
at just 1.94% flat rate. Dubai Islamic Bank [153], HSBC [154], and Rakbank [155] have similar green
financing programmes with competitive rates and reduced fees. These green loan programmes reduce
the financial barrier to entry and align with national sustainability goals.

Another, more indirect socio-economic consequence of Owl-22 relates to the real estate sector. Cur-
rently, expats are significantly constrained to living in certain locations, which reduces the likelihood of
traffic. Often, this involves choosing areas which avoid the use of Sheikh Zayed Road, the most con-
gested highway in Dubai [148]. Since expat-employing companies are usually found in one of Dubai’s
three main business sectors, the neighbourhoods surrounding these areas are typically very desirable,
and consequently, very expensive. Owl-22 can redefine this socio-economic phenomenon by increas-
ing the number of locations considered by expats. Not only does this ease the financial costs of housing
without impacting one’s daily commute, it also more evenly distributes the population across the city,
bolstering Dubai’s real estate market.

The combination of competitive financing rates, government policy support, and institutional backing
creates favourable economic conditions for the Owl-22’s market entry while supporting the UAE’s
broader economic diversification and sustainability objectives.



11 Business Case and Market Evaluation

In addition to the technical aspects of the Owl-22, it is equally important to evaluate the business
aspect of the product. This chapter will focus on these aspects of the product. One of the first steps
taken when designing Owl-22 was determining a target market for the vehicle; this market has been
analysed thoroughly in the market analysis presented in Section 11.1. The market analysis is followed
by a financial analysis presented in Section 11.2 which analysis both non-recurring and recurring costs
related to the production as well as development of Owl-22. This section also includes the determination
of the selling price of the vehicle. Lastly, an investment analysis is presented in Section 11.3 which
evaluates the financial viability of Owl-22.

11.1. Market Analysis
To ensure the success of the Owl-22 project, a comprehensive market analysis is essential. This
analysis provides the team with a clear understanding of the current market landscape and its key
dynamics. Particular emphasis will be placed on the competitive environment, including Porter’s Five
Forces analysis, as well as a comparative assessment of Owl-22’s direct competitors. Moreover, a
future market expansion has been added to the market strategy to identify possible markets Owl-22
could also enter due to their similarities to the current market.

11.1.1. Market Overview and Target Audience
The United Arab Emirates (UAE) has been selected as the initial launch market for Owl-22 due to its
highly supportive legislative and infrastructural environment for air mobility innovation. The country
provides designated test zones, progressive airspace management plans, and a national push for ad-
vanced aviation technologies. Its rapid urban development and strategic vision to become a global
innovation hub make it an ideal environment to introduce a personal air transport solution.

In addition, the UAE offers a highly attractive customer base. The population includes a high proportion
of wealthy Emirati nationals and expats who are receptive to innovation and have a strong affinity
for exclusive, technology-driven experiences. This audience is not only able to afford novel mobility
solutions but also motivated to get them by the ability to bypass frequent traffic congestion in cities
such as Dubai and Abu Dhabi. Moreover, the country’s luxury-oriented lifestyle culture aligns closely
with the premium positioning of Owl-22.

Owl-22 is specifically designed to meet this demand. Its compact folding architecture allows storage
and operation from private properties or rooftops, while its semi-autonomous capabilities simplify pi-
loting. With a targeted price below $100,000, it provides a cost-accessible yet aspirational option for
high-income early adopters.

Globally, the urban air mobility market is expected to grow from $4.59 billion in 2024 to $23.47 billion
by 2030, with a compound annual growth rate (CAGR) of 31.2% [156]. Regionally, the Middle East
and Africa generated $138.3 million in UAM revenues in 2023 and is forecast to grow at a CAGR of
41.9% between 2024 and 2030 [157]. Although country-specific estimates are scarce, the UAE’s early
investment in regulatory frameworks and vertiport infrastructure suggests it will be a central driver of
regional market growth. These factors confirm the UAE as a strategic location for the launch of Owl-22.

11.1.2. Stakeholder Identification
Following the assessment of the target market and the definition of the target audience, it is essential
to identify the broader group of stakeholders that will influence or be affected by the introduction of Owl-
22 in the UAE. To structure this identification, stakeholders have been mapped using a Power/Interest
grid as depicted in Figure 11.1, categorising relevant parties based on their influence and interest in
the project.

• Manage Closely: These stakeholders have both high influence and high interest, and will be
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actively engaged throughout the project. This group includes regulatory bodies such as the Gen-
eral Civil Aviation Authority (GCAA), Dubai Civil Aviation Authority (DCAA), and the Road and
Transport Authority (RTA), all of whom are critical in certifying and enabling airspace access. Cus-
tomers are also key players in this category, as their expectations around convenience, safety,
and luxury will shape the product experience. Additionally, strategic technology partners such
as CycloTech, which supplies Owl-22’s cyclorotor propulsion, are crucial for successful system
integration and performance.

• Keep Satisfied: These stakeholders have high influence but lower interest in the day-to-day oper-
ations. Infrastructure providers and manufacturers fall into this group, particularly those involved
in battery systems, software integration, or local production facilities. Municipal governments also
belong here, as their noise and zoning regulations may influence take-off/landing permissions.

• Keep Informed: These are stakeholders with high interest but lower influence. They include
future employees, media outlets, telecom and data providers (for flight communication), and the
general public. Early and transparent communication with these groups will support public trust,
employee recruitment, and social acceptance of semi-autonomous vehicles.

• Monitor: At this stage of the project, no stakeholders have been classified with both low influ-
ence and low interest. Given the innovation-driven and high-visibility nature of the UAE’s AAM
ecosystem, most stakeholders are currently engaged at some level. As the market matures, this
may shift.

Figure 11.1: Power/Interest grid stakeholders.

Proactive engagement with regulatory bodies, technology partners, and future customers will be critical
to ensure Owl-22’s successful certification, deployment, and adoption in the UAE market.

11.1.3. PESTEL Analysis
The personal air transport industry in the UAE can be influenced by external factors such as the legis-
lation of the UAE or economic factors. In a PESTEL analysis, these external factors are analysed to
identify potential threats and opportunities in the UAE market.

Political and Legal Factors
TheUAE has a stable government that actively promotes innovation, especially in the aviation and trans-
port sectors. Key regulatory bodies such as the GCAA and DCAA have created a progressive frame-
work to support experimental aircraft, including regulations on vertiports and air corridors [158, 159,
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160]. The legal requirement for vehicle-specific pilot licensing aligns with Owl-22’s semi-autonomous
functionality, which is designed to assist less experienced users while remaining compliant.

Economic Factors
With one of the highest GDP per capita globally and low unemployment, the UAE supports a robust
luxury market [161]. Dubai’s aviation sector alone is projected to contribute $53 billion to the national
GDP by 2030, reflecting its strategic importance. Policies such as zero income tax, free trade zones,
and open skies agreements create a favourable climate for startups like Owl-22 to scale manufacturing
and operations cost-efficiently [162, 163].

Social Factors
UAE residents are generally open to new technology, particularly high-income Emiratis and expats
with a lifestyle aligned to exclusive experiences. This sociocultural readiness, combined with rising
traffic congestion in Dubai and Abu Dhabi, creates demand for personal alternatives to ground-based
transport [164, 165]. Owl-22 responds to this with its compact, individually owned design.

Technological Factors
The UAE actively supports VTOL innovation and has begun mapping air corridors to enable both pi-
loted and autonomous operations [160]. Owl-22’s semi-autonomous features align with these national
goals, potentially accelerating certification and integration. Partnerships with local tech institutions and
international suppliers like CycloTech further enhance its positioning within this tech-friendly ecosystem.

Environmental Factors
The UAE is committed to environmental sustainability by having signed the Paris agreement, with
initiatives aimed at reducing carbon emissions and promoting green technologies in aviation [166].
The UAE has become aware that its wealth has been highly dependent on finite natural resources
such as oil. Using its Net Zero 2025 strategy, the UAE’s economy is shifting towards a more diversified
and sustainable economy [167]. Owl-22’s zero-emission electric drivetrain supports this goal while also
appealing to environmentally conscious consumers. However, high temperatures and desert conditions
may require specialised material and thermal solutions to ensure reliability.

Overall, the UAE presents a highly favourable environment for the launch of a personal eVTOL system.
Political and economic conditions strongly support air mobility innovation, and the social and technolog-
ical landscape aligns with Owl-22’s premium, compact, and semi-autonomous offering. However, the
project must still navigate regulatory complexity, climatic challenges, and consumer trust in automation
to fully capitalise on these advantages.

11.1.4. Competitive Landscape
To assess the competitive pressures surrounding Owl-22, a Porter’s Five Forces analysis is used. This
framework evaluates the threat of new entrants, bargaining power of suppliers and buyers, threat of
substitutes, and industry rivalry, providing insight into the intensity of competition and the potential
profitability of entering the UAE’s advanced air mobility (AAM) market.

• Threat of New Entrants – Moderate: While capital and certification requirements create barriers,
the UAE’s supportive regulation and recent developments attract new players.

• Supplier Power – High: The emerging eVTOL industry relies on a small number of certified
component and propulsion system providers. Owl-22’s reliance on CycloTech for its cyclorotors
increases this risk. Moreover, dependencies on future vertiport infrastructure and airspace sys-
tems may increase supplier leverage if not mitigated through local partnerships.

• Buyer Power – Moderate: The novelty of personal eVTOLs limits buyer options, but high expec-
tations for luxury and safety elevate customer influence.

• Threat of Substitutes – Moderate: Ground-based luxury transport, a well-developed public
transport system and future autonomous vehicles offer alternatives. However, Owl-22 aims to
differentiate by offering congestion-free travel and personal scheduling for more convenience.

• Industry Rivalry – High: UAE positions itself as a global pioneer in AAM, and at least four
companies are entering the UAE AAM market, most focused on shared taxi services. Owl-22
aims to avoid direct rivalry by targeting the underdeveloped personal ownership niche.
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As shown in the Porter analysis, the UAE positions itself as a hub for advanced air mobility. Several
companies have already announced or initiated plans to deploy eVTOL solutions in the region. The
following competitor analysis outlines four key players and highlights how Owl-22 differentiates itself
within this evolving market.

1. Joby Aviation
Joby is a frontrunner in the air taxi sector with a piloted, five-seat eVTOL capable of vertical takeoff
and a range of approximately 240 [km]. The company has partnered with Dubai’s RTA and plans to
launch air taxi services by 2026. They are the first company to apply for an Air Operator Certificate
(AOC) from the GCAA and have started the construction of the first vertiport at Dubai International
Airport [168]. Joby relies on a vertiport infrastructure and operates a shared-mobility service instead of
a personal one.

2. Archer Aviation (Midnight)
Archer’s Midnight targets high-frequency urban air taxi operations, designed for short flights with a
maximum range. 30 [km]. It’s a piloted, four-passenger vehicle aiming to begin service in Dubai in
the near future, but it has not specified when yet. This vehicle will provide a similar service as Joby,
making it highly dependent on infrastructure too. Moreover, Archer collaborated with Falcon Aviation
to operate eVTOL flights connecting Abu Dhabi and Dubai, creating an air transport method that has a
bigger range than Owl-22 [169].

3. Eve Air Mobility
Just like Joby and Midnight, Eve, backed by Embraer, will also pursue air taxi services with a strong
focus on air traffic integration and vertiport infrastructure. This air taxi will mainly focus on tourism and
fly the tourist routes from Atlantic The Palm, such as going to Downtown. Moreover, they collaborated
with Kookiejar to develop urban air traffic management systems for operations in Dubai [170].

4. Autoflight and Xpeng AeroHT
Autoflight and Xpeng AeroHT are China-based companies developing eVTOLs aimed at private own-
ership. Autoflight’s Prosperity I has already completed test flights in Dubai, showing interest in the
UAE market, though its models are relatively large and depend on vertiport infrastructure [171]. Xpeng
AeroHT is developing the X3, a flying car targeting the UAE for personal use, which also drives on
roads [172]. While innovative, this dual-mode concept poses certification and operational challenges.

Table 11.1 allows a comparison between the main competitor of Owl-22 on the market presented above.
In contrast to these competitors, Owl-22 is a compact, personal eVTOL designed for individual owner-
ship rather than shared use. In the future, once legislation has been adapted to the growing demand, it
would not require vertiport infrastructure and could operate from private properties, guaranteeing user
convenience.

Table 11.1: Comparison of key eVTOL competitors in the UAE market.

Company Product Type Ownership
Model

Infrastructure
Dependency

UAE Entry Key Differentiator
(vs. Owl-22)

Joby Aviation eVTOL air taxi Shared ser-
vice

High Planned
2026

Larger, for shared
use only

Archer Aviation eVTOL air taxi Shared ser-
vice

High Announced Short-range,
vertiport-reliant

Eve Air Mobility eVTOL air taxi Shared ser-
vice

High Under devel-
opment

System integration
focus

Xpeng AeroHT Roadable eVTOL Private Medium Uncertain Dual-use (car/air)
configuration

Owl-22 Personal eVTOL Private Low Designed for
UAE

Compact, per-
sonal use; lower
infrastructure de-
pendence
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11.1.5. SWOT Analysis
Based on the PESTEL analysis and Porter’s analysis, the opportunities and threats in the UAE market
for personal air transport can be identified. Based on this information, a SWOT analysis can be made
in which the strengths and weaknesses of the Owl-22 project are identified as well as the opportunities
and threats in the market. The SWOT analysis is depicted in Table 11.2.

Table 11.2: Final SWOT analysis for Owl-22.

Strengths Weaknesses
• Compact folding design with cyclorotors
allows easy storage and private use.

• Semi-autonomous features improve ac-
cessibility and ease of operation.

• Target price <$100k makes it accessible
for tech-forward luxury consumers.

• Low dependency on vertiports and
ground infrastructure.

• Sustainable design supports UAE’s Net
Zero 2050 goals.

• Strong product identity with innovative
”transformer-style” appeal.

• Limited range (30 km) and low speed
(60 km/h) restrict use cases.

