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Executive Overview

This overview aims to provide a summary of the progress made by Group 18 of the Design Synthesis
Exercise (DSE) on their project until the Final Review, the final of three milestones in this graduation
project.

e Project title: DronebezORgd: Designing a Fleet of Drones for Last-Mile Food Delivery
e Principal tutor: Dr. Alessandro Bombelli

e Coaches: Dr. Nikhil Garg, Dequan Ou

e Teaching Assistant: Alfonso Maria de Rato Pueyo

With the increasing demand for fast and contactless delivery services, especially in urban environments,
drones offer a promising solution for last-mile logistics. As such, the Mission Need Statement (MNS)
for this project was formulated:

”Restaurants need a cheaper, faster, safer, more reliable, and more sustainable last-mile delivery system
in urban environments.”

This project explores the feasibility, design, and implementation of a drone-based system tailored for
pizza delivery, addressing logistical, technical, and regulatory challenges in the Netherlands. So, the
following Project Objective Statement (POS) was defined:

”To design a fleet of drones capable of delivering at least 200 pizzas in one evening in a Delft-like urban
environment with minimal operational cost and environmental impact by 10 students in 10 weeks.”

Elaborating on the POS, the primary objectives of the project are to:

e Design a cost-effective and reliable drone capable of delivering pizzas autonomously

e Model the operations of the drone fleet and develop an optimal mission-planning algorithm

The final design resulting from this project is presented in this report. The design is a fleet of drones
which combine the vertical take-off and landing capabilities of traditional multicopters by utilising
vertical propellers and the efficient cruise of airplanes by having a fixed-wing, a horizontal propeller
and a V-tail configuration. Within the drone are two payload bays, each capable of holding three
pizzas. This payload is loaded and unloaded by the drone landing at a restaurant’s or customer’s
location, with the drone folding its wings in-air to decrease its landing footprint. On a fleet level, 10
drones are computed to be needed for Delft in order to satisfy the requirement of delivering at least
200 pizzas per evening. These drones are based at a depot and make regular trips to one or multiple
restaurants and customers before returning to recharge.

Summary of Previous Work

By the first milestone of the project, the Baseline Review [1], a foundation for the project work had
been made. The scope of the project was defined as that of a hypothetical engineering startup to
better cover the challenges faced by engineers in the industry. On a technical level, the scope was
limited to designing and planning fleet operations in a small Dutch urban area of the size of Delft
while developing a city-agnostic optimisation algorithm. Next to this, stakeholders and key functions
of the DronebezORgd system were identified using a stakeholder matrix and functional analysis to
arrive at a comprehensive list of requirements. A sustainable development strategy was also made
to aid the requirement generation process. This phase of the project was concluded by developing
technical budgets for resources such as mass, schedule, and emissions.
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By the second milestone of the project, the Midterm Review [2], the previous foundation was used
to choose a design concept and perform preliminary sizing of it. The choice of design concept was
done through the means of two trade-offs. In one, four lifting configuration concepts were evaluated
and compared on criteria such as safety, payload handling abilities, and operation costs to arrive at
a fixed-wing electric vertical take-off and landing (eVTOL) configuration. A second trade-off
covered the choice of payload delivery methods. From five concepts, the method of landing before
unloading the payload was chosen based on its interface with the customer and restaurants, payload
protection, and energy efficiency. Based on these choices, the sustainable development strategy and
technical risk management plan were updated to better reflect the chosen design concept.

Central to this project phase was the preliminary design of the drone and operations framework. Initial
estimates for single- and multi-delivery mission profiles were made, from which an initial battery sizing
was performed, indicating multi-delivery as the most demanding case. An iterative procedure was used
to arrive at a converged maximum take-off weight of 9.4kg, and a wing span of 2.5 m, assuming 20%
of the lift in horizontal flight was generated by vertical propellers. The design concept was also further
defined as a high-wing configuration with propellers attached to the lower fuselage, using removable,
rechargeable batteries as a power source.

An operational and logistical framework was also defined. The route management problem is split
into two: mission planning covers the optimisation of high-level scheduling of drones, and path plan-
ning accounts for real-world complexity like obstacles. The day-to-day operations of the theoretical
DronebezORgd service are conceptually split into four units: the drones themselves, the depot(s), the
control centre, and the administration centre. A detailed financial model was also developed, starting
with the classification and quantification of costs and combining this with a variable-demand revenue
estimation to estimate the return on investment. A sensitivity study was conducted to verify that a
break-even time of less than five years was possible.

Progress Overview

This report, part of the Final Review, covers the subsystem-level design of DronebezORgd and its fleet
of drones, each called BezZORger. Building on the preliminary design results of the previous milestone,
subsystems are defined and designed in more detail. A look at the future of the design is also taken,
assuming the continuation of the development of the food delivery service beyond the DSE.

Project Overview

In Chapter 2, the goals of the project are defined in terms of which functions have to be performed,
which risks have to be managed, and what requirements the final system must comply with. Included
in this overview is a revised functional flow diagram and functional breakdown structure, detailing all
of the functions of the DronebezORgd fleet. Compared to the earlier phases of the project, a final list
of system requirements is presented with all values, categories, and verification methods specified.

Business Overview

Building on the requirements and technical descriptions of the system, Chapter 3, the organisation
of DronebezORgd as a company is planned. A market analysis is performed, looking at the current
state of the market, and it is found that DronebezORgd should aim to have a delivery cost no higher
than €7.81 per order on average. Strengths, weaknesses, opportunities, and threats for drone delivery
of food are identified, indicating a possibility for the company to achieve a 10% market share due to
the nascent stage of the food delivery market. This early phase presents a unique opportunity due
to the limited number of established competitors, allowing for a greater potential to capture market
share. A stakeholder analysis is also performed, grouping all identified stakeholders by their required
interest and power in the project.

A business plan and financial model are also presented. The business plan highlights how the service is
expected to generate income through using a dedicated portal to receive orders and taking a 25% fee.
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The portal is to be designed such that an order can be accepted or declined within a small time frame,
depending on the availability of the fleet. The business is built around the application of the service in
a Delft-like city, although it is expected to be applicable and profitable in larger cities. Constraining
the design to Delft serves as a case study where tailored choices of variables, such as depot locations
and locations can be made. In this business plan, it is also assumed that airspace regulations would
loosen as current regulations render DronebezORgd infeasible in most of the country. A choice is also
made to size the fleet for optimised profitability, resulting in potential under-capacity in peak periods.

Conceptual Design

Chapter 4 covers the establishment of the design process itself. It defines and describes how trade-offs
are used to aid decision-making. Technical resource budgets for the design in terms of mass, energy,
and cost are presented, together with contingencies to account for uncertainties due to the lack of
existing low-MTOW eVTOLs as reference. This chapter also presents the division of the system into
subsystems. Their interdependencies are also identified and discussed using a design structure matrix.
By establishing and managing these interfaces early, the team ensured a design process with cohesive
evolution of the subsystems and the system as a whole. Lastly, subsystem requirements are derived
from the set of system-level requirements, providing sufficient detail to design each subsystem.

Structures & Materials

Chapter 5 is the first subsystem-specific chapter, covering the structural modelling and design of the
BezORger. This subsystem makes sure the drone can withstand all the loads and not fail under any
conditions. The whole structure of the drone was idealised to simplify calculations. This chapter
also covers the material trade-off for the mainframe. This trade-off included: the material strength,
stiffness, manufacturability, ease of maintenance, and material cost. Sustainability has also had an
influence on this subsystem as the material should be recyclable, and the mass should be minimised
to reduce the power needed. The idealisation used was the boom theory. This theory made some
assumptions, including one that was unacceptable for the validity of the structure. To solve this
problem a finite element method (FEM) was used in ANSYS to use the stress superposition principle
to complete the boom idealisation, rendering the structure valid.

Payload Handling & Avionics

The focus of Chapter 6 is the design of four elements which guarantee the safe, reliable, and efficient
handling of the pizza payload. The first of these is the payload delivery mechanism, for which a
trade-off of four concepts is performed to arrive at the most suitable concept. The four concepts
are referred to as the traditional stack, actuated push, actuated drop, and cyclical stacks, covering a
variety in degree of automation and combination of sideways and downwards delivery directions. The
most important trade-off criteria were mass, risk, and customer interface. Ultimately, none of the
concepts were chosen alone, and the trade-off was used to identify strong points in each concept and
create a unique, best performer. This mechanism was designed in two steps: first, doing mass and cost
estimations based on simple sketches, and then refining these by making a 3D model in 8D FExperience
CATIA, which is shown in Figure la. Also shown is the thermal insulation structure responsible for
keeping the payload warm and sanitary throughout the mission. The design of this was based on
literature comparing different materials for a pizza delivery bag for a similar amount of payload. It
was finally decided to use a multi-layer insulation system, mainly consisting of polyurethane foam.