• Certification challenges due to novel cy-
clorotor and folding mechanisms.

• Requirement for type-specific pilot li-
cense may deter casual users.

• No flight test history or customer feed-
back yet available.

• Lack of a defined maintenance and ser-
vice infrastructure.

Opportunities Threats

• First-mover advantage in UAE’s per-
sonal eVTOL niche.

• Partnership with CycloTech offers tech-
nological edge.

• Strong regulatory support for air mobility
innovation in UAE.

• Tech-savvy, high-income customer
base receptive to new luxury mobility.

• Rising demand for decentralised, indi-
vidualised transport post-COVID.

• Risk of larger players entering the per-
sonal eVTOL market.

• Regulatory delays due to autonomous
and cyclorotor features.

• Dependence on CycloTech creates sup-
plier vulnerability.

• UAE infrastructure may prioritise air
taxis over private vehicles.

• Economic shifts could affect consumer
spending on luxury tech.

• Public concerns about safety or automa-
tion could slow adoption.

The SWOT shows that Owl-22’s unique position in the personal eVTOL niche, combined with the UAE’s
strong regulatory support and tech-forward user base, creates a compelling opportunity for market entry.
These insights directly inform the positioning and differentiation strategy outlined in the next section.

11.1.6. Market Strategy
Based on the SWOT analysis conducted in the previous section and the competitive landscape anal-
ysed in Subsection 11.1.4, a strategy can be constructed to successfully launch Owl-22 into the market.
This market strategy will leverage the UAE’s high-income demographic and technological openness.
The strategy is built around three pillars: positioning, differentiation, and the future plan.

Positioning & Differentiation
Owl-22 will be positioned as a premium personal air mobility solution, designed for wealthy early
adopters in urban UAE settings. Unlike competitors offering shared air taxi services such as Joby
and Archer, Owl-22 is built for private ownership. This appeals to individuals seeking autonomy, ex-
clusivity, and time savings in their daily or recreational mobility. The aircraft will be framed as both a
practical tool for congestion avoidance and a status-enhancing, tech-forward lifestyle product.

Besides this exclusive positioning strategy, a successful differentiation strategy needs to be imple-
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mented in order for Owl-22 to stand out in the increasingly personal air vehicle market. To create a
competitive advantage in the market, Owl-22 will focus on:

• Personal Use: Unlike competitors such as Joby Aviation, Archer Aviation, and Eve Air Mobility,
Owl-22 is designed for private ownership, allowing users to travel on their own schedule without
relying on shared service providers. This caters directly to the privacy and flexibility expected by
high-end users. While current legislation requires the use of designated take-off zones, Owl-22’s
compact design anticipates future regulatory shifts that will allow operations directly from private
properties, further reducing infrastructure dependence over time.

• Compact, Foldable Design: Having analysed the direct competition for personal air vehicles
like Joby S-4 and Archer Aviation’s Midnight, Owl-22 distinguishes itself with a significantly more
compact design due to having an undeployed volume of less than 4 [m3]. The foldable and
compact design of Owl-22 allows a more flexible use as it allows easier parking and storage, but
also reduces infrastructure dependency, such as the need for large vertiports. The compactness
of Owl-22 will align more with the luxury consumers’ demand for convenience, exclusivity, and
independence.

• User Experience: Owl-22 combines a sleek, aerodynamic design with a compact form to deliver
a refined, premium look aligned with UAE luxury standards. The intuitive user interface, operable
via iPad, simplifies flight control and reinforces the seamless, tech-forward experience expected
by high-end users.

• Semi-Autonomy: Integrated flight path assistance and automated take-off/landing reduce pilot
workload. This lowers the barrier for users who may be licensed but did not have an extensive
professional training, while still meeting UAE regulations for vehicle-specific licensing.

• Sustainability: As a fully electric VTOL not emitting carbon dioxide during its operations, Owl-22
supports the UAE’s Net Zero 2050 targets. This not only strengthens alignment with government
policy but also appeals to environmentally conscious luxury consumers.

• Affordability Within Premium Segment: With a target price below $100,000, Owl-22 offers a
more accessible alternative to personal aircraft like the Jetson-1 ($128,000), making it a com-
petitive option for high-income individuals seeking private air mobility between luxury cars and
helicopters.

Future Market Expansion
Following successful market entry in the UAE, Owl-22 plans to expand into regions with similar demand
characteristics and emerging regulatory support. Target markets include:

• Kingdom of Saudi Arabia (KSA): Vision 2030 includes major investment in advanced transport
systems, particularly in smart cities like NEOM, which has announced air mobility trials. However,
regulatory frameworks for personal eVTOLs are still emerging, requiring early engagement [173].

• Singapore: Known for its clear and adaptive aviation policies, Singapore is already piloting UAM
corridors and has regulatory bodies like CAAS working with industry players [174]. Its dense
urban layout and innovation focus make it a highly feasible next market.

• Qatar: Qatar’s compact geography, high-income population, and strong state-led innovation
agenda create favourable conditions for personal air mobility. While current legislation is lim-
ited, the centralised governance structure may allow for the efficient development of a tailored
regulatory framework for eVTOLs in partnership with national authorities [175].

• United States: As a global leader in aviation innovation, the U.S. offers strong long-term poten-
tial for Owl-22. Similar to the UAE, the U.S. has a high concentration of wealthy, tech-savvy con-
sumers who are receptive to luxury and personal mobility solutions [176]. Politically, the Federal
Aviation Administration (FAA) has made significant strides in preparing for AAM by establishing
a powered-lift category and issuing new certification guidelines [177]. However, unlike the UAE’s
highly centralised and innovation-driven governance, the U.S. regulatory landscape is fragmented
across states and municipalities, which could slow implementation. Furthermore, airspace con-
gestion and more restrictive take-off/landing regulations for private property use currently pose
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operational constraints [178]. Still, with ongoing national investment in vertiport infrastructure and
autonomous flight regulation, the U.S. remains a promising future market, especially for affluent
early adopters in innovation hubs like California, Texas, and Florida.

All these countries share common characteristics with the UAE in terms of high income, openness
to new technology, innovation investment, and urban congestion, offering natural next steps for Owl-
22. However, entry will depend on legal feasibility which in turn, depends on the pace of regulatory
evolution.

11.2. Financial Analysis
Owl-22 aims to deliver a luxurious yet accessible experience to urban air mobility. To achieve this
balance, a financial analysis was conducted using a set of python scripts found here, in which the cost
of the product was analysed, and the price was determined based on these costs to examine if it meets
all requirements related to REQ-RES. The first step taken to determine the total costs was breaking
them down into recurring and non-recurring costs as displayed in Figure 11.2.

Figure 11.2: Cost breakdown.

The recurring costs represent all costs incurred per unit and are subdivided into:

• Commercial Off-The-Shelf (COTS): These include standard components like batteries, avionics,
wiring, and a portion of the propulsion system that is off-the-shelf through the collaboration with
Cyclo-Tech. These are mostly mass-produced subsystems purchased from suppliers. To reflect
bulk purchasing benefits, the cost of COTS is modelled with a logarithmic price reduction curve
fitted to NASA cost estimation data [179]:

CCOTS(N) = CCOTS,base · [1− (0.0721 · ln(N)− 0.2322)] (11.1)

CCOTS,base is the baseline cost of all COTS subsystems for the production of a single vehicle. This
value was determined by estimating the cost of each relevant subsystem individually:

– Airframe: Includes the raw material costs of the fuselage, canopy, and deployable mecha-
nism structure. These material costs, such as the aluminium alloy, are treated as part of the

https://github.com/katiesok/Owl-22
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COTS category due to their fixed per-unit nature. However, the labour-intensive processes
such as composite layup, machining, and integration of deployable parts are accounted for
separately under manufacturing costs.

– Battery pack: Battery costs are estimated using the 2025 $/kWh for a solid-state battery,
which is 450$/kWh [180]. This price is discounted by 10 % over a timeline of 5 years, as it
is expected that large-scale production of Owl-22 will start after 5 years.

– Avionics: Estimated from certified GNSS, onboard computing, and multi-sensor navigation
packages typical in high-end drones and light eVTOLs.

– Propulsion (partial): COTS frommotor and propellers were priced based on known suppliers.
The price for cyclorotors remains enclosed to this day, so this price has been determined
by multiplying the costs of the motor and propeller assembly by a contingency of 30%. It
has been decided to do it this way due to CycloTech’s promise that cyclorotors will cost
approximately the same as normal rotors in a couple of years.

– Landing gear (partial): Wheels and aluminium legs were priced separately based on costs
from known suppliers, with an integration multiplier to reflect system-level fit.

– Cooling and wiring systems: Estimated using comparative data from existing aircraft such
as Volocity, adjusted to fit Owl-22 specifications [181].

These costs were derived from public supplier data, industry benchmarks, and parametric rela-
tions. A general contingency of 10% was applied over the total COTS to account for uncertainty
in supplier pricing, design changes, and excluded systems for which prices could not be deter-
mined, such as interior design. These assumptions will be critically examined in the sensitivity
study (see Table 11.2). The breakdown of the total budget for the COTS for the production of a
single vehicle is displayed in Table 11.3.

Table 11.3: Breakdown of baseline COTS cost per subsystem.

Subsystem Estimated Cost [$]
Airframe Materials 174.90
Landing Gear (COTS) 1,500.00
Propulsion (COTS) 27,485.00
Battery Pack 7,302.00
Avionics 10,620.00
Electronics (Wiring) 3,000.00
Cooling System (AC) 5,000.00

Subtotal (before contingency) 55,081.90
Contingency (10%) 5,508.19
Total COTS Cost (Base) 60,590.09

• Manufacturing: Covers all in-house production activities such as fabrication of the airframe and
special treatments like serrated propellers. The learning curve model used assumes the standard
aerospace learning rate of 85%, capturing improved efficiency and lower cost with increasing
production volume [179]:

Cmanuf(N) = Cmanuf,base ·N log2(0.85) (11.2)

The baseline manufacturing costs per subsystem are shown in Table 11.4. These values serve
as the initial inputs to the learning curve model described in Equation 11.2, which accounts for
production efficiency gains at larger batch sizes.

The airframemanufacturing cost was estimated using amass-based approach, applying standard
aerospace rates of $350/kg for composite materials and $150/kg for aluminium alloy structures.
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These reflect typical fabrication, machining and finishing costs observed in UAV and light aircraft
applications.

For the serrated rotors and landing gear, detailed process-level manufacturing data was not avail-
able. Therefore, their manufacturing costs were approximated by applying a contingency multi-
plier to the corresponding COTS cost components. In particular, a 25% uplift was applied to the
standard rotor cost to account for additional finishing and serration complexity, and a 10% inte-
gration multiplier was used for the landing gear structure. The effects of these contingencies are
studied in a sensitivity study in Table 11.2.

Table 11.4: Baseline manufacturing cost per subsystem (before learning-curve scaling).

Subsystem Manufacturing Cost [$]
Airframe 8,550.00
Landing Gear 152.48
Propulsion 800.00
Total Manufacturing Cost 9,502.48

• Assembly: Assembly costs represent final system integration, quality control, logistics and labour
costs. Due to their dependence on vehicle complexity rather than learning effects, these are
modelled as a fixed share of the COTS and manufacturing cost:

Cassembly(N) = 0.4 · (CCOTS(N) + Cmanuf(N)) (11.3)

This 40% factor reflects the standard percentage used in the aerospace industry for assembly
costs [182]. Before this factor is applied, the total assembly costs for the production of a single
vehicle would come down to $ 28,156.43.

Having established the baseline recurring costs for the production of a single vehicle, the next step
was to apply the cost reduction models defined in Equation 11.1 and Equation 11.2. Since assembly
costs are proportional to both COTS and manufacturing costs, they were indirectly affected by both
learning effects. By summing the scaled cost components, the total recurring unit cost as a function of
production volume was obtained and visualised in Figure 11.3.

Figure 11.3: Cost scaling with batch size.

From this figure, it can be observed that the recurring cost per unit decreases substantially with in-
creased production. At a target batch size of 1,000 vehicles per year, the total recurring unit cost was
estimated at $64,936.89. This is a significant reduction compared to the $98,168 of the production of
a single unit.
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Although recurring costs represent the per-unit expenditures during serial production, they exclude the
significant one-time investments required for product development, regulatory approval, and facility
setup. These non-recurring costs are essential for bringing the Owl-22 to market and are amortised
across the total expected production run. These amortisations and depreciations need to be (partially)
included in the price of Owl-22 in order to ensure breaking even in the lifetime of the investment.

The non-recurring costs (NRCs) of the Owl-22 program were estimated by identifying three major fixed
investment categories: research and development (R&D), certification and production facilities. These
values were based on public benchmarks, industry analogues, and engineering judgement, with con-
tingency factors applied where appropriate.

• Research and Development (R&D): The base R&D cost was budgeted at $450 million, based
on Joby Aviation’s publicly disclosed expenditures for the development of a comparable eVTOL
platform. According to Joby’s quarterly financial reports, the company spent approximately $496
million on R&D over the twelve months ending March 31, 2025, with quarterly R&D investments
consistently exceeding $130 million [183].

Given that Owl-22 is expected to remain in production for at least 15 years, with a total project
investment lifetime of 20 years, an upfront R&D investment of $450 million is reasonable as well
as necessary. This expenditure establishes the technological foundation required to ensure long-
term technical maturity and scalability. The inclusion of novel and complex technologies, such
as cyclorotors, the semi-autonomous flight control system, and the folding mechanism, demands
extensive investment in prototyping, control systems, and software. These elements significantly
elevate technical risk and therefore justify higher R&D costs, which also include the risk mitigation
budget as displayed in Figure 11.2. Moreover, having said this, it is also common in the aerospace
sector that R&D investments increase over time, as programs evolve and additional testing or
software upgrades become necessary.

To account for project-specific needs, an additional $2 million was allocated for the development
of semi-autonomous software features [181]. A further $150,000 was included to cover patent
applications, legal fees, and intellectual property management. This brings the total required R&D
investment to $452.15 million.

• Certification: Following FAA guidelines, a base certification cost of $1 million was assumed for
aircraft with fewer than three seats [184]. Given the inclusion of semi-autonomous features, this
cost was increased by a contingency of 50%, resulting in a total certification budget of $1.5 million.

• Production Facilities: A facility size of 2,000 [m2] was assumed, located in the UAE. Budget
items included building construction, tooling, machinery, IT infrastructure, support systems, and
installation. A 15% contingency was added to the subtotal, in line with NASA’s aerospace cost
modelling practices, to account for unforeseen expenditures for the facilities [185]. The total
facility investment was budgeted at $11.6 million.

Summing all categories results in a total non-recurring investment of $466,277,000. These costs are
considered fixed and are amortised over the full projected production lifetime of 15 years, correspond-
ing to a total output of 15,000 units (1,000 units per year). To comply with the stakeholder-imposed
price requirement of $100,000 per unit, only 50% of the R&D cost is carried forward into the per-unit
amortisation. This adjustment reflects the assumption that a significant portion of the development cost
may be externally funded or covered through the profit margin over the project’s lifetime. The remaining
non-recurring costs are fully allocated to the per-unit price to ensure financial sustainability across the
production timeline.

The final step in determining the unit selling price was selecting an appropriate profit margin. This
margin was optimised within the constraints defined by REQ-RES-COST to stay below a price of $
100,000 while minimising the time to break-even. Several profit margins were evaluated iteratively,
and a margin of 22.5% was found to be optimal. At this level, the price per unit remained within the
acceptable range, and the quickest break-even time would be achieved after approximately 13.5 years,
as shown in Figure 11.4.
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Figure 11.4: Break even analysis Owl-22.

A profit margin of 22.5% results in a final selling price of $99,575 per unit. This value satisfies the
constraint imposed by REQ-RES-COST while ensuring financial viability. A detailed breakdown of the
cost structure and pricing components is provided in Table 11.5.

Table 11.5: Total per-unit price breakdown at a production volume of 1,000 units per year.

Cost Component Per-Unit Value [$]
Recurring Costs 64,936.89
Non-Recurring Costs (Amortised) 16,360.74
Total Cost (before profit) 81,297.63
Per-unit Profit (22.5%) 18,277.46

Final Selling Price 99,575.09

Sensitivity Analysis Recurring Costs
To evaluate the robustness of the recurring cost estimations for the Owl-22 system, a sensitivity analysis
was conducted by varying the effective cost multipliers for key subsystems and contingency parame-
ters. As clarified in the previous section, contingencies were used to determine the recurring costs
of the airframe, propulsion system and landing gear. Moreover, the entire COTS was multiplied by a
contingency to account for uncertainties, as well as excluded systems from the current cost estimation,
such as interior design.

The initial cost estimations were based on the following contingency assumptions, as summarised in Ta-
ble 11.6. However, the sensitivity analysis employed a one-at-a-time (OAT) method: each contingency
parameter was varied independently across a realistic range (typically 1.0 to 1.4), while all other param-
eters were held constant. For each variation, the total recurring unit cost was recalculated, allowing
direct observation of the effect of each assumption.

Table 11.6: Initial contingency assumptions for recurring cost estimation.

Component Contingency Type Value
Avionics integration Multiplicative uplift 1.20
COTS cost allowance Additive contingency 10% (i.e. 1.10 multiplier)
cyclorotor COTS uplift Multiplicative uplift 1.30
Serrated propeller uplift Additive manufacturing uplift 25% (i.e. 1.25 multiplier)
Deploy mechanism impact Multiplicative uplift on manufacturing 1.20

The results, shown in Figure 11.5, reveal which contingencies have the greatest influence on the recur-
ring cost estimate. Notably, the cyclorotor and COTS contingencies produced the largest deviations
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in unit cost, indicating that propulsion-related and component uncertainty are key cost drivers. In con-
trast, the deployment mechanism and the serration uplifts had more moderate effects within the tested
range.

This analysis underscores the importance of accurate cost data for novel propulsion components and
reinforces the need for conservative assumptions in early-stage design. The plotted trends also demon-
strate that the model responds linearly to most contingencies, validating the use of multiplicative uncer-
tainty modelling for this application.

Figure 11.5: Sensitivity analysis recurring costs.

11.3. Investment Analysis
To evaluate the financial viability of Owl-22, an investment analysis was conducted using both a Return
on Investment (ROI) and Net Present Value (NPV) analysis. These analyses help assess whether the
project yields sufficient financial return to justify the capital invested.

11.3.1. Return on Investment (ROI)
The ROI is used to assess the profitability of the investment as it indicates how much profit or loss an
investment generates relative to its cost. For Owl-22, a total of 15,000 units is projected to be sold over
the 15-year production life. Each unit yields an estimated gross profit of $34,638.20, based on a selling
price of $99,575.09 and recurring production cost of $64,936.89. The resulting ROI is:

ROI = Total Profit
Total NRC

=
N · (Punit − Crec)

CNRC
= 1.11 (11.4)

The ROI is positive, indicating that the project is expected to return $1.11 for every dollar invested in non-
recurring development. This suggests that the Owl-22 program can recover its full capital investment
and yield an additional 11% profit over its lifetime production of 15,000 units. While the return is modest
by aerospace standards, it reflects a financially viable path under the given production assumptions and
price constraints.

11.3.2. Net Present Value (NPV)
The NPV evaluates the present-day value of all future cash flows, accounting for the time value of
money by discounting cash flows to the start of the investment project as depicted in Equation 11.5.
In this analysis, it is again assumed that certification and development will take 5 years, meaning that
there will be no cash flows in the first 5 years of the investment lifetime. Positive net cash inflows from
sales are assumed to begin in year 6 and continue annually through year 20.

NPV =

T∑
t=1

CFt

(1 + r)t
− CNRC (11.5)
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Due to the early-stage nature of the project, the cash outflows associated with development, certifica-
tion, and infrastructure during the first five years have not been explicitly modelled on a year-by-year
basis. Instead, the total non-recurring cost of $466.28 million is treated as a lump-sum investment at
year 0. While this simplification excludes the temporal distribution of development costs, it is consid-
ered reasonable at this phase of the analysis, given the limited detail available on the year-specific
budget breakdown.

Instead of calculating the NPV for a single discount rate, it has been decided to calculate it for several
rates ranging from 4% to 12% to account for the worst case possible. The annual net profit of $34.64
million was discounted back to year 0 for each rate. Figure 11.6 presents the resulting NPV sensitivity
curve.

Rather than evaluating the NPV for a single discount rate, a sensitivity analysis was performed across
a range of rates from 4% to 12%. This approach provides insight into the financial robustness of the
project under both optimistic and conservative assumptions. For each rate, the annual net profit of
$34.64 million was discounted back to year 0 for each rate. Figure 11.6 presents the resulting NPV
sensitivity curve.

Figure 11.6: Sensitivity of NPV to discount rate (production years 6–20).

Figure 11.6 shows that across the tested range, the NPV remains negative, with an average value of
$-256.5 million. This result indicates that, while the project is profitable in absolute terms as shown by
ROI, it does not meet the financial return expectations when accounting for the cost of capital.

11.3.3. Interpretation and Conclusion
Together, the ROI and NPV offer a balanced view of the financial viability of Owl-22’s investments.
The ROI demonstrates that the project could be financially attractive if the cash flows remain constant
throughout the project’s lifetime. However, due to uncertainties of the actual cash flows throughout
the project’s lifetime caused by inflation and changing markets, the ROI alone cannot be considered
reliable. As the NPV takes into account these economic uncertainties, such as inflation through the
discount rate is deemed more reliable to analyse the investment. However, NPV suggest that under
traditional financial valuation, the return is insufficient to compensate for investment risk at standard
discount rates. To improve investment attractiveness, a positive or less negative NPV is recommended.
Ways to improve the NPV are:

• Reducing non-recurring costs through strategic partnerships or grants.

• Increasing production scale beyond 1,000 units annually to benefit from economies of scale.

• Renegotiating the selling price to allow a full reflection of the R&D amortisation within the cost
structure.



12 Systems Engineering

The systems engineering process serves as the backbone of the development of Owl-22, ensuring that
all technical, operational and safety objectives are met, verified and validated. This chapter breaks
down the interdisciplinary activities required to guarantee that the final design meets the needs of the
stakeholders. Firstly, a verification and validation plan is presented in Section 12.1 to ensure that the
software, as well as components, function as intended to guarantee the safety of Owl-22. Moreover,
this section also presents a requirement V&V plan to ensure that the right product is built. Then Sub-
section 12.2.1 checks whether the requirements set at the beginning of the design project are met by
the current design. Lastly, Section 12.3 identifies and evaluates the risks associated with the design,
development and manufacturing of Owl-22.

12.1. Verification and Validation
The verification and validation (V&V) of aircraft systems are notoriously difficult. Moreover, significant
added complexity is introduced when considering the V&V of the path optimisation and automated
VTOL models. As such, this chapter outlines a comprehensive V&V campaign for all components and
software. However, note that this chapter only covers the integration and system testing of the software,
not the entire vehicle. This is because such tests are typically planned once the detailed vehicle design
has been finalised, and the system properties are set in stone.

12.1.1. Software V&V
Aircraft software is incredibly difficult to verify due to its complex embedded architectures and wide
set of functions. For instance, the control code, subsystem architectures and data propagation must
all be comprehensively verified to ensure certification [186]. As such, it is best to use a toolchain tai-
lored to the verification of such systems. Namely, the Ansys SCADE software environment, shown in
Figure 12.1, will be adopted. SCADE Architect will be used to design the system and software archi-
tecture. Following that, the critical aircraft control software shall be designed and verified in SCADE
Suite. Simultaneously, the Human-machine Interface (HMI) is designed on SCADE Display, a power-
ful feature of which is its direct compatibility with iOS. By using the Ansys SCADE ecosystem, these
diverse systems are seamlessly integrated. This allows for unified verification and certification of the
system.

Figure 12.1: Ansys SCADE architecture [186].

Of course, unit, integration and system testing must all be carried out as part of the certification process.

102
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To achieve this, Ansys SCADE employs a mixture of preventative measures and V&V tools, some of
which include: the SCADE modelling language is fully deterministic, all possible variables values fire a
deterministic transition in a state machine, SCADE Suite Simulator for model debugging, SCADE Suite
Design Verifier (DV) for formal verification of functional model properties, and automated validation in
accordance with section 11.4.9 of the ISO-26262 safety standard, which demonstrates that the tool
complies with its requirements [186].

Lastly, Ansys offers large parts of the SCADE toolbox for free to academic institutes, making it a finan-
cially attractive option as well.

AI Testing
Given the extensive use of AI in both path optimisation and vehicle control, it’s important to develop a
more comprehensive V&V program for these models specifically. This is notoriously difficult for DNNs,
since it is difficult to quantify common problems such as overfitting, layer and neuron stability [187].
For the DNNs of both deep RL models, satisfiability modulo theory (SMT) methods are used. SMT
essentially determines whether a mathematical formula is satisfiable or not. In this case, SMT-based
methods are used as a proof by counter-example; the SMT solver checks for constraint(s) that should
be unsatisfied if the DNN remains within the expected limits. If not, the solver is satisfied, concluding
that the model violates its constraints. Marabou, an open-source, custom SMT-solver, will be used to
solve the verification problem [188]. For the path optimisation case, the solver considers constraints on
maximum noise pollution, energy consumption, and journey time, while the VTOL DRL model focuses
on limiting the maximum absolute vertical velocity, vertical acceleration, and altitude.

Outside of the DNN, the rest of the RL structure needs to be verified. For the flight control case, the
established Aerospace SafeRL framework is used [189]. This is a testing environment which features
run-time assurance (RTA) and is directly compatible with the VTOL deep RLmodel architecture. Further
verification for the path optimisation algorithm will include a combination of temporal logics (e.g., no
collisions will occur, the agent will eventually reach the final location, etc.) and checking for optimality
using heuristics that are yet to be determined.

12.1.2. Component Verification
Table 12.1 displays the component-level verification that is necessary to ensure the safety and relia-
bility of Owl-22, as it ensures that each individual subsystem or part performs according to its design
specifications before being integrated into a larger system.

Table 12.1: Verification requirements.

Test ID Test Purpose Goals

VER-GNSS-01 Time to First Fix Verifies the time taken for a GNSS
receiver to get satellite signals and
calculate its first accurate position
to evaluate the startup performance
of GNSS receivers [190].

When the receiver has no prior information, the
longest TTFF should be 30-60[s]. When the
receiver has the almanac and the last known
position, the longest TTFF should be 15-30[s].
When the receiver has almanac, ephemeris and
position data , the longest TTFF should be 1-5[s]
[190].

VER-GNSS-02 Zero Baseline Test
[191]

Verify functioning of the GNSS
receivers, by connecting a single
GNSS antenna to two GNSS
receivers [191].

The computed baseline between the two receivers
should be less than 2[mm] with a 95% confidence
[191].

VER-GNSS-03 Classic Real-time
Kinematic Verification
Test [191]

Ensures that the GNSS satellites
are well-positioned for precise
navigation, providing a good
position dilution of precision [191].

If PDOP ≤ 2.0 & ≥ 7 satellites, error should be <
0.02[m] horizontally & < 0.04[m] vertically.
If PDOP ≤ 3.0 & ≥ 6 satellites, error should be <
0.04[m] horizontally & < 0.05[m] vertically [191].

VER-ACC-01 Static Calibration Test Verifies and adjusts the accuracy of
the accelerometer’s output under
known, steady-state conditions, e.g.
acceleration due to gravity [192].

Assess the zero bias, determine the coefficient
matrix and assess linearity of the sensor to match
that of the product’s manual [193].
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Test ID Test Purpose Goals

VER-ACC-02 Dynamic Calibration
Test

Verifies an accelerometer’s
performance under time-varying
conditions, such as shock,
vibrations and oscillations [192].