In addition to this, a wingspan reduction mechanism was designed to enable the drone to land in a
smaller footprint. A literature study was conducted, indicating that folding the wing along an axis
parallel to the drone’s symmetry axis is the best-established concept. A mechanism was sized to rotate
the wing based on the moment caused by the structural mass of the outboard wing element, applying
a design factor to be conservative. In order to safely lock the motion of the wing on the ground and
in cruise, a locking mechanism was sized considering the ultimate lifting moment generated by the
wing. Lastly, a set of avionics equipment is selected, including a flight computer, which is traded off
between popular off-the-shelf components, perception sensors, and notification devices.
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(a) Extended payload delivery mechanism relative to thermal (b) Wingspan reduction mechanism in folded state when
insulation structure integrated on the drone

Figure 1: Renders of payload delivery mechanism, thermal insulation (a), and wingspan reduction mechanism (b)

Propulsion & Powertrain

Chapter 7 covers the design of the propeller, motor, and battery of the BezORger. A special focus is put
on the propeller design, which is custom-made using the Blade Element Momentum Theory (BEMT)
as an analysis tool. Four propellers, each with four blades, were chosen, as this offered a good balance
of footprint and controllability. An airfoil selection using high-cambered airfoils was performed, from
which the Clark Y airfoil was chosen for its relatively low power draw for generating the required
amount of thrust. After this, simulations were run to arrive at a pitch angle that maximises thrust
generation without stalling, that being 15.5°. Twist and chord distributions were chosen similarly, and
the same process was repeated for the horizontal propeller as well, with the only difference being the
required thrust and accompanying rotation rate. For ease of manufacturing, all design parameters
were kept the same for both the horizontal and vertical propellers, resulting in a final horizontal
propeller radius of 22.2cm and vertical propeller radius of 20.6 cm.

Following the propeller design, the motor and battery were selected. The former was done on the
basis of required torque and rotation rate of the rotor blades, and the latter, using the voltage and
power draw of the motor and propeller. For ease of procurement, the same motor was selected for
both the horizontal and vertical propellers, that being the 1,800 W EVC'raft High Torque 6016 Electric
Brushless DC Motor. Five battery chemistries were evaluated in a trade-off, where energy density and
safety were the highest-weighted criteria. Finally, the DJI Mavic 2 Intelligent Li-Po Flight Battery
was chosen. With its charge of 3,875 mh and voltage of 15.4V, 8 units were required to provide the
required energy, with every two batteries connected in series to supply the required voltage.

Noise

Building on the propulsion subsystem design, an analysis of the drone’s noise characteristics was
performed; this is presented in Chapter 8. This was done in order to verify that the drone’s noise
emissions are at acceptable levels to be appropriate for use in urban environments. From literature,
it was found that tonal noise is dominant compared broadband noise during take-off and landing,
meaning the Hanson model could be used. This model estimates the tonal noise generated by rotating
propeller blades. To obtain a measure of actual perceived disturbance for humans, A-weighting was
applied onto the results of this model. In the end, it was found that the maximum sound pressure
level occurs at take-off and is estimated to be 69dB or 55dBA, when measured 2m from the drone,
satisfying the identified noise requirements.

Aerodynamics

Chapter 9 covers all design considerations made with regard to the aerodynamic performance of the
drone. First in this process is the selection of a suitable airfoil. This choice was done among the
4-digit NACA profiles as these have a relatively favourable stall behaviour, suitable to the BezORger’s
transition phase between take-off and cruise. From these, the NACA-6412 airfoil was chosen as
it had the highest lift coefficient. Due to the complicated and unconventional shape of the drone,



computational fluid dynamics (CFD) was utilised to simulate the aerodynamic performance. 3DFEz-
perience SIMULIA software was chosen, together with the shear stress transport k-w model, to run
simulations at angles of attack at multiples of 3° between 0° and 12° to construct lift and drag curves.
Next to this, a sensitivity analysis was performed by varying the wing sweep from 0° to 10° and the
tip and root chords by +0.10m. This analysis was used both as a verification of the method and for
the development of an iterative wing planform sizing method by interpolating the data.

Stability & Control

For the analysis of the stability and controllability of the drone in Chapter 10, the dynamics of the
drone were split in vertical and horizontal flight. For vertical stability and controllability, the drone
is treated as a quadcopter. Using force and moment equilibria of the drone during vertical flight,
different one-engine-out scenarios can be analysed to find the maximum required rotation rate of a
propeller. Out of the four vertical propellers, it is the failure of one of the front ones, though this is
manageable under the selected powertrain. In horizontal flight, the drone behaves analogously to an
aircraft. Because of this, a scissor plot is created to evaluate the longitudinal stability, relating the
ranges of stability and controllability to the tail area and the range of centre of gravity locations. In
order to minimise the required tail area, an iterative procedure of moving the wing with respect to
the fuselage was performed. The required vertical tail area of the V-tail configuration is found from
the lateral force required to control the yawing of the drone.

Performance

Chapter 11 covers an analysis of numerous aspects of the performance of the drone. Using simulations
of the operational mission planning, the mission profile of the BezORger was chosen to include two
pick-ups and three deliveries. The distance of an average mission is quantified through a probabilistic
spatial simulation over a circular city map of diameter 6 km. Additionally, different phases of flight
are defined using vertical take-off and landing for the lower 20 m, to avoid most obstacles, and cruising
at 60 m, as this was found to reduce ground-level noise without using too much energy during ascent.
Building on this, the mission energy is estimated phase-by-phase, with a special emphasis on the
transition phase, going from vertical to horizontal flight. Lastly, the flight envelope is defined based
on the stalling speed and the influence of gusts and manoeuvring. Operational limitations regarding
path planning to prevent damage to the payload are also considered, preventing slipping of the pizza
with respect to the pizza box.

Operations

In Chapter 12, the design of the operations of the fleet is presented. The main goal of this subsystem
is to design a system to control the operational fleet utilisation for maximised profit within given
constraints. Additionally, profitability shall be ensured by continuing the development of the return
on investment calculations from previous design phases. The operational problem is split into three
modules. The first of these is mission planning, responsible for the high-level scheduling of the fleet.
After a comparison of solution methods, it was decided to test k-means clustered mixed-integer
linear programming (MILP) and a greedy algorithm, and a full formulation of the Dial-A-Ride
Problem (DARP) is presented. The second module is path planning, concerned with finding the
shortest and least public-disturbing path between two points as received by mission planning. Also,
for this part a comparison of algorithms is performed, resulting in the application of the A* algorithm
due to its relatively fast runtime without ruling out optimality.

As a third part, a simulation framework is developed for the testing and improvement of the preceding
parts, and to provide profit estimates. In the simulation, as orders are placed, mission planning is
called to assign drones to deliveries, and then path planning is called to calculate their exact paths. A
digitised version of Delft is created using neighbourhood-wise population densities and real restaurants
and no-fly zones. From this simulation, it is ultimately found that the greedy algorithm outperforms
the clustered MILP in runtime and profit, but it does not allow for scheduling orders far enough ahead
in time, leading to the final choice of clustered MILP. Simulations are also run to optimise the
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maximum payload size, leading to the choice of six pizzas instead of the required five. An analysis of
the effect of the number of drones concludes that 10 drones are optimal for the return on investment.

Design Integration

In Chapter 13, the subsystem-level methods are integrated in a design iteration framework to arrive
at a converged value for the MTOW. The Class II weight estimation method is also repeated, arriving
at a final MTOW of 13.06kg. Following this, a sensitivity analysis is performed to get more
insight about the final design, the results of this being that the iteration framework exhibits expected
behaviour, and supporting the choice of the six-pizza payload instead of the original five.

Additionally, the configuration and architecture of the BezORger is presented, including an overview
of the external configuration, presenting the location and orientation of major components and sensors.
The internal layout is also presented, highlighting how the internal space has been utilised to efficiently
carry the designed payload and required sensors and other equipment. In addition to this, the inter-
facing between electrical components, hardware, software, and data handling elements is described
through a set of informative diagrams.

Design Overview

This chapter, Chapter 14, contains an overview of the most important design parameters and their
values after the successful application of the design integration iteration method. A cost breakdown
of the different subsystems is also presented. Also central in this chapter is the compliance matrix, an
overview of the compliance of the BezORger in terms of its adherence to design goals of the system,
including functions, requirements, and sustainable development goals. Finally, a recap of the project’s
sustainable development strategy is presented, focusing on how this strategy has been defined and
implemented in the subsystem- and system-level design of the drone and the DronebezORgd system.
Next to a subsystem-level overview of sustainability implementation, an overview of sustainability
across the system’s lifecycle is also presented.

Manufacturing & Maintenance

In Chapter 15, the production plan and RAMS (Reliability, Availability, Maintainability, and Safety)
principles are explored. The production plan includes the purchasing of the components, the assembly
of the different subsystem groups: fuselage, tail, and wings. It also includes the assembly of the
previously mentioned groups. After the assembly, testing will be performed on the drone, such as
vibration tests, structural tests and fatigue tests. The RAMS has a clear plan for testing the safety
of the drone. RAMS also includes the consideration of a waterproof design such that the drones can
operate in a larger variety of weather, such that the profit is maximised.

Future Outlook

The last chapter of this report is Chapter 16. This chapter includes the future of the project after
the DSE. It includes a detailed plan for the future design phases. After the DSE, the design shall be
further developed, which includes crafting rigorous V&V procedures and a more detailed subsystem
design. The following milestone is the manufacturing of the drones and the depot. This includes the
production of the parts, the hiring of personnel and assembling the subsystems. Assembly, integration
& testing (AIT) includes the final assembly of the drone and is the last step before launching the
operations. This chapter also includes the most important dates with a Gantt chart.
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Introduction

Food delivery is one of the fastest-growing markets in the world, offering a variety of opportunities
for startups to innovate within it. In 2024, the market was valued at 288 billion USD and is expected
to rise to 505.5 billion USD by 2050'. Companies like Uber Eats and Thuisbezorgd are examples of
successful food delivery services, owning a majority of the market share. The main advantage that
food delivery services bring to the customer is saving time on cooking or travelling for food.

While the food delivery market is very profitable, the entry into such a market is not very accessible
to a lot of innovative startups. This is because companies like Uber Eats capture a large portion of
the market share, thus they can dictate the usual practices within it. For example, in the Netherlands,
the main food delivery practices are to use bikes to deliver the food, which requires a low initial
investment, but suffer from inconsistent delivery times due to traffic. Moreover, most of the personnel
used to deliver food are paid only minimum wage, while they have to endure rainy and windy days.
Furthermore, the monopoly some of these companies have in different regions results in unjustified
price increases without much risk of competition.

Over the last few years, a new subsidiary of the food delivery market has experienced an increased
interest in the eyes of customers and restaurants, namely, drone food delivery. This emerging market
offers easier access for innovative startups to kick off their business, as it brings significant improve-
ments over the standard business model. The price per delivery is drastically reduced due to the
automation of the drones, not requiring human personnel to deliver, while the delivery consistency
is also increased as drones can bypass traffic. These advantages have the potential to close the gap
between startups and the larger corporations in the food delivery market.

The objective of this report is to design a fully autonomous fleet of drones capable of delivering
at least 200 pizzas in one evening in a Delft-like urban environment with minimal operational cost
and environmental impact by ten students in ten weeks. This aim comes from the restaurant’s need
for a cheaper, faster, safer, more reliable, and more sustainable last-mile delivery system in urban
environments. This is going to be achieved by creating a business, manufacturing, and operations
plan for the conceptual design, in which each required subsystem is explored. Literature study of
other companies’ business models and drone design will be used to build the preliminary tools used
in designing both the drone and its operations. While the scope of the project is ambitious, the time
limit of ten weeks will limit the advancement towards the final aim; thus, only a preliminary design is
expected as the end result of the DSE.

'URL https://wuw.grandviewresearch.com/industry-analysis/online-food-delivery-market-report [cited
13 June 2025]
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Project Overview

This chapter presents an overview of the work done during the project baseline phase. This is centred
around establishing a strong systems engineering foundation upon which the following design phases
can expand. This is done through a functional analysis as presented in Section 2.1, a technical risk
assessment as described in Section 2.2, and the formulation of the system requirements as seen in
Section 2.3.

2.1. Functional Analysis

Before the conceptual design phase, a functional analysis of the system was conducted as a starting
point in the design and as a tool for the formulation of specific system requirements. This entailed
the design of the functional flow diagram presented in Subsection 2.1.1, and the functional breakdown
structure presented in Subsection 2.1.2.

2.1.1. Functional Flow Diagram

A functional flow diagram (FFD) was set up for this design to aid the design process. Every block
in the FFD represents a function that the design has to be able to perform, as derived from the
stakeholder requirements. It shows all the steps of the design, starting with the design of the systems,
followed by the manufacturing of the drone. The next step is the assembly, integration, and testing,
where the drone is mainly assembled, combining the interfaces of the subsystem, and subsequently
performing testing for verification and validation. The next block is the operational life of the drone.
Finally, the last two blocks are the maintenance, repair, and overhaul, grouped together, and the
decommissioning of the system. The whole diagram can be found in Figure 2.2.

2.1.2. Functional Breakdown Structure

The Functional Breakdown Structure (FBS) is a more detailed FFD, meaning that this diagram goes
one level further in the definition of functions, but the main difference is that the FBS does not capture
any sequential order. This means that from the FBS, it can not be seen which function follows upon
the other. The whole diagram can be found in Figure 2.3.

2.2. Technical Risk

This section builds upon the technical risk assessment performed in the previous reports [1][2] by
identifying and mitigating additional risks specific to subsystems in Tables 2.2 and 2.3, respectively.
Figure 2.1 graphically shows the effect of mitigation and contingency plans on a risk map.

Table 2.1: Likelihood and severity score descriptions

Likelihood Probability (P) Severity Description
(L) (8)
1 0.0<P <01 1 Negligible: Minor inconvenience or non-

operational impact

2 0.1<P<03 2 Marginal: Degradation of secondary mission or
minor reduction in technical performance
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3 03<P<05 3 Moderate: Non-negligible but acceptable reduc-
tions in performance

4 0.5 <P <07 4 Critical: Mission success is questionable or signif-
icant reduction in performance

5 0.7<P <10 5 Catastrophic: Mission failure or significant non-
achievement of performance

Table 2.2: Risks identified for the all functional phases; highlighted risks have been managed (Table 2.3)

Identifier Description L S
TR-~-DES-P-06 Inaccurate aerodynamic performance estimation leads to reduced range 2 4
TR-DES-P-07 Noise levels exceed acceptable urban limits 3 3
TR-MAN-P-05 Manufacturing defects in custom-designed propellers 2 3
TR-AIT-P-05 Improper sensor calibration leading to general loss of performance 2 3
TR-OPS-P-21 GPS spoofing/jamming in urban area disrupts autonomous navigation 2 4
TR-OPS-P-22 Battery overheating in hot weather during multi-delivery missions 2 4
TR-MRO-C-04 Incompatible software version during routine maintenance update 1 2
TR-EOL-S-02 Improper battery disposal causing environmental damage 2 3

Table 2.3: Risk control measures and responsible member (initials) for the most critical risks; number of arrows
indicate point reduction in score

Identifier | Mitigation plan Contingency plan NL NS

TR-DES-P- | Perform high-fidelity CFD simula- | - 1l 4
06 tions (AW)

TR-DES-P- | Use high-accuracy noise estimation | - 2) 3
07 models (FV)

TR-OPS-P- | - Define emergency override and land- 2 3]
21 ing protocols

TR-OPS-P- | - Design active/passive thermal man- 2 3}
22 agement system (SS)

<}~ TR-DES-P-06

4 L TR-OPS-P-21
I_ TR-OPS-P-22
v
z TR-MAN-P-05
g3 TR-AIT-P-05 <{— TR-DES-P-07
K] ™ TR-EOL-S-02

N

TR-MRO-C-04

1 2 3 4 5
Likelihood

Figure 2.1: Technical risk map before and after implementing risk mitigation and contingency plans; arrows indicate
the effect of risk control

2.3. System Requirements

At this stage in the design, more details of the mission are known, leading to a revised list of system
requirements. Most of the TBD placeholders were replaced with more accurate numbers, and some
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requirements have been added, removed, or modified. Additionally, for clarification, some definitions
used in the requirements are provided:

e Mission planning: The planning for which drone picks up which order at what time. See
Section 12.2 for more information.

e Path planning: The planning for how exactly a drone goes from point A to point B. See
Section 12.3 for more information.

e Computing module: The subsystem in charge of calculating path and mission planning, as
well as all the communication between drones and the depot and/or control centre. This may
be inside the drone, outside the drone, or split between the two.

e User interface: The interface used by the customers to place orders.

Table 2.4: System requirements (CT: category, F: functional, O: operational, C: constraint) and verification methods

(VM: verification methods, T: test, A: analysis, I: inspection, D: demonstration)

Identifier System Requirement CT | VM
RQ-01-01-01 Each requirement shall be verifiable by means of testing, inspection, anal- F I
ysis, or demonstration.

RQ-01-01-02 Each requirement shall be written in accordance with the VALID protocol. 0] I
RQ-01-01-03 The design of the drones shall be verified for compliance against each re- O I
quirement by means of testing, inspection, analysis, or demonstration.

RQ-01-02-01 The production plan shall specify materials to be used for each component. F I
RQ-01-02-02 The production plan shall specify all manufacturing processes required. F I
RQ-01-02-03 The production plan shall specify the interfaces of components. F I
RQ-01-02-04 The production plan shall specify assembly of components. F I
RQ-01-02-05 The production plan shall specify testing procedures for the design. F I
RQ-01-03-01 A drone shall be able to collect pizzas at the restaurants. F D
RQ-01-03-02 A drone shall be able to accommodate a pizza with a diameter of at least F D

45 cm.
RQ-01-03-03 A drone shall be able to deliver pizzas at specified locations. F D
RQ-01-03-04 The drone shall remain intact throughout all planned mission profile F D
phases.
RQ-01-04-02 A drone shall have a range of at least 5km when at maximum payload F T
weight.
RQ-01-04-03 A drone shall have a total range of at least 10 km. F T
RQ-01-04-06 A drone shall be able to carry at least 45 by 45 by 30 cm? of volume. F I
RQ-01-04-07 | A drone shall be able to carry at least 2.5 kg of payload. F D
RQ-01-04-08 The drone shall be able to land in a 2 by 2m? area. F D
RQ-01-04-09 The drone shall be able to land at an incline of at least 10°. F T
RQ-01-05-01 The computing module shall be able to perform mission planning in com- F A
pliance with other requirements given the current state information.
RQ-01-05-02 The computing module shall be able to perform path planning in compli- F A
ance with other requirements given the current state information.
RQ-01-05-03 A drone shall not deviate more than 1 m from the planned path at any 0] T
point during nominal operations.
RQ-01-05-04 A drone shall be able to recognise obstacles in a 20 m radius F D
RQ-01-05-06 The drone path shall keep a distance of at least 3m from any obstacle, @) T
barring proximity operations at the depot, the restaurant, and the customer
locations.
RQ-01-05-08 A drone shall be able to communicate with the depot during nominal op- F D
eration.
RQ-01-05-10 A drone shall be able to estimate position with a 1.5 m accuracy. F T, A
RQ-01-05-11 A drone shall be able to estimate velocity with a 1 m/s accuracy. F T, A
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RQ-01-05-12 A drone shall be able to perform acceleration estimation with a 0.5m/s? F T, A
accuracy

RQ-01-05-13 A drone shall be able to estimate battery charge percentage with a 3% F T, A
accuracy.