Identify deviations of the sensor’s output from
expected results [192].
Identify resonance frequencies that must be
filtered using design adjustments [194].

VER-ACC-03 Frequency and
Cross-Axis Sensitivity
Test

Ensures that the sensor provides
accurate data even when subjected
to multi-directional forces and
assesses the sensor’s
performance across a range of
frequencies [192].

The sensor must meet the IEC60068 and
IEC60721 standards [195].

VER-GYR-01 Parameter Curve
Determination

Studies the gyroscope’s output
under controlled angular rates and
temperature conditions [196].

Understand the gyroscope’s sensitivity and zero
point offset (ZPO) between -40[◦C]-80[◦C],
ensuring its linearity meets EN9100 standards
[197].

VER-GYR-02 Voltage Variations Test Evaluates how fluctuations in the
gyroscope’s supply voltage affect
its ZPO and overall accuracy [196].

Establish acceptable voltage tolerances for the
gyroscope and ensure accuracy of the gyroscope
is maintained even with moderate power supply
instability to meet EN9100 standards [197].

VER-GYR-03 Vibrations Test Evaluates the sensor’s ability to
maintain accurate readings under
conditions of mechanical vibration
present during automotive
operations [196].

Establish resonance peaks to apply necessary
damping mechanisms when necessary to ensure
that sensor outputs remain consistent and free
from noise [196].

VER-LID-01 Diffuse Reflectance
Test

Calibrate and validate the accuracy
and reliability of the LiDAR
system’s distance measurements
and reflectance readings [198].

Use calibrated reflectors at known distances to
compare the LiDAR measured distances with the
expected values to measure accuracy. The
measurement variation should be within a
reasonable value, with a confidence of 95%.

VER-LID-02 Field of View (FOV)
Test

Evaluates the angular coverage of
a LiDAR sensor to determine the
area it can effectively scan and
detect objects [199].

Ensure the LiDAR’s stated horizontal and vertical
detection angles are accurate and consistent
across its specified range. Any possible blind
spots must be identified and eliminated via sensor
configuration [199].

VER-OPT-01 Range at First
Detection
Determination
Through Flight Testing

Evaluate the maximum distance at
which a camera or sensor can
reliably detect a target.

Ensure that the optical camera complies with the
Rose Criterion for the minimum signal-to-noise
ratio for optimal image processing [200].

VER-OPT-02 Resolution Test To ensure the optical camera has
the necessary resolution for its use
in Owl-22.

Use the USAF 1951 test chart to verify if the
resolution of the optical camera matches that
specified by the manufacturer [201].

VER-USB-01 Software Compliance
Test

Ensure that the cable is compliant
with the other software in the
aircraft.

The cable must meet USB Compliance Test
Specifications (CTS) [202].

VER-USB-02 E-marker Verification Critical in ensuring the safety,
performance, and compliance of
USB Type-C cables, especially
those designed for high power
delivery and data transfer rates
[203].

Ensures that the e-marker of the cable accurately
reports its specifications, preventing situations
where a device might draw more power than the
cable can handle, thus preventing overheating or
failure.

VER-USB-03 Environment
Compliance Test

Series of tests performed to ensure
airborne equipment can withstand
varying conditions that are present
in an aircraft [204].

Cable must be compliant with DO-160 standards
[204].

VER-BAT-01 Charge-Discharge
Destructive Test

Subject the battery to repeated
charge and discharge cycles until
noticeable degradation occurs
[138].

Battery performs according to the manufacturer
specifications [138].

VER-BAT-02 Electrochemical
Impedance
Spectroscopy (EIS)
Test

EIS aids in assessing ionic
conductivity, evaluating interfacial
resistance and detecting potential
degradation mechanisms [205].

Based on outcomes, the internal processes must
be analysed and the battery performance must be
optimised to extend lifespan [205].
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Test ID Test Purpose Goals

VER-LIFT-01 Wind Tunnel Tests The main purpose of the test is to
assess the aerodynamic
performance of the lift devices
along with flow visualisation and
stability analysis [206].

Quantify aerodynamic coefficients and
performance limits to be certified for typ
certifications and airworthiness certifications.

VER-LIFT-02 Ground Loading Tests Simulate the structural integrity of
the lift devices in a simulated
environment [207].

Verify rotor performance and reliability through
structural response measurement, analysis, and
fatigue assessment [207].

Sensing and Navigation System Testing
As described in Section 5.2, the accuracy of the attitude, position and velocity determination would be
improved with the interaction of the sensors. For this reason, more extensive tests should be performed
on the finally integrated system. Firstly, the IMU/GNSS integration would have to be tested. For this,
a primary position test will be performed. For example, the integrated system could be driven in a car.
Then, after connecting the LiDAR, a similar test could be performed for position, velocity and attitude.
A separate test on attitude could be performed with a test rig that rotates the sensors around. Such a
rig would have to have the geometry of the aircraft and would be the last major verification before low-
altitude test flights. Finally, at this stage, it is not clear whether using the iPad’s built-in sensors would
be a reliable choice of redundancy for the onboard sensors. Such considerations should be tested
under conditions of failure of critical sensors during all the aforementioned system tests. Similarly, the
Fault Detection should be verified, ensuring that the system identifies that the sensors give erroneous
outputs. The various potential sources of sensor damage should be identified, and the resulting outage
modes should be systematically tested.

12.1.3. Requirement V&V
Requirement verification and validation are essential in ensuring that the final product that is built is
both the right product and that the final product is being built right. Furthermore, it also ensures that
the stakeholder needs are met, thus making the project a greater success. Table 12.2 displays the
methods by which requirement verification and validation can be conducted.

Table 12.2: Verification and Validation matrix for one-person eVTOL (detailed, expanded budget).

Requirement ID Method Test Details and Facilities Estimated
Cost
(USD)

REQ-STR-STAB Test Wind-tunnel stability tests up to 15 m/s, expanded to include tur-
bulence simulation and multi-angle testing

100,000

REQ-STR-LOAD Analysis Enhanced FEA with environmental variability, fatigue analysis,
and third-party validation

10,000

REQ-STR-PIL Simulation Mass budgeting + mission performance simulation with pilot load
included

20,000

RET-STR-PIL-01 Analysis CAD sizing analysis with pilot dimensions 10,000
REQ-STR-TPT Demonstration Folding mechanism demonstration. 4,500
REQ-STR-TPT-01 Analysis CAD mass tracking with integrated performance simulation loop 3,500
REQ-STR-PROP Test Full-scale structural integration test of propulsion mounting; vibra-

tion and stress propagation monitoring to confirm structural isola-
tion from user and avionics

90,000



12.1. Verification and Validation 106

Continued from previous page

Requirement ID Method Test Details and Facilities Estimated
Cost
(USD)

REQ-STR-PROP-01 Analysis High-fidelity FEA to model displacement of structural members
under propulsion loads, validating against 1/100th length deflec-
tion criterion

8,000

REQ-FP-RAN Test Range tests extended to varied terrain and weather conditions +
data telemetry logging

100,000

REQ-FP-VEL Test Cruise speed verification trials 40,000
REQ-FP-ALT Test Altitude determination system informs pilot through interface of

the altitude limit.
30,000

REQ-FP-VTOL Test VTOL testing with ground footprint measurement. 30,000
REQ-FP-PAY Simulation Multivariable payload simulation with cost/safety sensitivity mod-

elling
20,000

REQ-FP-STP Test In-flight testing of stopping distance under different conditions 100,000
REQ-OP-POW Test Extended duration stress test with redundant propulsion testing

rigs
100,000

REQ-OP-COM Test Communication system simulation + field test under representa-
tive conditions.

80,000

REQ-OP-DEP Demonstration Prototype deployment in cold and hot weather conditions, plus
time tracking

20,000

REQ-OP-MAIN Simulation Fatigue analysis +maintenance simulation with field serviceability
feedback integration

10,000

REQ-OP-USE Analysis Fatigue analysis + lifecycle simulation on representative load
spectra

8,000

REQ-OP-USE-01 Test Charging station performance testing. 20,000
REQ-CON-SYS Analysis GUI testing across devices and simulated mission interruptions 4,000
REQ-CON-DET Simulation Simulated fault injection and alert timing tests 30,000
REQ-CON-ENV Test In flight testing of protection system 40,000
REQ-CON-DEV Test Test and analyse consistency of vehicle responses to standard-

ised pilot inputs across multiple operational trials and control de-
vices

80,000

REC-CON-POS-01 Test In flight testing 50,000
REC-CON-POS-02 Test Altitude in flight testing 25,000

REC-CON-POS-03 Test Attitude in flight testing 25,000
REQ-PHY-VOL Inspection Dimensional inspection of folded configuration 5,000
REQ-RES-COST Analysis Cost modelling and BOM analysis 5,000
REQ-RES-COST-01 Analysis Manufacturing process analysis and throughput modelling 4,500
REQ-RES-TIME Analysis Resource tracking logs and schedule adherence analysis 1,000
REQ-SAF-PIL Simulation Crash energy simulation using composite crash models 15,000
REQ-SAF-PIL-01 Simulation Loading simulation on cockpit and passenger position 20,000
REQ-SAF-REL Analysis and

Test
Combined FTA and HIL failure injection tests on full control sys-
tem to validate single-point fault tolerance

50,000

REQ-SAF-CYB Other Full penetration testing and zero-day vulnerability scan with red
team audit

100,000

REQ-SAF-DES Test Hover and descent margin testing using load dump and wind ef-
fects

40,000

REQ-SAF-ASC Test Hover and descent margin testing using load dump and wind ef-
fects

40,000
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Requirement ID Method Test Details and Facilities Estimated
Cost
(USD)

REQ-SAF-OBJ Simulation 3D LiDAR/vision object recognition test simulation in complex en-
vironments

40,000

REQ-SUS-MAT Analysis Lifecycle assessment (LCA) of all materials used, incorporating
embedded carbon metrics and environmental impact factors

5,000

REQ-SUS-MAN Analysis Scrap minimization simulation with variable batch sizes 10,000
REQ-SUS-NRG Inspection Determination of the carbon footprint of the UAE electricity

source.
20,000

REQ-SUS-EOL Analysis Full disassembly modeling with recycler consultation 10,000
REQ-SUS-NOI Test Urban sound profile testing 80,000
REQ-SUS-BAT-01 Test Long-term battery cycling with climate simulation 50,000
REQ-SUS-BAT-02 Inspection Full recharge cycle and degradation tracking 1,000
REQ-SUS-BAT-03 Test Long-term battery cycling with climate simulation 50,000
REQ-SUS-CO2 Analysis Full cradle-to-grave LCA 10,000
REQ-REG-GCA Inspection GCAA compliance mock certification with external auditor XXXX
REQ-REG-MUN Inspection Review of municipal codes and operational area inspection XXXX

12.2. Requirement Compliance Analysis
Having determined the initial design, it is important to determine whether this design meets the require-
ments set at the beginning of the project. This compliance check is done in Subsection 12.2.1, after
which a feasibility analysis was done to determine why some requirements are changed, not met or not
touched upon in this phase of the design.

12.2.1. Requirement Compliance
Table 12.2.1 checks the compliance of all subsystem requirements set in the beginning stage of the
design. System-level requirements have not been included as these can hardly be checked for compli-
ance. The requirement’s compliance is categorised in four groups: Compliant, Non-Compliant, Partially
Compliant, and Pending. A requirement is marked as Compliant when it has been fully satisfied and
supported by evidence, and an exact value could be found for it. Non-Compliant requirements are
those that have not been met, either due to technical limitations or conflicting design decisions. Par-
tially Compliant indicates that the requirement has been fulfilled to some extent, but not in its entirety,
typically due to needing to test the entire system. Finally, Pending refers to requirements for which
compliance cannot yet be assessed, often due to reliance on external factors that are still evolving,
such as regulatory frameworks or detailed development of software. This transparent categorisation
ensures that the status of each requirement is traceable, justifiable, and open to future reassessment.
For an overview of the requirement abbreviations used, refer to Table 12.3.
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Table 12.3: List of requirement abbreviations and their full forms.

REQ Requirement VTOL Vertical Take-Off And Landing COST Price
STR Structure PAY Payload TIME Design Time
FP Flight Performance STP Stopping Distance PIL Pilot
OP Operations POW Power REL Reliability
CON Control COM Communication CYB Cyber Security
PHY Physical DEP Deployability DESC Descent Rate
RES Resource MAIN Maintenance OBJ Object Detection
SAF Safety USE Usage MAT Material
SUS Sustainability SUR Landing Surface MAN Manufacturing
REG Regulations SYS GUI System NRG Energy
STAB Stability DET Fault Detection EOL End-Of-Life
LOAD Loading ENV Envelope NOI Noise
PIL Pilot DEV Control Device BAT Battery
TPT Transport POS Position And Attitude CO2 Carbon Footprint
RAN Range VOL Volume GCA Government Regulation
VEL Speed BAT Battery MUN Municipal Rules
ALT Altitude

Table 12.4: Requirement compliance matrix – one-person eVTOL.

Requirement ID Description Compliance Evidence Reference R.M.

REQ-STR-LOAD The structural components of the vehicle shall with-
stand all flight loads with a minimum safety factor of
1.5, without permanent deformation or structural fail-
ure.

Compliant See Chapter 8 S.L.

REQ-STR-PIL The vehicle shall be capable of transporting one pilot
weighing up to 100 [kg] + 5 [kg] of utilities over a full
mission cycle.

Compliant See Section 8.3 S.L.

RET-STR-PIL-01 The deployed structure shall provide a seating area
that accommodates a pilot with a body height between
1.50 [m] and 1.94 [m] and a shoulder breadth up to
0.55 [m], without restricting control input or field of view
during any phase of operation.

Compliant See Section 8.3 S.L.

REQ-STR-TPT The folded version of the vehicle shall be transportable
by 1 person.

Pending Explicit tests for this re-
quirement to be com-
pliant still have to be
conducted, see Subsec-
tion 12.1.3.

S.L

REQ-STR-TPT-
01

The total mass of the fully assembled vehicle in its op-
erational configuration shall not exceed 200 kg, exclud-
ing the pilot and any external control device

Compliant See Section 8.3 S.L.

REQ-STR-VOL When fully folded for storage or transport, the vehicle
shall fit entirely within a bounding volume of 4 [m3].

Compliant See Subsection 8.4.1 S.L.

REQ-STR-PROP The structures shall house the propulsion elements,
transferring the loads without discomfort to the user or
other systems.

Compliant See Subsection 8.3.2 S.L.

REQ-STR-PROP-
01

The displacement of structural members supporting
the propulsion units shall not exceed 1/100th of the
length of the supporting structural member.

Compliant See Subsection 8.3.2 S.L.

REQ-FP-RAN The vehicle shall have a minimum operational range of
30 [km] under standard urban flight conditions, based
on a full fuel cycle, including take-off, cruise, and land-
ing phases.

Compliant See Chapter 4 K.S.
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Requirement ID Description Compliance Evidence Reference R.M.

REQ-FP-VEL The vehicle shall be capable of sustaining a cruise
speed of at least 60 [km/h] in level flight under stan-
dard atmospheric conditions at cruise altitude

Compliant See Chapter 4 K.S.

REQ-FP-ALT The vehicle shall maintain a cruise altitude of a min-
imum of 20 [m] above ground level during standard
operational conditions.

Compliant See Chapter 3 K.S.

REQ-FP-VTOL The vehicle shall be capable of vertical take-off and
landing (VTOL) from a stationary position on flat ter-
rain.

Compliant See Chapter 3 A.R.

REQ-FP-PAY The vehicle shall be able to generate sufficient power
to lift off a total payload of at least 105 [kg], consisting
of one 100 [kg] passenger and 5 [kg] of utilities, over
the full mission profile.

Compliant See Section 3.2, a maxi-
mum force of 6336 [N ] is
generated by the propul-
sion system.

K.S.

REQ-FP-STP The vehicle shall have a maximum stopping distance
of 8.0 [m].

Pending Explicit tests for this re-
quirement to be com-
pliant still have to be
conducted, see Subsec-
tion 12.1.3.

A.M.

REQ-OP-POW The propulsion system shall be capable of continu-
ously delivering a maximum power output of at least
170 [kW ], to enable all phases of flight.

Compliant See Chapter 4, the max-
imum power achieved is
172.1 [kW ]

A.R.

REQ-OP-DEP The vehicle shall be deployable from its fully retracted
transport configuration to a flight-ready state by a sin-
gle person in no more than 2 [minutes].

Pending Explicit tests for this re-
quirement to be com-
pliant still have to be
conducted, see Subsec-
tion 12.1.3.

J.R.

REQ-OP-MAIN The vehicle shall require no scheduled or unscheduled
maintenance for a period of at least 2 years or 1,000
flight cycles - whichever comes first - under normal us-
age and environmental conditions.

Compliant See Chapter 9 J.R.

REQ-OP-USE The vehicle shall be designed for a minimum oper-
ational lifetime of 500 flight cycles per year, assum-
ing regular use of 5 days per week, without requir-
ing performance-degrading maintenance or compo-
nent replacement.

Compliant Maintainability, safety
and reliability plans as
well as the diagnostics
have been designed to
ensure this requirement
is compliant.

J.R.

REQ-OP-USE-01 The vehicle shall have a maximum refuel time of 30
[min].

Pending See Subsection 12.1.3 J.R.

REQ-OP-SUR The vehicle shall be capable of performing vertical
take-off and landing (VTOL) from and to a flat, unob-
structed area no larger than 6 [m2] under standard at-
mospheric conditions.

Compliant See Chapter 9 J.R.

REQ-CON-SYS The vehicle shall provide a graphical user interface on
a personal electronic device that enables the pilot to
monitor system status and receive alerts.

Compliant See Chapter 5, an iPad
will be used as the per-
sonal electronic device.

A.M.

REQ-CON-DET The vehicle shall continuously monitor the status of all
critical subsystems and provide the pilot with real-time
alerts for any detected faults or performance degra-
dation within 1 [s] of detection during all operational
phases.

Pending See Chapter 6 and Sub-
section 12.1.3

A.M.

REQ-CON-ENV The vehicle shall incorporate an automated protection
system that prevents the pilot from exceeding prede-
fined limits on attitude with a response time of less than
0.2 [s] from threshold exceed detection.

Pending Flight path assistance
system still has to be
developed and tested
for Owl-22, see Subsec-
tion 12.1.3.

A.M.
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Requirement ID Description Compliance Evidence Reference R.M.

REQ-CON-DEV The pilot shall be able to control the vehicle during all
operational phases using a personal electronic device,
such as a smartphone, tablet, or smartwatch.

Compliant See Chapter 5, an iPad
will be used as the per-
sonal electronic device.

A.M.

REQ-CON-POS The vehicle shall continuously determine and report its
full 6-degree-of-freedom (6-DoF) state — including ge-
ographic position, altitude, and attitude — with suffi-
cient accuracy and confidence to support safe control
and navigation during all phases of flight.

Compliant See Section 5.2 A.M.

REQ-CON-POS-
01

The vehicle shall determine and report its geographic
location with 4.0 [m] radius (95% confidence level) dur-
ing all flight phases.

Compliant See Chapter 5, Multi-
GNSS has an accuracy
of 1− 4 [m] (source).

A.M.

REQ-CON-POS-
02

The vehicle shall determine and report its altitude with
an accuracy better than 2.0 [m] (95% confidence level)
during all flight phases.

Partially
Compliant

See Chapter 5, single li-
dar sensor has an accu-
racy of ±1− 5 [cm], how-
ever, the entire system
still needs to be tested to
ensure complete require-
ment compliance.

A.M.

REQ-CON-POS-
03

The vehicle shall determine and report its attitude with
an accuracy better than 2 [m] at a 95% confidence
level during all flight phases.

Partially
Compliant

See Chapter 5, gyro-
scopes have an accu-
racy of 0.5 − 2 [m], how-
ever, the entire system
still needs to be tested to
ensure complete require-
ment compliance.

A.M.

REQ-PHY-VOL When fully folded for storage or transport, the vehicle
shall fit entirely within a bounding volume of 4.0 [m3].

Compliant See Subsection 8.4.1 G.F.

REQ-PHY-BAT The battery’s total mass shall not exceed 30% of the
vehicle’s total mass in operational configuration.

Non-
Compliant

See Chapter 4 G.F.

REQ-RES-COST The target selling price of the vehicle shall not exceed
$100,000 per unit.

Compliant See Section 11.2, Owl-22
has a total selling price of
$ 99,575

K.S.

REQ-RES-COST-
01

The vehicle shall be designed for a production volume
of 1,000 units per year.

Pending Still needs to be evalu-
ated in the manufacturing
plan

K.S.

REQ-RES-TIME The design of the vehicle shall be completed within a
total effort of 4,000 person-hours, based on a team of
10 people working full-time over 50 working days (8
hours per day).

Pending See Subsection 12.1.3 K.S.

REQ-SAF-PIL The vehicle shall protect the pilot from life-threatening
injury during all phases of nominal operation.

Pending Explicit tests for this re-
quirement to be com-
pliant still have to be
conducted, see Subsec-
tion 12.1.3.

F.S.

REQ-SAF-PIL-01 The vehicle shall provide a secured seating position
with restraint and energy absorbing features.

Pending Explicit tests for this re-
quirement to be com-
pliant still have to be
conducted, see Subsec-
tion 12.1.3.

F.S.

REQ-SAF-REL The vehicle shall be designed to achieve aminimum re-
liability of 99.9% per flight, and shall tolerate any single-
point subsystem failure without loss of control or viola-
tion of safety-critical flight parameters.

Pending Explicit tests for this re-
quirement to be com-
pliant still have to be
conducted, see Subsec-
tion 12.1.3.

F.S.
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Requirement ID Description Compliance Evidence Reference R.M.

REQ-SAF-CYB The vehicle’s communication and control systems
shall be protected against unauthorised access, data
corruption, and remote command injection.

Pending Explicit tests for this re-
quirement to be com-
pliant still have to be
conducted, see Subsec-
tion 12.1.3.

F.S.

REQ-SAF-DES The vehicle shall have a maximum steady-state de-
scent rate no greater than 1.5 [m/s] during operation,
as measured during vertical landing from a hover at full
payload capacity, under standard atmospheric condi-
tions at sea level.

Pending Not part of the simulation
presented in Chapter 7,
planning on including this
in the future.

F.S.

REQ-SAF-ASC The vehicle shall have amaximum steady-state ascent
rate no greater than 3.0 [m/s] during operation, as
measured during vertical landing from a hover at full
payload capacity, under standard atmospheric condi-
tions at sea level.

Pending Not part of the simulation
presented in Chapter 7,
planning on including.

F.S.

REQ-SAF-OBJ The vehicle’s object detection system shall alert the
pilot of potential collisions at a distance exceeding the
maximum stopping distance plus a reaction buffer of
seconds.

Pending Explicit tests for this re-
quirement to be com-
pliant still have to be
conducted, see Subsec-
tion 12.1.3.

F.S.

REQ-SUS-MAT The vehicle shall be developed with sustainability as
an integral design objective, by minimising negative
environmental impacts across its production, opera-
tion, and disposal phases.

Compliant See Chapter 10 F.S.

REQ-SUS-MAN The manufacturing process of the vehicle shall be
designed to minimise environmental impact by using
energy-efficient production methods and ensuring that
at least 70% of production waste (by mass) is either
recyclable or reusable.

Pending Limited information avail-
able in Owl-22’s manu-
facturing plan.

F.S.

REQ-SUS-NRG The vehicle shall operate using an energy source that
emits no more than 75 g CO2/km.

Compliant Explicit tests for this re-
quirement to be com-
pliant still have to be
conducted, see Subsec-
tion 12.1.3.

F.S.

REQ-SUS-EOL The vehicle shall be designed with an end-of-life strat-
egy that enables at least 80% of its total mass to be
reused, recycled, or safely disposed of using environ-
mentally responsible processes.

Pending Explicit tests for this re-
quirement to be com-
pliant still have to be
conducted, see Subsec-
tion 12.1.3.

F.S.

REQ-SUS-NOI The system shall produce noise levels no greater than
75 [dB].

Pending See Chapter 3, Owl-22
produces a noise of 71
[dB] at an altitude of 20
[m]

F.S.

REQ-SUS-BAT The vehicle shall include an onboard battery system
as part of its energy storage architecture by default.

Compliant See Chapter 4 F.S.

REQ-SUS-BAT-
01

The battery shall retain at least 80% of its original ca-
pacity after 1000 full charge-discharge cycles under
standard operating conditions (ambient temperature
297.15–318.15 [K]).

Compliant See Chapter 4 F.S.

REQ-SUS-BAT-
02

The battery shall be rechargeable. Compliant See Chapter 4 F.S.

REQ-SUS-BAT-
03

The battery shall support repeated charge-discharge
cycles without replacement during the first 2 years of
operation.

Compliant See Chapter 4 F.S.

REQ-SUS-CO2 The vehicle’s complete life-cycle shall have a carbon
footprint lower than 20,000 [kg].

Pending Detailed LCA still needs
to be conducted

F.S.
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REQ-REG-GCA The vehicle shall be designed in compliance with all
applicable regulations issued by the UAEGeneral Civil
Aviation Authority (GCAA).

Pending Awaiting GCAA personal
eVTOL certification
framework release

A.A.

REQ-REG-MUN The vehicle shall comply with applicable municipal reg-
ulations in the UAE regarding public safety, noise, pri-
vacy, and permitted landing and take-off zones.

Pending Pending municipal eV-
TOL guidance in UAE
cities

A.A.

12.2.2. Feasibility Analysis
From the compliance matrix displayed in the previous section, it is evident that some requirements
have been categorised as either Non-Compliant or Pending. REQ-PHY-BAT is a requirement that
was deliberately not met since otherwise, the range requirement REQ-FP-RAN could not be met with
the design decision of a solid lithium battery. The violation of REQ-PHY-BAT would not result in the
non-compliance of REQ-STR-TPT-01, as the total vehicle mass remained below the 200 kg thresh-
old. Furthermore, the battery choice was critical to achieving sufficient energy density, which directly
enables compliance with core functional requirements such as REQ-OP-POW and REQ-OP-USE. In
this case, trade-offs were consciously made in favour of mission-critical performance, while accept-
ing localised non-compliance where it did not compromise safety, transportability, or overall system
viability.

Moreover, many of the requirements related to safety (REQ-SAF) are categorised as Pending, as
their verification depends on full-system integration testing, environmental exposure trials, and in-flight
validation, none of which could be conducted within the scope of the current design phase. Similarly,
requirements concerning path assistance and assisted landing and take-off functionalities are also
marked as Pending. Although these systems were considered conceptually during the design process,
their detailed development, integration, and testing fall outside the scope of this phase and are intended
for future implementation, aiming to comply with these requirements in the future.

In addition, several sustainability-related requirements remainPending due to the long-term and system-
wide nature of their verification. These include metrics such as recyclability rates, end-of-life material
tracking, and lifecycle carbon accounting, which require access to detailed supplier data and manufac-
turing processes that are not yet finalised at this stage.

Lastly, the regulatory compliance requirements (REQ-REG) have also been classified as Pending. This
is primarily because both national and municipal authorities are still in the process of developing dedi-
cated regulatory frameworks for the integration of personal eVTOLs. While the design has been tailored
to align with UAE-specific constraints, such as hot climate conditions and known restricted airspace
zones, the absence of formal certification pathways and operational guidelines prevents conclusive
verification. Due to this, these requirements remain pending until authoritative regulatory documenta-
tion becomes available.

12.3. Risk Analysis
This section identifies and evaluates the risks associated with the design, development and manufac-
turing of Owl-22. Each subsystem introduces distinct challenges that may impact the overall safety,
performance, and feasibility of the eVTOL. The technical risks are summarised in Table 12.5, which
also lists the responsible team member assigned to monitor each risk.