RQ-01-05-15 A drone shall maintain an energy reserve level of at least 20% at all times F D
during nominal operations.

RQ-02-01-01 The path planning algorithm shall adapt paths to account for weather F A
updates.

RQ-02-01-03 The fleet shall be recalled to the depot if the average temperature in the O D
city goes below 0°C.

RQ-02-01-04 | The fleet shall be recalled to the depot if average wind speed in the city O D
exceeds 7m/s.

RQ-02-02-01 Each sensor group and safety-critical mechanism shall have N+4+1 redun- C I
dancy.

RQ-02-02-02 Each drone depot shall have at least 1 drone operator personnel on standby. O I

RQ-02-02-03 A detailed sensor malfunction protocol shall be defined for each sensor. O I

RQ-02-03-02 | A drone shall communicate detected collision risks with the computing F D
module.

RQ-02-03-03 The computing module shall be able to compute the path plan in less than F T
12s.

RQ-02-03-04 The computing module shall be able to compute the mission plan in less F T
than 30s.

RQ-03-01-01 The cost of each drone shall not exceed €10,000. C I

RQ-03-01-02 The initial set-up cost of the business, including the cost of the drone fleet, C A
shall not exceed €500,000.

RQ-03-02-01 The profit of the business shall exceed 0% in 5 years of operation. F A

RQ-03-02-02 The objective function of the operations planning algorithm shall maximise O A
profit given the parameters of the model.

RQ-03-03-01 The operational costs of the business shall be lower than the operational F A
costs of current delivery systems for equal revenue generated.

RQ-03-03-02 The drone delivery system shall have fewer delays than current pizza deliv- F A
ery systems for an equal number of orders delivered.

RQ-03-04-01 Fewer than 1 in 100 deliveries shall incur minor accidents, defined as inci- F A
dents that cause damage but allow continuation of drone operation.

RQ-03-04-02 Fewer than 1 in 100,000 deliveries shall incur major accidents, defined as F A
incidents that cause damage and disallow continuation of drone operation
and/or injury to people.

RQ-04-01-01 At least 70% of the structural mass of a drone shall be recyclable by cur- F A
rently available technology.

RQ-04-01-02 The operational energy consumption shall be lower than that of current F A
alternatives for equal operational revenue.

RQ-04-02-01 Employees shall be compensated in accordance with local union rates. O I

RQ-06-01-01 The mission planning shall constrain the earliest delivery time to the sched- @) I
uled delivery time.

RQ-06-01-02 Loitering protocols shall be defined. 0] I

RQ-06-02-01 The path planning shall provide delivery time estimates with a 90% confi- F A
dence interval of 120 sec.

RQ-06-02-02 The path planning shall update delivery time estimates every 60s. F D

RQ-07-01-02 The maximum tilt angle of a pizza container during delivery shall not C T
exceed 15° from the axis with no lateral force.

RQ-08-01-01 The user interface shall display all restaurants available for delivery. F I

RQ-08-01-02 The user interface shall display approximate available delivery times for F I

each restaurant.
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RQ-08-02-01 The user interface shall provide live order tracking with location updates I
every 60s.

RQ-08-02-02 The user interface shall provide a live delivery time estimate with updates I
every 60 s.

RQ-08-02-03 The user interface shall provide a confirmation upon delivery. I

RQ-09-01-01 A drone shall emit no more than 50 dBA of sound pressure level as measured T, A
on the ground during cruise flight.

RQ-09-01-03 The mission and path planning algorithm shall apply a penalty to the I
objective function for noise emissions near residential buildings.

RQ-09-02-01 The drones shall only collect video footage essential for guidance, naviga- I
tion, control, and obstacle avoidance.

RQ-09-02-02 A drone shall not collect audio measurements at any point during opera- I
tion.

RQ-09-02-03 The video footage collected for guidance, navigation, and control shall be I
handled strictly in accordance with TBD protocol.

RQ-09-02-04 The system shall allow residents to request a drone path audit or raise a I
privacy concern via an online portal.

RQ-09-03-01 The number of drones within a 10 m radius at any location other than the T, A
depot shall not exceed 2.

RQ-09-03-02 The drone shall provide a 2 m safety clearance when the customer picks up T, A
the order.

RQ-09-03-03 The drone shall verify an unobstructed landing site prior to initiating land- T, A
ing.

RQ-10-01-01 The path planning shall not plan paths through designated no-fly zones. I

RQ-10-02-02 A drone shall emit no more than 70 dBA of sound pressure level at any T, A
point during its operations.

RQ-10-03-01 | The location(s) of the depot(s) shall be restricted to legally permissible I
locations.

RQ-10-03-02 Employees shall be paid a compensation of at least the legal minimum I
wage.

RQ-12-03-01 The drone shall be equipped with a remote identification system as per I
EASA regulation.

RQ-13-01-01 The payload bay shall be washable. D

RQ-13-01-02 | The payload bay shall ensure the payload is only in contact with food-safe I
materials as defined by the Dutch National Institute for Public Health and
the Environment.

RQ-13-01-03 The payload shall be protected from ingress of dust, insects, and moisture T
while in flight.

RQ-13-02-01 The payload shall maintain an internal temperature of at least 63°C T, A
throughout a mission.

RQ-13-02-02 Temperature logs of the payload bay shall be recorded and stored for at I
least 30 days.

RQ-13-02-03 Food safety audits shall be performed at least once every 30 days. I

RQ-14-01-01 The project shall be thoroughly planned in the first week of the DSE in I
accordance with the given project management guidelines.

RQ-14-01-02 A dedicated Project Manager shall ensure adherence to TU Delft’s project I
management guidelines.

RQ-14-02-01 The design process shall be structured in accordance with given systems I
engineering practices.

RQ-14-02-02 A dedicated Systems Engineer shall ensure adherence to given systems I

engineering practices.




2.3. System Requirements

RQ-14-03-01 The design activities carried out during the DSE shall result in a prelimi-
nary design of an aerospace system from scratch as outlined in the Project
Guide.

RQ-14-03-02 The design activities carried out during the DSE shall involve the applica-
tion of aerospace disciplines covered in the bachelor curriculum.

RQ-14-04-01 The group shall define team operational procedures with regards to schedul-
ing and communication.

RQ-14-04-02 The group members shall strictly follow team operational procedures.

RQ-14-04-03 A dedicated Chairman shall ensure adherence to team operational proce-
dures.
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Business Overview

This chapter presents an overview of the business aspect of the project, including a comprehensive
analysis of the market and stakeholder ecosystem relevant to drone-based food delivery in the Nether-
lands, a business plan serving as a guideline for profitability, and a financial model to estimate costs,
revenues, and break-even timelines. The chapter begins with Section 3.1, which evaluates the current
food delivery market and emerging drone delivery sector, including competitive benchmarking. Next,
Section 3.2 identifies and prioritises key stakeholders, offering a management strategy for successful
project implementation. Subsequently, Section 3.3 outlines goals and strategies to ensure profitability,
while Section 3.4 forecasts costs and revenues across operational stages, estimating the time required
to achieve profitability. Collectively, these analyses establish the commercial viability and operational
context for the DronebezORgd system.

3.1. Market Analysis

In this section, the market analysis is presented. The section begins with the analysis of the current
situation of the food delivery market in Subsection 3.1.1. The size of the current and future market
is identified in Subsection 3.1.2. Then all competitors of the project are listed, and their relevance is
explained in Subsection 3.1.3.

3.1.1. Food Delivery in the Netherlands

For the DronebezORgd system to become a viable option, it should primarily be an all-around effective
option compared to current delivery methods. The focus here is on the end-user. The customer cares
mainly about two points: price and speed of delivery. This section, therefore, evaluates the current
market landscape in the Netherlands. At present, Thuisbezorgd is the market leader in the Netherlands
for food delivery methods, closely followed by Uber Eats, which, however, has a focus on larger cities.

Although customers typically only see the delivery fee when placing an order, the service fee charged
to restaurants plays a significant role in the final price paid by the customer. To maintain profitability,
restaurants often pass on these commissions by raising menu prices on delivery platforms. As a result,
customers indirectly bear part of the operator’s service costs through higher food prices in addition
to paying delivery fees.

Profit margins within the HoReCa sector are already tight; therefore, the substantial 30% fee presents a
significant challenge for operators, leaving restaurants with minimal profit. Nevertheless, this situation
creates an opportunity for services such as DronebezORgd to propose more competitive alternatives.
Usually, operators need to charge such a high fee to offset the delivery driver’s hourly wage. One of
the main benefits of DronebezORgd is that there is no need to rely on human operators, and therefore
can charge a lower fee. Restaurants usually pay 30% of the average order value of €26.1', meaning
€7.81 per delivery, a price point that DronebezORgd aims to compete with.

No precise data is available on the speed of delivery drivers in urban cities such as Delft or Amsterdam.
However, it is known that e-bikes, which are the primary mode of transport for deliveries, average
around 20 km/h (5.6 m/s) [3]. However, this does not account for peak hours, where this number could
decrease significantly.

"URL/https://kopvanbrabant .nl/artikelen/thuisbezorgd-kosten-ondernemer-11954.html [cited 2 May 2025
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3.1.2. Current and Future Drone Delivery Market

The current drone delivery market value is estimated at 528.4 million euros in the year 2024, with the
estimation that in 10 years, the market value will achieve 10.4 billion euros by the year 2034. From this,
35% of the market resides in US companies, and 65% of the market is capitalised by seven companies,
namely DJI, Zipline, Amazon Prime Air, Wing(Alphabet), Matternet, Flytrex, and Manna Aero.