The table assesses the likelihood (’L’) and consequence (’C’) of each risk. Both of these are rated from
1 to 5. In the case of likelihood, 1 means that the event will seldom happen, 2 indicates that it will
happen rarely, in a limited number of cases, 3 represents that the event could happen at some point of
many aircraft’s lifetimes, 4 means that the risk will happen for many aircraft in use, and 5 suggests that
the event will occur for most aircraft, potentially repeatedly. For consequence, a score of 1 indicates
negligible impact on the aircraft operation, 2 suggests an inconvenience with little operational threat, 3
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implies the need for repairs, 4 means the aircraft must be grounded promptly but remains safe for a
limited time, and 5 represents an imminent danger to the user. These scores are visualised in the risk
map in Table 12.6, which helps to assess the severity of each risk.

Each risk in Table 12.5 is assigned an ID in the format XXX–Y Y , where XXX denotes the sub-
system/category and Y Y the risk number. For clarity, the risks are grouped into six sub-categories.
The energy system (EN) includes the battery system (BAT) and the power system (POW). The struc-
tural subsystem (STR) covers all load-bearing and protective elements. The avionic suite comprises
several components: the state and obstacle sensing system (SAS), navigation system (NAV), pilot inter-
face display (TAB), on-board computer (OBC), and flight path assistant (FPA). The propulsion system
(PROP) encompasses all components responsible for generating and controlling thrust. The produc-
tion and logistics (PROD) includes the risk related to depending on suppliers (SUP), doing in-house
manufacturing (MAN) and the logistics risk (LOG). Lastly, risks related to the V&V (TEST) have also
been accounted for. Note that the responsible member (RM) column in the table contains the initials
of the relevant member. These initials can be cross-referenced with the title page.

Table 12.5: Technical risks with ID, responsible member (RM), and pre-risk T (Total), L (Likelihood), and C (Consequence).

ID Description RM T L C
Energy System

RS-EN-BAT-01 Even though the solid state reduces the risk of thermal runaway, factors
such as manufacturing defects, overcharging or physical damage can still
lead to overheating and potential fires.

K.S. 10 2 5

RS-EN-BAT-02 Solid-state batteries can be brittle and susceptible to cracking under me-
chanical stress. Vibrations and impact during Owl-22 operations could
compromise battery integrity, leading to failures.

K.S. 12 3 4

RS-EN-BAT-03 If the battery is allowed to discharge below a critical threshold, it can lead
to sudden power loss during flight, posing significant safety risks.

K.S. 15 3 5

RS-EN-POW-
01

Power converters and inverters are susceptible to failures due to over-
temperature, over-current and over-voltage conditions. These stresses
can lead to component degradation or sudden failures.

K.S. 12 3 4

RS-EN-POW-
02

Exposure to high or low temperature can degrade power electronics, lead-
ing to reduced efficiency, shortened lifespan, or complete system failure.

K.S. 12 4 3

RS-EN-POW-
03

Electrical system components can fail due to defects, overheating, or
overloading. Such failures can result in loss of critical functions of Owl-22.

K.S. 10 2 5

RS-EN-POW-
04

Electromagnetic interference from power electronics can disrupt avionics
and communication systems, affecting the reliability of control signals and
situational awareness.

K.S. 12 3 4

RS-EN-POW-
05

Faulty or damaged wiring can lead to short circuits, loss of electrical
power, and potential fires. These issues may result from manufacturing
defects, improper installation, or wear and tear over time.

K.S. 15 3 5

Structure System
RS-STR-01 The vehicle is intended to be used on a regular basis for repetitive tasks,

causing cyclical loads. This can cause fatigue in parts of the battery struc-
ture and failures due to weakening in the structure.

S.L. 16 4 4

RS-STR-02 Due to UAE environmental conditions involving sand, prolonged expo-
sure can compromise protective coatings and cause pitting corrosion.

S.L. 12 4 3

RS-STR-03 Manufacturing defects such as voids, improper heat treatment of materi-
als or cracks, could lead to early structural failures.

G.F. 15 3 5

RS-STR-04 Due to high ambient temperatures in UAE, there could be softening of
structural adhesives or thermal degradation of sealants, causing delami-
nation.

S.L. 16 4 4

RS-STR-05 The structure is foldable in order to reduce storage space. Friction could
damage the surface of the folding parts over the course of the Owl-22
lifetime, making it more difficult or impossible to fold/unfold the structure.

F.S. 12 4 3

RS-STR-06 The structure will be unfolded before flight. If this is not done properly,
the structure could be unsafe to fly.

F.S. 20 4 5
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ID Description RM T L C
Avionic Suite

RS-AV-SAS-01 Prolonged exposure to high ambient and surface temperatures can de-
grade internal electronics of the camera or cause the camera module to
shut down to prevent damage, resulting in loss of visual input.

A.M. 8 4 2

RS-AV-SAS-02 Dust accumulation on LiDAR lenses or mirrors can impair detection accu-
racy.

A.M. 15 5 3

RS-AV-SAS-03 Prolonged exposure of the LiDAR sensors to high ambient temperature
may affect sensor calibration or cause thermal drift.

A.M. 12 4 3

RS-AV-SAS-04 Sand can accumulate on the camera lens, blurring the image or damaging
the optical coatings. This can compromise object recognition or landing
assistance.

A.M. 15 5 3

RS-AV-SAS-05 The UAE’s intense sunlight causes overexposure or lens flare, leading to
inaccurate obstacle detection or landing assistance.

A.M. 15 5 3

RS-AV-NAV-01 GNSS positioning may be degraded due to signal blockage, for example,
by high-rise buildings in big cities like Dubai and Abu Dhabi, which can
lead to reduced navigation accuracy or intermittent signal dropouts.

A.M. 12 4 3

RS-AV-NAV-02 Errors in combining GNSS data with other onboard sensors, such as IMU
and LiDAR, may lead to discrepancies in vehicle position or heading.

A.M. 12 3 4

RS-AV-NAV-03 Sustained high ambient temperatures may cause drift or performance
degradation in GNSS receivers.

A.M. 12 4 3

RS-AV-NAV-04 High processing demands on the OBC could cause delayed or inaccurate
navigation updates, especially during dynamic manoeuvres or in high-
traffic airspace.

A.M. 9 3 3

RS-AV-NAV-05 Unintentional interference or malicious attack, such as GNSS spoofing
or jamming, could disrupt position calculations, causing the vehicle to
deviate from its intended flight path or lose situational awareness.

A.M. 10 2 5

RS-AV-TAB-01 The reliance on a single USB-C connection for the data handling and the
pilot interface introduces a single point of failure. Accidental disconnec-
tion, cable damage or port failure can lead to loss of display functionality
and data handling.

A.M. 16 4 4

RS-AV-TAB-02 High ambient temperatures in the UAE can cause the tablet to overheat,
leading to automatic shutdown or degraded performance. This can result
in the loss of critical flight information during operation.

A.M. 16 4 4

RS-AV-TAB-03 Intense sunlight can cause significant glare on the tablet screen, impairing
readability and potentially leading to misinterpretation of flight data.

A.M. 10 5 2

RS-AV-TAB-04 Turbulence or pilot movement can result in unintended touchscreen in-
puts, potentially altering settings or displaying incorrect information.

A.M. 9 3 3

RS-AV-OBC-01 The OBC may overheat under UAE conditions if not adequately cooled,
potentially leading to reduced processing performance, throttling or unex-
pected shutdowns.

A.M. 16 4 4

RS-AV-OBC-02 Failure or overload of the OBC can affect real-time processing and sup-
port functions of the tablet, causing delays, freezing or system resets.

A.M. 15 3 5

RS-AV-FPA-01 The flight path assistance (FPA) system may fail to detect existing obsta-
cles or designated no-fly zones (NFZs), potentially leading to unautho-
rised airspace incursions or collision hazards.

D.A. 15 3 5

RS-AV-FPA-02 Sudden establishments of new NFZs during flight, without timely updates
to the FPA system, can result in inadvertent entry into restricted airspace.

D.A. 12 4 3

Propulsion System
RS-PROP-01 The combination of cyclorotors and coaxial rotors can introduce complex

gyroscopic effects and dynamic loads, which may lead to structural fa-
tigue failure.

A.R. 12 3 4

RS-PROP-02 High ambient temperatures in the UAE may cause the cyclorotor and bi-
axial rotor components to overheat, reducing performance or causing sys-
tem failure.

A.R. 16 4 4
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ID Description RM T L C
RS-PROP-03 Exposure to sand and dust can cause erosion of rotor blades, accumula-

tion of abrasive particles in moving components, and potential imbalance
in the propulsion system. Leading to reduced thrust efficiency, increased
vibration an and accelerated wear.

A.R. 15 5 3

RS-PROP-04 The integration of cyclorotors and coaxial rotors increases control sys-
tem complexity. Inadequate synchronisation between these propulsion
systems can lead to flight instability or loss of control.

A.R. 12 3 4

RS-PROP-05 The exposed rotor system is vulnerable to foreign object damage, includ-
ing birds, plastic, or other airborne debris, which can impair rotor integrity
and flight safety

A.R. 15 3 5

RS-PROP-06 The aircraft will be designed with certain flight conditions in mind. Ex-
treme weather conditions like strong winds could cause higher loads on
the aircraft than what the control systems are ready to counter, which
would increase the risk of an accident.

M.P. 8 2 4

RS-PROP-07 Through impact or electrical connection faults, one of the propulsive de-
vices could fail, thus endangering the pilot and their surroundings.

A.M. 10 2 5

RS-PROP-08 Serrated end pieces will be added to the existing propeller geometry.
There is a possibility of detachment and potential danger either to the
other propellers or the surroundings.

D.A. 6 3 2

Production & Logistics
RS-PROD-
SUP-01

Owl-22 require parts andmaterials from external suppliers. If one of these
suppliers starts delaying deliveries for any reason, production would
come to a halt.

K.S. 12 4 3

RS-PROD-
SUP-02

The Owl-22 structure will need to withstand significant stresses. In case
the quality of the supplied aluminium decreases, the structure might fail.

K.S. 10 2 5

RS-PROD-
SUP-03

Owl-22 will use several off-the-shelf components. In case a part supplier
goes bankrupt, a threat of a long-term production halt would emerge.

K.S. 8 2 4

RS-PROD-
MAN-01

The production includes a number of processes, which can result in indi-
vidual parts or the overall assembly having deficiencies.

J.R. 12 3 4

RS-PROD-
MAN-02

Misassembly of the folding mechanism during production may result in
mechanical binding, reduced folding functionality, or unsafe structural
configurations during deployment.

J.R. 12 3 4

RS-PROD-
LOG-01

Transportation of the products will be required from the production facility
to the customer. The aircraft could be damaged during this process.

J.R. 9 3 3

V&V
RS-TEST-01 Test facility might not be available on the desired date, causing delays to

the product timeline.
A.A. 8 4 2



12.3. Risk Analysis 116

Table 12.6: Pre-mitigation risk map.

5(Very likely) RS-AV-TAB-03
RS-AV-SAS-02
RS-AV-SAS-04
RS-AV-SAS-05
RS-PROP-03

4(Likely) RS-AV-SAS-01
RS-TEST-01

RS-EN-POW-02
RS-STR-02
RS-STR-05
RS-AV-SAS-03
RS-AV-NAV-01
RS-AV-NAV-03
RS-AV-FPA-02
RS-PROD-SUP-01

RS-STR-01
RS-STR-04
RS-AV-TAB-01
RS-AV-TAB-02
RS-AV-OBC-01
RS-PROP-02

RS-STR-06

3(Possible)
RS-AV-NAV-04
RS-AV-TAB-04
RS-PROD-LOG-01

RS-EN-BAT-02
RS-EN-POW-01
RS-EN-POW-04
RS-AV-NAV-02
RS-PROP-01
RS-PROP-04
RS-PROD-MAN-01
RS-PROD-MAN-02

RS-EN-BAT-03
RS-EN-POW-05
RS-STR-03
RS-AV-OBC-02
RS-AV-FPA-01
RS-PROP-05

2(Unlikely) RS-PROP-08 RS-PROP-06
RS-PROD-SUP-03

RS-EN-BAT-01
RS-EN-POW-03
RS-AV-NAV-05
RS-PROP-07
RS-PROD-SUP-02

1(Negligible)
Likelihood↑ 1(Negligible) 2(Low) 3(Significant) 4(Critical) 5(Catastrophic)

Consequence
ACTION: No action Monitor Minor management Major management Stop, Reevaluate

Based on the identified risks in the pre-mitigation phase, preventative measures and contingency plans
have been proposed to reduce both the likelihood and/or consequence of all risks. These measures
include design adaptations, system redundancies, and clear operational protocols. In Table 12.7, the
updated risk rankings are presented to reflect the impact of these mitigation strategies. By implement-
ing these actions, several risks have been significantly reduced, demonstrating the effectiveness of
early-stage risk management within the Owl-22 design process. The risks in Table 12.7 are ranked
from highest to lowest total risk score to highlight which issues require the most urgent attention and
mitigation efforts during the design and development of Owl-22. These scores also correspond to
the positions shown in the risk map in Table 12.8, which visually categorises the risks based on their
likelihood and consequence to support intuitive assessment and decision-making.

Table 12.7: Preventive measures and contingency plans of identified technical risks.

Post-Risk
ID Preventive Measures Contingency Plan T L C
RS-AV-
OBC-01

Ensure robust cooling solutions and con-
tinuous temperature monitoring.

Activate cooling protocols and stop track-
ing non-essential information.

8 2 4

RS-AV-
OBC-02

Design the OBC with overload protection
and fail-safe mechanisms.

In the case of such surcharges, non-
essential information will not be tracked.

8 2 4

RS-AV-
FPA-01

The implementation of redundant sen-
sors for obstacle detection and regular
NFZ database updates.

Program the aircraft to initiate automated
loiter or landing manoeuvres if obstacle
or NFZ data becomes unreliable.

8 2 4

RS-
PROP-
05

The utilisation of an advanced sensing
and early detection system to identify and
avoid foreign objects.

If damage is detected, limit high-
manoeuvrability commands. In severe
cases, initiate an emergency landing.

8 2 4



12.3. Risk Analysis 117

Post-Risk
ID Preventive Measures Contingency Plan T L C
RS-STR-
03

Use only aerospace-grade materials with
full traceability and supplier quality certifi-
cations, along with routine inspections.

Assess extent of damage. If it is minor,
reduce speed and manoeuvring intensity.
If it is major, initiate an emergency land-
ing.

8 2 4

RS-EN-
BAT-02

Ensure the battery housing can endure
the vibrations and stress of operation.

Have the BMS disconnect the affected
module from the main power system.

6 2 3

RS-STR-
01

The system will include a Structural
Health Monitoring (SHM) system with
sensors to assess structural damage.

The SHM system will assess the extent
of damage and modify flight parameters.

6 2 3

RS-STR-
04

Apply UV-resistant and heat-reflective
coatings to bonded joints to reduce sur-
face temperature exposure.

Restrict payload, manoeuvring, and flight
time in extreme heat to reduce thermal
stress. If damage occurs, initiate emer-
gency landing.

6 2 3

RS-EN-
POW-01

The implementation of a robust BMS that
can monitor and control charging, tem-
perature and detect anomalies.

In the case of such surcharges, non-
essential systems will be powered down
to prevent any irreversible damage.

6 2 3

RS-EN-
POW-02

The implementation of an integrated ther-
mal management system with real-time
temperature monitoring and active cool-
ing.

Initiate automatic switch to backup sys-
tems to introduce redundancy and pre-
vent a complete system shutdown.

6 2 3

RS-STR-
05

Allow easy access to the guard rails of
the folding mechanism, to ease its main-
tenance and lubrication.

Offer services to replace worn-out parts
or sell replacement parts to the cus-
tomers.

6 2 3

RS-AV-
SAS-02

Incorporate protective housings and self-
cleaning mechanisms for LiDAR sensors
to prevent dust accumulation and main-
tain detection accuracy.

Activate self-cleaning mechanisms to
clear dust accumulation. If obstructions
persist, transition to redundant sensors
and engage emergency navigation algo-
rithms.

6 2 3

RS-AV-
NAV-01

Augment GNSS with inertial navigation
systems and signal quality monitoring to
ensure reliable positioning in urban envi-
ronments with potential signal blockage.

At the occurrence of critical signal loss,
the speed will be limited and the pilot will
be prompted to land as soon as possible.

6 3 2

RS-AV-
NAV-04

Optimise onboard computer process-
ing and implement priority-based task
scheduling to ensure accurate navigation
updates under high-demand conditions.

If processing overload is detected and
cannot be resolved, safe navigation must
be engaged to lower max speed and pri-
oritise hover until computation stability is
restored.

6 3 2

RS-AV-
TAB-01

Design redundant data pathways and se-
cure cable management to eliminate sin-
gle points of failure in the USB-C connec-
tion.

Activate alternate data pathways during
the occurrence of cable damage or port
failure to prevent loss of display function
or data handling.

6 3 2

RS-AV-
TAB-02

Use external cooling solutions and opera-
tional guidelines limiting tablet exposure
to extreme heat to prevent overheating
and maintain performance.

Fall back on the OBC to provide critical
performance information and landing in-
structions through audio to ensure pilot
safety.

6 3 2

RS-AV-
TAB-03

Apply anti-glare screen protectors and
use adjustable sunshades to improve
tablet screen readability under intense
sunlight.

For a given flight condition, if the pilot
is executing an unexpected manoeuvre,
the OBC could send a confirmation mes-
sage before performing said manoeuvre.

6 3 2

RS-
PROP-
02

Implement thermal monitoring and active
cooling systems for cyclorotor and biaxial
rotor components.

Activate cooling systems, non-essential
systems will be powered down to prevent
any irreversible damage. If damage can-
not be controlled, an emergency landing
will be initiated.

6 2 3
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Post-Risk
ID Preventive Measures Contingency Plan T L C
RS-
PROP-
03

Use protective coatings and seals on ro-
tor blades as well as moving parts. Com-
bined with regular cleaning and inspec-
tion to prevent sand and dust damage.

In the case of occurrence, adjust rpm or
reduce aggressive manoeuvres to min-
imise stress on potentially compromised
blades.

6 3 2

RS-
PROD-
SUP-01

Request predictions from suppliers re-
garding part/material availability.

Keep a reserve inventory of parts/materi-
als to allow short-term operation during a
shortage.

6 3 2

RS-
PROP-
04

Develop advanced control algorithms
with real-time synchronisation and fail-
safe mechanisms to ensure stable coor-
dination.

In extreme cases, execute an au-
tonomous emergency landing in a
predefined safe zone.

6 2 3

RS-
PROP-
06

Weather reports will be examined before
flight, and the aircraft will be locked out in
case of dangerous conditions.

In case of a sudden weather change for
the worse, the cruise altitude will be de-
creased.

6 2 3

RS-EN-
BAT-01

The implementation of an advanced Bat-
tery Management System (BMS) to mon-
itor and control charging, temperature
and detect anomalies.

Employ cooling or fire suppression proto-
cols in the case of overheating or fires.

5 1 5

RS-STR-
01

Employ multi-layer protective coatings to
prolong the integrity of the structure of
Owl-22.

Assess extent of damage. If it is minor,
reduce speed and manoeuvring intensity
to reduce load. If it is major, initiate an
emergency landing.

4 2 2

RS-EN-
POW-05

Ensure proper installation using high-
quality wiring with protective insulation,
and conduct routine inspection.

Employ cooling or fire suppression proto-
cols in the case of overheating or fires.

4 1 4

RS-AV-
SAS-03

Employ cooling or fire suppression proto-
cols in the case of overheating or fires.

Transition to redundant sensors and en-
gage emergency navigation algorithms.

4 2 2

RS-AV-
NAV-02

Apply sensor fusion algorithms with
real-time validation and calibration to
minimise discrepancies between GNSS,
IMU, and LiDAR data.

Cross-reference real-time LiDAR point
clouds with pre-mapped terrain to adjust
vehicle position.

4 2 2

RS-AV-
NAV-03

Incorporate thermal management and
heat-resistant components.

Transition to Inertial Navigation Systems
(INS) using IMU data for dead reckoning
when GNSS signals become unreliable.

4 2 2

RS-AV-
NAV-05

Implement anti-spoofing and jamming de-
tection techniques along with secure nav-
igation algorithms.

Use the communication links to contact
authorities and initiate emergency land-
ing procedures.

4 1 4

RS-
PROP-
07

Run the diagnostic system before each
flight to assess the propulsion system
condition.

The propulsion system has sufficient
thrust to fly with one propulsion device in-
operative.

4 1 4

RS-AV-
FPA-02

Incorporate real-time NFZ update ca-
pabilities and an automated alert sys-
tem to adjust flight paths during sudden
airspace changes.

Program the aircraft to initiate automated
loiter if NFZ data becomes unreliable
to allow the navigation system to recali-
brate.

4 2 2

RS-
PROD-
MAN-01

Establish rigid work frameworks and
properly train the manufacturing staff.

Introduce quality control personnel, anal-
yse defective products.

4 2 2

RS-
PROD-
LOG-01

Include padding for sensitive compo-
nents of the Owl-22 during transport to
the customer.

Perform quality control again after trans-
porting the aircraft.

4 2 2



12.3. Risk Analysis 119

Post-Risk
ID Preventive Measures Contingency Plan T L C
RS-EN-
BAT-01

A minimum state of charge (SoC) thresh-
old of 20% is enforced through the BMS
to prevent deep discharge and ensure
sufficient reserve power for safe opera-
tions or make an emergency landing.

In the case of occurrence, the system will
initiate controlled emergency landing pro-
cedures.

3 1 3

RS-EN-
POW-03

Use high-reliability electrical components
with built-in protection features, imple-
ment system-level redundancy and diag-
nostics to prevent as well as detect fail-
ures.

Employ the redundancy systems to use
isolated power buses to power the critical
systems of Owl-22

3 1 3

RS-STR-
06

Owl-22 will identify the status of the struc-
ture and provide visual and audible feed-
back to the user when the structure is un-
folded correctly.

The aircraft will not allow take-off when
the structure is not correctly unfolded.

3 1 3

RS-AV-
SAS-01

Implement thermal insulation and active
cooling of camera electronics.

Employ cooling protocols in the case of
overheating.

3 3 1

RS-AV-
SAS-04

Equip cameras with protective covers
and automatic cleaning systems to pre-
vent sand build-up and protect optical sur-
faces.

In case of severe sand obstruction,
switch to redundant camera systems to
maintain situational awareness and land-
ing assistance.

3 3 1

RS-AV-
SAS-05

Use sunshades, optical filters, and HDR
imaging to reduce overexposure and lens
flare under intense sunlight.

Use LiDAR as a complementary system
to validate optical obstacle detection sys-
tems while in extreme sunlight.

3 3 1

RS-
PROP-
O1

Perform detailed dynamic analysis and
reinforce structural components to with-
stand gyroscopic effects and cyclic loads
from cyclorotors and biaxial rotors.

If detected, the pilot should reduce ma-
noeuvring to stabilise the aircraft. If
control is lost, the system initiates land-
ing, followed by the suspension of flights
pending inspection.

3 1 3

RS-
PROD-
SUP-02

Sign the supply contract with an estab-
lished, reputable company. Perform reg-
ular quality checks.

Arrange emergency supply with an alter-
native company.

3 1 3

RS-
PROD-
SUP-03

Regularly analyse the financial condition
of the suppliers.

Keep a reserve inventory of parts. Draw
up a list of alternative suppliers. Estab-
lish contact with these suppliers early to
enable a fast switch from one supplier to
the other.

3 1 3

RS-
PROD-
MAN-02

Use alignment jigs and visual QA steps
for telescoping components. Modu-
larised folding structure for easier assem-
bly.

Isolate faulty units. Inspect the affected
batch and rework the folding system us-
ing a trained technician team.

3 1 3

RS-EN-
POW-04

Apply electromagnetic shielding, proper
grounding, and filtering techniques to
power electronics to minimise EMI and
protect the integrity of avionics as well as
communication systems.

Activate shielding and reconfiguration
protocols to isolate affected components.

2 1 2

RS-AV-
TAB-04

Implement touchscreen input lock fea-
tures and physical stabilisers to prevent
unintended commands during turbulence
or pilot movement.

During turbulence or big pilot movements,
the OBC will send a confirmation mes-
sage before executing any touchscreen
inputs.

2 1 2

RS-
TEST-01

Plan the testing procedure far ahead. De-
termine potential alternative dates for the
testing procedure.

Make a flexible plan such that delay in
testing does not require the project ac-
tions to stop and wait.

2 2 1
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Post-Risk
ID Preventive Measures Contingency Plan T L C
RS-
PROP-
08

Perform solid joining method and mate-
rial selection, such that it complements
the challenging environmental conditions
of the target market location.

Analyse the potential paths that an
ejected serrated piece could take. Pro-
vide extra protection to the components
on these paths. Offer replacement ser-
vices.

2 2 1

Table 12.8: Post-mitigation risk map.

5(Very likely)
4(Likely)

3(Possible)
RS-AV-SAS-01
RS-AV-SAS-04
RS-AV-SAS-05

RS-AV-NAV-01
RS-AV-NAV-04
RS-AV-TAB-01
RS-AV-TAB-02
RS-AV-TAB-03
RS-PROP-03
RS-PROD-SUP-01

2(Unlikely) RS-TEST-01
RS-PROP-08

RS-STR-01
RS-AV-SAS-03
RS-AV-NAV-02
RS-AV-NAV-03
RS-AV-FPA-02
RS-PROD-MAN-01
RS-PROD-LOG-01

RS-EN-BAT-02
RS-STR-01
RS-STR-04
RS-EN-POW-01
RS-EN-POW-02
RS-AV-SAS-02
RS-PROP-02
RS-PROP-04
RS-PROP-06
RS-STR-05

RS-AV-OBC-01
RS-AV-OBC-02
RS-AV-FPA-01
RS-PROP-05
RS-STR-03

1(Negligible) RS-EN-POW-04
RS-AV-TAB-04

RS-EN-BAT-01
RS-EN-POW-03
RS-PROP-01
RS-STR-06
RS-PROD-SUP-02
RS-PROD-SUP-03
RS-PROD-MAN-02

RS-EN-POW-05
RS-AV-NAV-05
RS-PROP-07

RS-EN-BAT-01

Likelihood↑ 1(Negligible) 2(Low) 3(Significant) 4(Critical) 5(Catastrophic)
Consequence



13 Project Design and Development Logic

The post-DSE development of the Owl-22 is structured into six phases from design finalisation to market
deployment. Each phase incrementally increases the integration of the system, allowing for structured
validation. This section outlines the design and development logic employed for the vehicle. A visual
overview of the development phases can be seen in Figure 13.1.

DSE Design I: Detailed Design
Finalisation

II: Prototype
Development

III: Integrated
Testing

Pass flight test?

IV: Vehicle
Certification

V: Production
Ramp-up

VI: Market
Entry

Subsystem
Testing

Develop Pilot
Training

Refine Design No

Yes

Figure 13.1: Development and certification path of the Owl-22.

13.1. Phase I – Detailed Design Finalisation
The development and certification of the Owl-22 follows a structured, phased approach aimed at achiev-
ing design maturity and airworthiness. Starting from the conceptual design, the vehicle evolves through
detailed design and simulation, gradually incorporating higher levels of fidelity until a fully integrated,
certifiable system is reached.

During early development, hardware-in-the-loop (HIL) and software-in-the-loop (SIL) testing are em-
ployed to validate control logic, sensor integration, and safety-critical subsystems. These simulation
environments enable rapid iteration and risk reduction prior to physical prototyping. Following this, a
functional prototype is constructed and subjected to bench testing and full-vehicle integration trials to
evaluate mechanical, electrical, and aerodynamic performance.