The value of the market showcases the high revenue potential of a drone delivery company after
achieving the break-even point, considering the high amount of money capitalised by only the seven
companies mentioned. Moreover, the market share achievable can be substantial in the present, as the
number of successful drone delivery companies is still limited, but that is expected to change in the next
10 years. As more competitors start to better implement drone delivery into their services, starting
now can bring an achievable market share of around 10%, which is a great value for a high-profit
market such as drone delivery.

Lastly, the high monopoly of drone delivery services due to softer regulations in the US suggests that
the concept can be implemented successfully in the market. Thus, the moment when the Netherlands
relaxes regulations regarding drone delivery, DronebezORgd can be started as the first food drone
delivery company operating in the Netherlands. To measure the strengths and opportunities of this
market compared to the weaknesses and threats of this business, a SWOT analysis is conducted.

Table 3.1: SWOT analysis of drone delivery of food [1]

Helpful Harmful
Strengths: ‘Weaknesses:
- Speed & efficiency - Limited payload & range (4kg,
- Reduced traffic congestion (bypass 10 km)
road traffic) - Weather sensitivity (rain, wind, snow)
Internal | - Labor cost reduction (less manual work) - Battery life constraints (frequent
Origin - Environmentally friendly (zero recharging)
emissions) - Noise & public perception (noise
- Innovation appeal (attracts early pollution, privacy, safety)
adopters) - High upfront investment (R&D, drone
cost, software)
Opportunities: Threats:
- Regulatory advancements (regulations - Stringent regulations (EASA and
softening) global regulators)
- Rural & underserved areas (few viable - Airspace congestion & safety risks
competitors) (risk of mid-air collisions)
EXt‘?rf‘al - Partnerships with major brands - Cybersecurity threats (hacking & data
Critgm (customer data sharing) breaches)
- Medical & multipurpose use - Public pushback (privacy, noise safety
(diversification options) pushback)
- Smart cities & Al integration - Competition from ground robots
(automated ground transport)

3.1.3. Drone Delivery Competition

While the drone food delivery market is still young and growing, there are already a few companies
that have capitalised on the need for faster, cheaper, and more reliable food delivery options. Some
of these companies can be seen in Table 3.2, and different approaches have been attempted to make
drone delivery a profitable business. Companies like DJI focus purely on drone design and performance,
optimising for specific missions such as food delivery, while most of the other companies are creating

2URL https://www.gminsights.com/industry-analysis/delivery-drone-market [cited 2 May 2025]
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a service of drone delivery; thus, they have more control over the operations of the drone delivery
network.

Some of these drone delivery services, like Flytrex, focus on becoming a replacement for traditional food
delivery platforms like Uber Eats or Thuisbezorgd, while services like Manna are working alongside
the Thuisbezorgd platform to implement drone food delivery. Finally, companies like Flyzipline are
more focused on per-restaurant implementation for food delivery, for restaurants that do food delivery
themselves without using food delivery apps.

Even though in the beginning the company will focus on the drone food delivery market, there is always
the option of expanding the business beyond that, by starting to compete with existing successful food
delivery companies like UberEats and Thuisbezorgd that use bikes and cars in the Netherlands, this
being achievable by reducing the cost per delivery towards €1-2 by implementing complete automation
of the delivery drone fleet while still offering drone advantages like speed, efficiency, and consistency.

Table 3.2: Financial aspects of drone food delivery competitors [1]

Company]
name

Selling points

Cost per
drone [$]

Cost per
delivery

[8]

Investment
required?

[8]

Flytrex

Suburban on-demand food drone delivery in the US,
FAA approved, tether system food drop, local restau-
rants integration through native app

850*

0

3M

Wing (Al-
phabet)

Urban, suburban, and rural areas food drone deliv-
ery worldwide, large volume automatic food delivery,
station-based deployment

Unknown

13

Unknown

DJI

Drone hardware seller to food delivery compa-
nies and restaurants, one of the most advanced,
developer-friendly friendly and cost-effective drone
manufacturers

20,000

Unknown

30M

Matternet

Urban drone for medical and food delivery using
drone stations for loading and unloading, govern-
ment approved, focused on an infrastructure model

7,500

Unknown

9.5M

Flyzipline

Urban and remote locations medical and food de-
livery, autonomous and long range delivery, uses
”droid” drop system for precise delivery, proven
track of national-wide delivery networks

Unknown

17

6.6M

Manna

Food and grocery delivery focused on super fast drop-
off in low-rise suburban areas, pushing for sustain-
able food deliveries

Unknown

5.2M

Table 3.3: Performance of drone food delivery competitors [1]

Company name Max. speed [km/h] Max. payload [kg] Max. range [km]
Flytrex 50 2.5 3.75

Wing (Alphabet) 104 2.3 6.5

DJI 72 52 16
Matternet 57.6 2 20
Flyzipline 112.65 3.62 16

Manna 129 4 2

3The investment required refers to the seed investment necessary for the company to implement the created design
into actual drone prototypes and other facilities required to produce revenue.

4For the Flytrex company, the very low cost per drone and the free drone delivery fee come from their unique business
strategy, which is focused on fast customer acquisition first at the expense of selling their drones and services at a loss,
with the idea of becoming the most used food delivery platform before increasing their prices.
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3.2. Stakeholder Analysis

To address relevant stakeholders and arrive at guidance for decision-making, stakeholder analysis is
performed by understanding their needs and setting their priorities. Key project stakeholders are
evaluated based on their interest and influence, both rated 1-10:

o Investors: Financial backers with high oversight (7,9)
o Restaurants: Service partners (6,7)

o Customers: End-users (6,5)

o General Public: Community impact (4,2)

o Local Government: Municipal oversight (5,4)

o Airports: Minimal involvement (1,1)

o EASA: Airworthiness authorities (1,9)

o NVWA: Food safety regulators (3,10)

o TU Delft Faculty: Academic evaluators (8,9)

o DSE Group 18: Core implementers (10,7)

By grouping the stakeholders based on their interest and influence, an overview of how to manage
them can be created as follows:

e Manage Closely: Investors, regulators, faculty
o Keep Satisfied: Restaurants, customers
o Keep Informed: Local government

e Minimal Contact: General public, airports

This will be used in the project to guide the design and requirements.

3.3. Business Plan

To ensure the financial viability of the project, a business plan is made to fully demonstrate and explain
the essentials of the proposed business of DronebezORgd. This includes the explanation of the business
model and how DronebezORgd will generate revenue, as well as detailing the infrastructure needed
for the implementation of the business in a Dutch city.

Business Model

DronebezORgd is seen as a new alternative to services like Uber Eats. This means that the busi-
ness is composed of a portal through which customers place orders from partnered restaurants, and
DronebezORgd picks up and delivers those orders to the customers, taking a fee of the order value as
payment. Specifically, the portal will be designed such that an order is accepted or declined within a
very small time frame, according to the availability of the fleet. This implies that the control centre
needs to plan which orders can be accepted far into the future, to ensure orders do not go undelivered
due to a lack of available drones. Furthermore, the DronebezORgd fee is set at 25% of order value,
undercutting the market average of 30%.

The adoption of this business model implies that the portal through which orders are placed is well
known, meaning significant monthly marketing costs will be necessary to raise awareness of the solution.
It is expected, however, that customer adoption will be swift due to both the superior product of
quicker and cheaper deliveries, as well as the novel nature of the product, bringing in demand through
curiosity. Furthermore, the proposed business model brings in more revenue than the alternative of
working as a contractor for specific restaurants and providing deliveries for a flat fee, which is expected
to more than compensate for the extra marketing costs.
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To further increase the reliability in the success of the business model, a number of conservative
assumptions have been, and will be taken throughout the design of the BezORger and its operations.
These will be seen in conservative administrative and drone costs estimates in Section 3.4, conservative
design mission profiles in Subsection 11.2.1, and conservative noise estimates in Chapter 8. Together,
these are expected to result in a conservative estimate of profits, helping to prove the business’s
viability.

Business Infrastructure

The proposed business of DronebezORgd is designed to apply to any Delft-like city, that is, any Dutch
city of a similar size and population. That being said, it is expected that DronebezORgd would be a
viable and potentially very profitable model in much larger cities such as Amsterdam, due to the large
advantages that come with airborne delivery, such as the lack of need for road infrastructure, avoiding
traffic, as well as allowing for optimised route planning. As an initial business proposal, however,
DronebezORgd will design its operations specifically for the Dutch city of Delft. The reason for this
is twofold. Firstly, this will act as a case study, allowing for the detailed design of Delft-specific
operations, including a tailored selection of business variables such as the number of depots, their
locations, and the size of the drone fleet. And secondly, it will provide a more accurate estimate of
potential profits than would be obtained through simulated generic city data.

Specifically, the operations of DronebezORgd will be centred around one or two depots placed within
the city of Delft. The restriction on depot number is in place both due to the limited size of Delft
as well as limited initial investment capital. Each depot will contain all the necessary drone-related
infrastructure, including storage location, charging infrastructure, and maintenance infrastructure. All
drones will therefore leave from and return to the depot after each trip. The depot will also house at
least one drone operator for every 10 drones, able to take control of any drone if the need presents
itself. Additionally, the depot will contain the control centre used to give instructions to each drone.
Finally, an admin centre, which may or may not be integrated into the depot, will act as an office for
all administrative staff of DronebezORgd.