13.2. Phase II – Prototype Development
In this stage, the first prototype is constructed and assembled with the goal of verifying how well the
different subsystems interact and perform under realistic ground-based conditions. As the assembly
progresses, particular care is taken to confirm that the design can be built as intended, not just in theory
but in practice.

To support this effort, dedicated test setups are developed in parallel for components such as the battery
management system and controls. These setups enable subsystem bench testing, in which each
component is tested under controlled conditions to validate its stand-alone functionality. This approach
allows potential faults to be isolated early. By identifying and resolving issues at the subsystem level,
the bench testing phase significantly reduces the risk of unexpected failures during integrated vehicle
testing.

13.3. Phase III – Integrated Vehicle Testing
In this phase, the validated subsystems are integrated into a full-scale prototype for system-level testing.
The primary objective is to assess the performance of the complete vehicle under realistic operational
conditions. Ground tests are first conducted to verify the integrity of software integration, sensor fusion,
and real-time responsiveness of the control system.
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Once ground verification is complete, the prototype proceeds to initial flight testing, where the vehicle’s
stability, control authority, and overall performance are evaluated in line with expected mission profiles.
These tests are critical for identifying any discrepancies between simulated and actual behaviour, par-
ticularly under dynamic or edge-case conditions. Should the vehicle fail to meet key performance or
safety criteria during flight testing, the team re-enters a design refinement loop. In this case, the results
are used to isolate the root causes. If the vehicle successfully passes all aspects of the flight test, it
progresses to the certification phase. This gate ensures that only viable designs continue through the
development pipeline, reducing risk and ensuring that resources are focused on certifiable configura-
tions.

13.4. Phase IV – Certification Readiness
This phase is centred on getting the vehicle ready for certification by relevant aviation authorities, such
as the GCAA. To support this process, early-stage safety analyses (including a preliminary system
safety assessment and a failure modes and effects analysis) are carried out. These analyses help
identify potential failure points and critical interdependencies between subsystems, forming a founda-
tion for discussions with regulators.

At the same time, the design of the human-machine interface is evaluated through human-piloted sim-
ulations. These tests provide insights into pilot workload, usability, and response times. To facilitate
a smooth transition toward real-world use, standard operating procedures are developed, along with
supporting training materials. These resources are aimed at ensuring early users can become familiar
with the system efficiently and operate it safely from the outset.

13.5. Phase V – Production Ramp-Up
Once the design has been validated, attention turns toward preparing for full-scale production. To
support this, an initial production batch is assembled. This step serves to evaluate whether the planned
manufacturing approach is workable in practice, with a focus on verifying assembly timelines, tooling
performance, and the reliability of part deliveries.

During this phase, quality assurance processes are fine-tuned. Tolerances, inspection routines, and
acceptable variation limits are reviewed and adjusted based on real-world feedback from the initial
builds. In parallel, traceability systems are implemented to link each vehicle to its specific components,
including serial numbers and testing records. This is essential to meet airworthiness regulations and to
support maintenance tracking. Finally, the broader supply chain is stress-tested under production-like
conditions to ensure that sourcing, shipping, and lead times are sufficiently stable to support production
ramp-up without disruption.

13.6. Phase VI – Market Entry
As the vehicle enters the market, a limited number is delivered to initial customers. During this phase,
a system is put in place to monitor fleet performance in real time, tracking key indicators such as
battery condition, control system behaviour, and user-reported feedback. Insights gathered from this
data feed directly into iterative updates to both the technical documentation and the post-deployment
support strategy. In parallel, the necessary customer support systems are launched. These include
practical user training, logistics for spare parts, and clearly defined legal procedures for warranty claims
and repairs. To position the vehicle within its intended market segment, a focused marketing campaign
is initiated. This campaign targets urban users, helping to strengthen the product’s identity as a modern
mobility solution. Furthermore, this stage provides the opportunity to reassess the final selling price of
the vehicle, as unforeseen factors and actualised costs, emerging from production, deployment, and
support operations, can now be comprehensively evaluated.

A Gantt chart providing an overview of these phases is presented in the next page.





14 Innovations

Owl-22’s vision is twofold. First, to provide a completely new solution to traffic congestion. In Western
cities, traffic congestion is typically solved in one of three ways: road expansion, improved walkabil-
ity/active transport, or public transportation. The latter two solutions are especially effective in such
cities due to their conventional urban planning, public transportation heritage and hospitable climates.
In postmodern cities, however, characterised by their recent construction and unorthodox city planning,
these solutions are far less applicable. In the case of Dubai, for example, it unconventionally contains
several centres spread along the coast, leading to a fragmented distribution of the population. The large
distances between these hubs make it functionally impossible to walk between them, emphasising the
need for robust transportation. Moreover, the relative novelty of the city means that it has little public
transport infrastructure beyond its limited metro. Thus, unlike most Western cities, which can build on
their long-existing systems through prolonged, sustained investments, Dubai would require providing
a huge influx of capital to lay the foundations for an accessible public transport system. To avoid this,
the local government addresses existing congestion issues by simply building more roads. Such a
method is ecologically unsustainable, requires continuous maintenance and is a short-term solution to
a constant problem.

By providing a low-altitude, privately owned eVTOL, Owl-22 offers a solution that is not constrained
by land connections. Furthermore, it allows for the continuous expansion of travel corridors through
the introduction of vertical layers. Such an expansion is not only a long-term solution to congestion,
but it also requires little to no physical infrastructure to achieve and requires no maintenance. Thus,
such an innovation is not only attractive to consumers, but also to governments that must continuously
address the ever-increasing issue of congested roads. Additionally, unlike existing air-taxi solutions, a
privately owned vehicle provides the user with flexibility akin to owning a car, taking off from home and
travelling at one’s convenience instead of commuting to a vertiport, paying for the service and taking off
at predetermined times. The minimal infrastructure required to facilitate this vertical expansion is also
important when addressing the sustainability of Owl-22. Assuming that vertiport construction would be
the main source of infrastructure building, this vehicle doesn’t carry the ecological implications that are
associated with cars (which require roads), making it far better for the local environment.

The second vision of Owl-22 is to redefine the daily commute experience. In highly congested cities
like Dubai, travelling to work typically requires leaving at unconventional times to avoid rush hour and a
general feeling of dread is associated with the entire experience. Through this vehicle, which introduces
intuitive, aerial travel, users can not only reduce their travel times, but also come to enjoy the experience
of going back and forth from work. Another benefit is related to the living locations of users. In Dubai,
for example, the majority of congestion is centred around Sheikh Zayed Road [148]. As such, expats in
particular have to make well-informed decisions about where they live in order to minimise the chance
of traffic when travelling to work. This, in turn, narrows the number of locations considered by expats
and consequently drives the prices of certain neighbourhoods up. Owl-22’s 30 [km] range circumvents
this problem to a large extent, opening up previously sidelined neighbourhoods as feasible housing
locations. Thus, purchasing this vehicle can also be viewed as an investment, enabling users to live in
cheaper areas without suffering from constant traffic.

Regarding the specific design, Owl-22 innovates in two main ways. For one, its longitudinal foldability
is a unique solution to enable easy storage at users’ homes. By leveraging telescoping beams, as well
as an accordion-like side-skin composite of Dyneema and PPSU, the vehicle’s bounding box reduces
by over 6 [m3] to a total of 4 [m3]. This reduction aligns Owl-22’s volume with that of cars, allowing
for convenient storage. Secondly, the unique combination of coaxial and cyclorotors allows for a more
comfortable ride for users compared to conventional multicopter configurations. Namely, the thrust
vectoring provided by the cyclorotors eliminates any tilting in forward flight and minimises it for turning.
This allows for a more relaxing, comfortable flight compared to existing VTOLs such as helicopters.
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15 Conclusion

As urban environments have exhausted traditional ground transportation systems, the Owl-22 project
emerges as a bold response to the growing demand for efficient, personal mobility solutions in envi-
ronments such as the UAE. This report details the concept design, establishing a framework for the
design process of Owl-22. The content details finalising the design in the context of the design enabler,
stakeholder requirements, system architecture and interface definition.

Based on the framework outlined, the subsystem design was performed, starting with the propulsion
subsystem. The propulsion subsystem, consisting of 2 front cyclorotors and 2 rear coaxial rotors, is
designed to carry 305 [kg] in optimal performance conditions, perform vertical take-off and landing, and
achieve a total of 71 [dB]. The lower noise levels were achieved through the use of corotating coaxial
rotors, with the upper blade larger than the lower blade, as well as serrated propeller blades. Following
that, the source of power for Owl-22, being a solid-state lithium battery, was designed to be 33.2% of
total vehicle mass, such that a range of 30 [km] and a cruise velocity of 60 [km/h] is achieved. The
health of the battery was ensured with the use of a robust battery management system that takes care
of managing the health, safety and thermal characteristics of the battery.

A critical component of flight safety in Owl-22 is the integration of a robust avionics suite. The avion-
ics suite includes a communications suite, with displayed instruments equipped for Visual Flight Rules
(VFR) operations, easing the transitions for users from cars. For situational awareness and safety, the
suite features a 360-degree LiDAR sensing, providing a 20-meter omnidirectional detection range. This
feature is supported by real-time mapping RTAB-Map, with future upgrades potentially leveraging AI
for dynamic avoidance protocols and path planning. Furthermore, Owl-22 employs automated take-off
and landing with semi-autonomous cruise flight enabled by an actor-critic control architecture. Follow-
ing through with the concept of safety and reliability, prognostics and health management enhance
the vehicle’s resilience by enabling real-time awareness of system health and predictive maintenance
strategies. A general architecture for the prognostics and health monitoring system has been estab-
lished, leveraging an onboard, communications and ground-layer.

A preliminary control system was developed for nominal operations under small-angle assumptions
with full actuator saturation. However, the verification and validation revealed system instability and the
absence of rate saturation for control action. Future work should address these limitations to ensure
stable and reliable performance across all flight phases.

Figure 15.1: Owl-22 external view.

With all the subsystems defined, the structural de-
sign of Owl-22 was finalised. The main airframe
is constructed from aerospace-grade Aluminium
7068-T6511, selected for its high strength-to-
weight ratio. The structure was sized for vibra-
tional and static loads experienced during take-
off, cruise, landing, and ground transportation.
The final structure was verified using a Finite El-
ement Analysis to ensure its safety under loads.
Furthermore, the shape of the structure was opti-
mised based on an aerodynamic analysis to min-
imise flow separation and drag, enhancing perfor-
mance during flight, resulting in the final design

presented in Figure 15.1. Preliminary assessments indicated that the structure remains over-designed.
The total integrated vehicle mass currently stands at 197 [kg]. However, a sensitivity analysis proved
that this value can be reduced to 175 [kg] with further structural optimisation tailored to the mission
profile. This sets a lower bound mass estimate and a goal for future development stages.

The operational and logistical needs prove that Owl-22 is a user-friendly, low-maintenance personal
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aerial vehicle due to its six-phase mission profile, intuitive iPad-based control, and minimal infrastruc-
ture demands. Designed for manufacturability in the UAE, it leverages modular construction and pre-
dictive diagnostics to reduce service needs. At the end-of-life, a circular approach enables easy dis-
assembly and recycling through a digital material passport. Together, these features ensure Owl-22 is
practical and scalable.

The sustainability strategy addresses environmental, social and economic dimensions. Environmen-
tally, the vehicle incorporates recyclable materials and energy-efficient propulsion while adhering to
noise emission standards. The environmental impact, conducted via a life cycle assessment, indicates
that Owl-22 has a comparable carbon footprint to conventional vehicles. However, as it transports only
one person at a time, its per-passenger emissions are higher than those of a multi-passenger vehicle.
The social sustainability assessment focuses on enhancing community well-being by increasing local
jobs, as well as reducing travel times and reimagining daily travel as an enjoyable experience. Econom-
ically, Owl-22 contributes by reinforcing the UAE’s image as a futuristic city and creating employment
opportunities through local manufacturing and service infrastructure.

Owl-22 targets UAE’s high-income market, leveraging the country’s supportive regulations and luxury-
oriented consumer base. Owl-22’s design is differentiated by its private ownership, foldable design and
relative affordability. The financial analysis estimates the cost breakdown presented in Table 15.1.

Table 15.1: Total per-unit price breakdown at a production volume of 1,000 units per year.

Cost Component Per-Unit Value [$]

Recurring Costs 64,936.89
Non-Recurring Costs (Amortised) 16,360.74
Total Cost (before profit) 81,297.63
Per-unit Profit (22.5%) 18,277.46

Final Selling Price 99,575.09

The Return On Investment (ROI) of 1.11 suggested that this project would get modest returns. On the
contrary, the negative Net Present Value (NPV) indicates financial risks due to high initial investments.
This can be curbed using strategic scaling of production, securing partnerships and optimising costs.

The systems engineering procedure conducted included a verification and validation plan, a require-
ment compliance assessment, and a risk management framework to ensure reliability. Following this,
a structured six-phase development roadmap was established to guide Owl-22 from design finalisation
through prototyping, testing, certification, and market entry.

Advancing Owl-22 toward market readiness, the next steps start with developing the embedded sys-
tems, such as flight control, battery management and communication protocol. These are essential for
safe, semi-autonomous operation. Once implemented, these systems must be verified and validated
through rigorous hardware and software simulation to ensure reliability. Simultaneously, a production
plan must be established to define manufacturing processes, to optimise costs, followed by forming
strategic partnerships for certification support and scaling operations.

The Owl-22 introduces two key innovations that position it uniquely in the urban air mobility landscape.
It provides a practical personal aerial mobility solution for cities like Dubai and a convenient commut-
ing experience. Its low-altitude, privately owned electric vertical take-off and landing design reduces
reliance on road infrastructure while offering sustainable and flexible travel. With a 30 [km] range,
it enables residential freedom and helps ease urban housing demand. Key design features, such as
compact longitudinal folding and a coaxial-cyclorotor propulsion system, enhance storage convenience
and deliver a smooth flight, making everyday aerial travel more accessible and comfortable.
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