Furthermore, for the implementation of the business in Delft, it is assumed that work will be done
with the local airspace regulators to loosen restrictions on drone operations. Currently, the restrictions
on drones in almost all Dutch cities render DronebezORgd infeasible. It is therefore expected that
regulations will develop favourably, and all estimates are made assuming this is the case.

3.4. Financial Model

In this section, the profitability of the business is further explored. The section starts with a list of
assumptions used during the financial analysis and forecasting of the project in Subsection 3.4.1. This
is then followed by the estimated costs of the business in Subsection 3.4.2, and finally ends with the
return on investment analysis in Subsection 3.4.3.

3.4.1. List of Assumptions

Considering the broad scope of the financial model analysis and forecasting, particularly when long-
term performance or market behaviour were involved, it was rather convenient to include several
assumptions to lower the complexity of the estimation while maintaining a high fidelity of the future
envisioning. To provide a simple yet reliable financial model, the following assumptions have been
adopted:

e AS-FM-01: The production cost is said to be constant per drone.
No extra discount due to large order of material to lower the complexity, estimated based on
similar drone designs.

e AS-FM-02: Maintenance costs per delivery remain constant.
In fact, this is an average value based on estimation and, taking into account the drone insurance,
more severe damages to the drone shall be referred to insurance for recovery.
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e AS-FM-03: Annual spare parts cost is proportional to fleet size.
Considering the need for contingency, a 15% buffer of total drone production cost for spare parts
s added.

e AS-FM-04: Insurance cost per drone is a one-off cost for the useful life of it.
With regards to both customer safety and business profile protection, an insurance shall be needed
for the drone while operating.

e AS-FM-05: Late deliveries are assumed to be charged with a penalty, the incident is averaged
by the frequency.
A compensation shall be provided to customers if the order is late.

e AS-FM-06: Electricity costs have fixed and variable components.
Electricity cost is composed of mission consumption, which is variable per mission, as well as
utilities in offices, depots and battery charging.

e AS-FM-07: The rent cost is linear with respect to both the size, as well as the distance to the
city centre.
This conclusion is based on a regression plane generated from data collected from several adver-
tisement websites, in which more than 80 samples were taken for regression to estimate the rent
better.

e AS-FM-08: Apart from fixed monthly pay, drone supervisors’ pay rate varies with the number
of drones this person supervises.
The number of administrative staff is fized, drone supervisors are scaled with the number of
drones, and the number of maintenance people depends on the number of depots.

e AS-FM-9: For both depot construction and equipment cost, they are mostly fixed, with varia-
tion due to the number of depots and drones
Taking into account the construction material cost and temporary freelancer hiring, as well as
office and workshop equipment.

e AS-FM-10: Licensing and marketing costs remain fixed regardless of operational scale.
Assuming a fixed drone license cost, monthly software licensing cost, and monthly marketing cost.

e AS-FM-11: The administration centre cost is independent of operations size.
This follows from the number of administrative staff being fized.

3.4.2. Estimated Costs

DronebezORgd’s operational cost structure includes various categories essential for running a drone-
based delivery service. Drone production is estimated using data from other competitors and sized
for the expected payload. Drone maintenance is divided into routine check-ups, partial maintenance,
and major repairs. Spare parts scale proportionally with the fleet size, assuming a percentage of the
fleet will require full part replacements. Insurance covers civil liability (injury or property damage)
and hull insurance for drone damage. Order reimbursements represent the costs of compensating
customers for their delayed deliveries. Electricity includes energy use for the administration centre,
depots, control centre, and drone charging, estimated from typical consumption per area and drone
battery usage. Facility rent is based on property area and distance from the city centre, calculated
using real estate data and regression modelling. The staff costs include administrative workers, drone
operators, controllers, and depot personnel, which scale with the number of drones and depots. Depot
construction is a one-time cost, depending on the fleet size. Equipment covers office equipment, depot
maintenance tools, and drone-related hardware like chargers. Licensing includes recurring software
license fees and a one-time license for legal drone operation. Finally, marketing has an annual cost
based on industry standards for promotional activities and brand development.

The cost estimations have been tabulated in Table 3.4. For each cost type, the relations have been
written out as term-wise expressions showing which variables they depend on. These variables have
been given the following symbols: ngrones, the integer number of drones; ngeliveries, the integer number
of deliveries; 3 gepots, @ boolean which is unitary if a second depot is used and zero otherwise; and
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Tdepot, the distance of the depot to the city centre in metres. The symbol ”-” is used for (the parts of)
the cost types that do not depend on any variables.

Table 3.4: Cost estimation model for different cost types and how they depend on free variables. One-time costs are
in euros, and recurring costs are in euros per month [2]

Cost type Unit Variables Coefficient
Drone Production [€] Ndrones 10,000
Drone Maintenance [€] Ndeliverios 0.65
Drone Spare Parts [€] Ndrones 1,500
Drone Insurance [€/month] Ndrones 67
Order Reimbursements [€] Ndeliverios 0.25

_ 113.45
Electricity [€/month] | Z3 gepots 20.02

Ndrones 2.70

[€] Ndeliveries 0.42

- 2.738.06
Facilities Rent [€/month] 2 depots 2,131.46

Trdronos 19.92

Tdepot 15 'depot 2 —0.85

; 14,250
Staff [€/month] T2 depots 2,700

Tdrones 255°

; 34.050
Depot Construction [€] T2 depots 20,430

Ndrones 2,724

; 4,000
Equipment [€] T2 depots 1,000

Ndrones 140
Licensing [€/month] - 68

€] _ 10,000

Marketing [€/month] | - 8,334

3.4.3. Estimated Return on Investment

This preliminary analysis estimates the Return on Investment (ROI) and break-even point for the
DronebezORgd system across pessimistic, realistic, and optimistic scenarios. Assumptions include
a constant 3% annual inflation, no market share growth for five years, and no delivery performance
improvements. Key variables analysed were cruising altitude, a 15-second flight transition, and varying
waiting/pickup times. Battery swaps were estimated at five minutes per five deliveries. Projected
deliveries per drone per evening were based on weekly pizza orders in Delft, with drone numbers and
order volumes varying across scenarios (e.g., optimistic: 19 drones, 1,728 orders/week; realistic: 16
drones, 1,648 orders/week; pessimistic: 13 drones, 1,568 orders/week). Calculated ROI ranges from
152% to 357%, with break-even periods between 1.5 and 3.8 years. The realistic scenario forecasts a
260% ROI and 2.5-year break-even.

5In actuality, only an increase in ten drones results in a staff cost increase of €2,550, beyond the first ten drones.



Conceptual Design

During the conceptual design, the work from Chapter 2 is expanded upon. Whereas before, the
systems engineering foundation was established, this was later built upon to proceed with the design.
Specifically, the conceptual design stage began with the selection of a specific design concept through
the use of trade-offs as described in Section 4.1. This allowed for a preliminary budgeting to be done
in Section 4.2. Next, a subsystem-based design approach could be established as seen in Section 4.3,
after which, subsystem requirements could be formulated in Section 4.4 to set a framework for the
design of each subsystem.

4.1. Trade-Offs

Trade-offs are used on multiple occasions during the design of DronezeORgd. The purpose and use
of trade-off is described in Subsection 4.1.1, the trade-offs from earlier concepts are summarised in
Subsection 4.1.2; and the trade-off use in the subsystem design is described in Subsection 4.1.3.

4.1.1. Trade-Offs in the Design Process

Trade-offs were a key part of the systems engineering approach employed in the development of the
DronebezORgd fleet. Throughout the project, trade-off analysis was used as a decision-making tool
to objectively evaluate design options, balance competing requirements, and guide the design toward
a feasible solution.

In complex system design, individual components often interact or place constraints on others, and
no single solution optimises all performance metrics. Trade-offs allowed the team to compare alterna-
tives based on relevant criteria, evaluate the robustness of decisions through sensitivity analysis, and
ultimately select solutions that performed best when considering the system as a whole. This method
is not only useful but also necessary for the preliminary design stage and the scope of the Design
Synthesis Exercise, given the limited timeframe.

A consistent graphical trade-off method was adopted across the project. First, relevant criteria were
identified and weighted based on their importance to the system requirements, and where relevant, at
the subsystem level, making sure that the weights sum up to 1. Each concept was then scored on a 1-5
scale for each criterion. To aid interpretation and reduce ambiguity, colour-coded scores were used,
where green indicates a strong performance and red indicates unacceptable performance, decided with
respect to the degree of compliance with requirements. A red score would therefore deem the design
concept unfeasible and immediately remove it from further consideration in the trade-off.

This has been highlighted in Table 4.1 together with the corresponding scores and colour scales. The
best-performing concept was selected, with numerical sensitivity analysis performed on the weights
assigned for the trade-off criteria in cases where multiple concepts were found to perform closely. The
sensitivity analysis on the final scores of each concept was deemed useful to assess robustness against
changes in weighting and select a feasible concept from the trade-off process that complied with all
the requirements.

17
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Table 4.1: Ranking categories of the lifting configuration trade-off

Compliance Exceeds re- | Meets require- [ Minor cor- | Major cor- | Unacceptable

level quirements ments rectable  defi- | rectable  defi- | deficiencies
ciencies ciencies

Score 5 4 3 2 1

4.1.2. Early Concept Trade-Offs

One of the first major decisions was the selection of a lifting configuration for the drone. Four concepts
were evaluated:

o Multicopter o Fixed-wing eVTOL with vertical and hori-
zontal propellers

o Slingshot-launched fixed-wing e Fixed-wing with tilt rotors

The graphical trade-off method was used to compare the options based on five weighted criteria: safety
(30%), payload handling (25%), operational cost (25%), site/setup cost (10%), and sustainability
(10%). These weights were chosen subjectively based on the requirements, but were further supported
by the use of the Best-Worst Method. This method simplifies the problem of assigning weights to five
criteria simultaneously and instead involves the selection of the most important (best - safety) and
least important (worst - sustainability), followed by scoring the other criteria relative to these based on
their importance. An optimisation problem can be formulated aiming to minimise the inconsistencies
in the scoring and arriving at weights for the trade-off criteria. More information about this method
can be found in the [1].

The slingshot-launched concept was eliminated early due to infeasibility in pickup operations, and the
tilt-rotor was deemed too complex and unsafe. The two remaining candidates, multicopter and fixed-
wing eVTOL, performed similarly overall, but each had distinct advantages: the multicopter excelled
in payload handling and safety, while the eVTOL offered superior energy efficiency and sustainability
during cruise.

Sensitivity analysis revealed that changing the weight of operational cost or sustainability favoured
the eVTOL primarily due to its higher energy efficiency, while increasing the importance of safety
or payload handling favoured the multicopter due to its lower complexity. Given the comparable
performance and to maintain academic challenge and innovation, the fixed-wing eVTOL was selected
as the final lifting configuration.

Table 4.2: Graphical trade-off of the lifting configuration of the delivery drone

Criterion Site & | Operational cost | Safety Sustain{ Payload
Lifting setup ability | handling
configuration | cost
Multicopter nominal | low energy effi- | nominal loud, small size, high ma-

ciency big noeuvrability
battery
Slingshot- expens- | nominal nominal, high stability [ single cannot land at
launched ive infr- but low manoeuvrabil- | use restaurants for
fixed wing astruc- ity para- pickup
ture chute

Fixed wing | nominal | nominal, high en- | low manoeuvrability quiet, nominal
with vertical ergy efficiency smaller
and horizon- battery
tal propellers
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Fixed wing | high costly maintenance | unsafe vertical to hor- | quiet, nominal
with tilt | produc- izontal rotor position | smaller
rotors tion transition, complex battery

cost

A second, critical early trade-off was the selection of the payload delivery method. The five considered
options included:

e Landing before unloading e Parachute drop

o Tethered release while hovering o Drop-off/pick-up stations

e Low-altitude drop

The low-altitude and parachute drop methods were eliminated early due to safety and reliability
concerns. The remaining three were evaluated based on interface with restaurant (25%), interface with
customer (25%), payload protection (20%), energy management (20%), and geographic compatibility
(10%).

Table 4.3: Graphical trade-off of the payload delivery method

Criterion Interface with | Interface with | Payload pro-| Geogr. | Energy man-
Delivery restaurant customer tection com- agement
Concept patab.

Landing nominal, on- [ noise, apparent | nominal larger nominal, on-
ground loading safety is lower (flat) ground  while
space waiting
needed
Pick-up sta- | restaurant staff | consumer must | active heating | station [ drone does not
tions must walk walk to get order | of order at pick- | con- have to wait
— no longer home | up station struc-
delivery tion
Tethered re- | trickier and more | appears quieter and | order more ex- | smaller, | hovers while
lease stressful to load | safer due to physi- | posed to envi- | but waiting
tethered container cal distance ronment on de- | may
scent tangle
in wind

While tethered release scored relatively well in interface with the customer and energy management,
it introduced significant mechanical complexity. Pick-up stations provide a poor customer experience
as the customer would have to walk to their nearest pick-up station, contradicting the fundamental
point of a pick-up delivery service. Ultimately, the landing before unloading method was selected for
its simplicity and easy integration with existing restaurant loading operations, despite slightly lower
performance in customer interface due to its additional noise and perceived safety.

This decision also aligned with the philosophy of reducing mechanical subsystems and simplifying
software complexity, key considerations for a startup-phase product. In this case, no further sensitivity
analysis was necessary, as the trade-off and qualitative reasoning together supported the final choice.

4.1.3. Trade-Offs in Subsystem Design

Trade-offs were also performed throughout the detailed design phase, including decisions on:

o Material selection (Table 5.1)
o Payload mechanism selection (Table 6.1)

 Flight computer selection (Table 6.5)
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o Battery type selection trade-off (Table 7.4)

These trade-offs are discussed in their respective chapters to showcase how subsystem-specific require-
ments, risks, and design integration shaped final decisions.

4.2. Budget Breakdown

Technical resource budgets and contingency management are highly important in any project to aid
the design of the system and its underlying subsystem. At this stage of the project, after the selection
of the lifting and payload delivery configurations, an updated budget breakdown is presented.

While at this stage, the general configuration is known, allowing for an understanding of the com-
ponents present, accurate budgets remain difficult to establish due to a lack of data on low MTOW
eVTOLs such as the BezORger. Contingencies are used as a tool to account for these uncertainties.
The contingencies are given as a percentage of the subsystem fraction. Together with the contin-
gencies, the found budgets will be used as a starting point for the first iteration of the design. In
Subsection 14.1.3, this budget will be updated to allow for reflection of the changes.

To make the budgets, the BezORger was broken down into several categories related to the functions
of the system. These categories sometimes varied over the budgets based on available data. Each
category was then assigned a fraction of the total budget based on market research, where possible,
and engineering judgment where it was not. Contingencies were then applied by taking the element-
wise product of individual contingencies.

4.2.1. Mass Budget

The mass budget is calculated through a component-wise approach, based on fractional mass data
provided by [4]. The payload mass is assumed to be the design payload of 3kg (for six pizzas),
and the other component masses are derived accordingly. The data includes a pilot mass, which is
eliminated by proportionally increasing all other masses. While this approach is not optimal, there
is no data available for the fractional masses of small autonomous eVTOL drones, and this approach
is expected to be more accurate than using the values derived for simple quadcopters. Additionally,
larger contingencies are provided to components that could have different mass fractions at a lower
MTOW, such as the drone’s mass.

Table 4.4 summarises the mass budget. Based on the payload making up 15%, an estimated MTOW
of 20kg can be directly calculated. By including the component-wise contingencies, an estimated
MTOW of 22.1kg is found.

Table 4.4: Preliminary Mass budget

Subsystem Fraction [%] Contingency [%)] Target Mass [kg]
Payload 15 0 3

Energy Source 35 10 7.68

Structure 24 10 5.28

Propulsion 21 10 4.62

Systems 5 50 1.5

Total 100 10.5 22.1

4.2.2. Energy Budget

The preliminary energy budget of the drone per subsystem can be derived based on preliminary
estimates in the literature. As the battery is the main source of power in an eVTOL, the total available
energy can be found from the battery specifications. Moreover, most of the energy is consumed by
the propulsion system, which means that the other subsystems use negligible amounts of energy. The
payload also consumes energy, which greatly varies from mission to mission, and can be reflected in
the contingency margin.
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The total energy required is estimated by looking at a battery capacity of 22,000 mA h, which is normal
for the drone size considered in this project. Furthermore, based on the standard energy use fractions
found through market research, the energy use of each system was established as seen in Table 4.5.
The payload system was given an unusually high fraction of 5% due to the potentially high energy
use of pizza handling. The payload and avionics systems were given the largest contingency. This
is the case as systems such as pizza storage mechanisms and autonomous environmental perception
sensors may have unusually high energy usage when compared to standard statistical values, causing
uncertainties.

Table 4.5: Preliminary Power budget

Subsystem Fraction [%] Contingency [%)] Target Energy [mAh)]
Propulsion 90 10 21,800

Avionics 5 20 1,320

Payload 5 20 1,320

Total 100 11 24,440

4.2.3. Cost Budget

The cost budget plays a central role in any project funding as it drives the resources required to sustain
the project. However, estimating the cost breakdown of the drone per category is highly challenging
due to the differences in applications and the limited data on similar drones found in the market.
Moreover, cost breakdowns are not found for commercial drones to protect company interests. This
means that the preliminary cost budgeting will be done on a broader basis by looking at off-the-
shelf component costs. It is important to note that this method is not very reliable; however, large
contingencies are put in place to arrive at a cost estimated to be conservative. Operational costs are
also not included in this breakdown.

As in the other technical resource budgets, only eVTOL concepts are considered. The cost budget is
centred around perception equipment, as this is the subsystem with the most reliable pricing estimates
from market research. The perception subsystem is taken to have a cost of €1000. The other subsystem
costs are based on scaling this cost, leading to the results found in Table 4.6. Large contingencies are
chosen in every subsystem due to high uncertainties in pricing.

Table 4.6: Preliminary Cost budget

Subsystem Components Fraction [%] | Contingency | Target Cost
[7] [€]

Propulsion Motors, ESCs, propellers, | 35 50 2625
battery

Data Handling and | Flight controller, GPS mod- | 10 50 750

Communications ule, telemetry radio

Perception Cameras, perception sensors | 20 0 1000

Power management Power distribution board, | 10 50 750
voltage regulators, charging
infrastructure

Structure Frame, landing gear and as- | 30 50 2250
sembly supplies

Total 100 40 7375

4.3. Design Approach

At this stage, the conceptual design of DronebezORgd has been completed. A trade-off has been
conducted to select the lifting configuration of an eVTOL with vertical and horizontal propellers.
Furthermore, the payload delivery method has been determined, further narrowing the design space.
With these choices finalised, the preliminary detailed design phase can begin.
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The BezORger, along with its operations, is a very complex system. The design of such a system
cannot trivially be done in one step. Instead, a systems engineering approach is used to separate the
design into modules and allow for concurrent design. This is done by splitting the design into various
subsystems separated mostly by the functions that they provide. In the case of DronebezORgd, the
next steps entail not only the design of the BezORger but also its interactions with customers and
the operational structure and protocols used to run the business. This leads to a special focus in the
design on elements such as operations, payload handling, and noise. These elements are therefore also
considered as subsystems to be designed concurrently.

While this approach allows for an effective use of resources, as subsystems can be designed by spe-
cialised teams for maximal efficiency, the design must then be integrated iteratively to ensure a
coherent design. For this to be possible, all subsystems need to be designed in a parametric nature,
with the ability to quickly adapt to changing parameters. Iterations can then be performed across all
subsystems until a converged design is reached.

As a first step in the design, the subsystems of DronebezORgd are clearly defined in Subsection 4.3.1,
and their interfaces and interdependencies are described in Subsection 4.3.2; laying the foundation
upon which the next design phase begins.

4.3.1. Subsystem Breakdown

Given the increased complexity present in the following stages of design, the design of the drone
was divided into distinct yet interrelated subsystems. Each subsystem, while interrelated with the
others, is responsible for the design of distinct parts and functions of the design. As has already been
mentioned, additional subsystems specific to DronebezORgd and its success have been added. All the
identified subsystems, along with their responsibilities, can be found in the list below.

e Structures and Materials:
The structures and materials subsystem is responsible for providing load transfer on the Be-
zORger while accommodating every other subsystem on board. Specifically, the subsystem
designs the dimensions and materials of the airframe structure upon which the drone is built.

o Payload Handling and Avionics:
The payload handling and avionics subsystem is responsible for all the functions related to
payload handling, flight control, localisation, and communication. This entails the design of all
non-propulsion-related mechanical components of the drone and its avionics. The subsystem is
therefore responsible for the design of any payload-related mechanisms and other moving parts,
as well as the perception, flight control, and communication systems.

¢ Propulsion and Powertrain:
The propulsion and powertrain subsystem is responsible for converting stored energy into useful
thrust for the BezORger. This entails the design of the propellers, the battery, and accompanying
electrical components.

e Aerodynamics:
The aerodynamics subsystem is responsible for ensuring favourable flight characteristics of the
BezORger. This is done through the design and analysis of the wing planform and airfoil, as
well as the full drone configuration.

e Stability and Control:
The stability and control subsystem is responsible for ensuring the static and dynamic stability
of all 6 axes of motion of the drone. This entails the sizing of stabilising surfaces such as a tail,
finding the ideal wing position, and ensuring C.G. ranges fall within acceptable bounds.

e Performance:
The performance subsystem can be seen as an integration of those that come before it. Per-
formance is responsible for evaluating the drone’s performance and ensuring compliance with
mission requirements. To do this, the subsystem is tasked with modelling each flight phase and
the performance limits of the BezORger.



4.4. Subsystem Requirements 23

e Operations:
The operations subsystem is responsible for the operational fleet utilisation design. This entails
the design of a program capable of planning fleet deployment based on real-time orders and the
operational protocols accompanying it.

4.3.2. Subsystem Interface Management

In a multidisciplinary system like the DronebezORgd fleet, effective integration across subsystems
is crucial to ensure functional, reliable, and efficient design. Each subsystem has its unique design
requirements, but their performance and constraints are tightly interconnected.

To facilitate this integration, a structured interface management process was applied. This process
involved defining inputs and outputs for each subsystem, identifying dependencies, and enabling com-
munication flows early in the design process. This approach ensured that design decisions in one
subsystem accounted for the constraints and capabilities of others, while redundant or conflicting
requirements were resolved early.

To map these interdependencies, a Design Structure Matrix (DSM), also known as an N2 chart, was
constructed (Figure 4.1). Each row and column represents a subsystem. A mark at the intersection
of row ¢ and column j indicates that subsystem i requires input from subsystem j.

This chart was iteratively reviewed and refined as the design progressed, serving as a critical planning
tool throughout both the conceptual and preliminary design phases. In addition to the pairwise inter-
faces mapped in the N2 chart, several global system inputs and outputs govern the overall architecture
and integration strategy. These system-level inputs are primarily derived from the system require-
ments analysis and include the mission profile (e.g., range, payload capacity), operational constraints
(e.g., ambient noise limits, on-ground handling conditions), and financial targets (e.g., startup budget,
break-even targets, sustainability goals).

By establishing and managing these interfaces early, the team ensured a convergent design process,
in which all subsystems evolved cohesively under a shared set of performance targets and integration
constraints. This systems-level coherence allowed design iterations to remain focused, compatible, and
aligned with the project’s mission objectives.

4.4. Subsystem Requirements

After the definition of the subsystems in Subsection 4.3.1, a lower level of requirements can be defined,
subsystem requirements. Note that not all system requirements are broken down into subsystem
requirements, only those that relate specifically to subsystem capabilities. The subsystem requirements
for each subsystem can be found below.

Structures & Materials

Table 4.7: Subsystem requirements for the structures and materials subsystem

Identifier Subsystem Requirement Arises From

RQ-SM-01 The structure shall allow for quick partial repairs to not interrupting RQ-01-03-03
the operating framework on a large scale.

RQ-SM-02 The structure shall be water-resistant during light rain operations. RQ-01-03-03

RQ-SM-03 The structure shall withstand the maximum loading factor while RQ-01-03-04
maintaining structural integrity.

RQ-SM-04 The structure shall consider all loading cases with a safety factor of RQ-01-03-04
1.5 for contingency cases.

RQ-SM-05 The structure shall not fail because of axial loading. RQ-01-03-04

RQ-SM-06 The structure shall not fail because of shear loading. RQ-01-03-04

RQ-SM-07 The structure shall not fail because of bending stress. RQ-01-03-04
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RQ-SM-08 The structure shall not fail because of Euler buckling. RQ-01-03-04

RQ-SM-09 The structure shall not fail because of fatigue throughout all planned RQ-01-03-04
mission profile phases.

RQ-SM-10 The fuselage structure shall be able to accommodate all payloads, RQ-01-04-06
including pizzas, batteries, and sensors.

RQ-SM-11 The drone structure shall withstand a payload of 2.5 kg RQ-01-04-07

RQ-SM-12 The structure shall have at most a 2 by 2m? of projection area. RQ-01-04-08

RQ-SM-13 At least 70% of the structural mass of a drone shall be recyclable by RQ-04-01-01
currently available technology.

RQ-SM-14 The clearance of the propellers to the fuselage shall be at least 25 cm. RQ-09-03-02

Payload Handling & Avionics

Table 4.8: Subsystem requirements for the payload handling subsystem

Identifier Subsystem Requirement Arises From

RQ-PL-01 The payload handling subsystem shall allow for the loading of pay- RQ-01-03-01
load for multiple, separate deliveries.

RQ-PL-02 The payload handling subsystem shall allow for the unloading of RQ-01-03-03
payload for multiple, separate deliveries.

RQ-PL-06 The wingspan reduction mechanism shall retain the structural in- RQ-01-03-04
tegrity of the wing in all flight conditions.

RQ-PL-03 The payload bay shall be able to accommodate a payload volume of RQ-01-04-06
at least 45 by 45 by 30 cm?®.

RQ-PL-04 The payload bay shall be able to accommodate a payload mass of at RQ-01-04-07
least 2.5 kg.

RQ-PL-05 The wingspan reduction mechanism shall reduce the footprint of the RQ-01-04-08
drone to fit within a 2 by 2m? square.

RQ-PL-07 The wingspan reduction mechanism shall be able to lock in both RQ-01-04-08
final positions.

RQ-PL-08 The wingspan reduction mechanism’s locks shall have N+1 redun- RQ-02-02-01
dancy.

RQ-PL-09 Each sensor group of the payload handling subsystem shall have N+1 RQ-02-02-01
redundancy.

RQ-PL-10 The payload handling subsystem shall enable the internal surface of RQ-13-01-01
the payload bay to be washable.

RQ-PL-11 The payload bay shall be made of food-safe materials as defined by RQ-13-01-02
the Dutch National Institute for Public Health and the Environment.

RQ-PL-12 The payload handling subsystem shall prevent ingress of dust, in- RQ-13-01-03
sects, and moisture while in flight.

RQ-PL-13 The payload handling subsystem shall be able to maintain an internal RQ-13-02-01
temperature of at least 63 °C throughout a mission.

RQ-PL-14 The payload handling subsystem shall be able to record the internal RQ-13-02-02
temperature of the payload bay while carrying the payload.

Propulsion & Powertrain

Table 4.9: Subsystem requirements for the power and propulsion subsystem

Identifier Subsystem Requirement Arises From
RQ-PP-01 The vertical propeller diameter shall not exceed 45 cm. RQ-01-04-08
RQ-PP-02 The horizontal propeller diameter shall not exceed 50 cm. RQ-01-04-08
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RQ-PP-03 The vertical propeller(s) shall be able to provide a thrust of twice RQ-01-03-03
the maximum take-off weight under nominal operational conditions.
RQ-PP-04 The horizontal propeller(s) shall be able to provide a thrust of half RQ-01-03-03
the maximum take-off weight under nominal operational conditions.
RQ-PP-05 The motor for each propeller shall be able to provide the maximum RQ-01-03-03
required rotation rate.
RQ-PP-06 The motor for each propeller shall be able to provide the maximum RQ-01-03-03
required torque.
RQ-PP-07 The motor for each propeller shall be able to operate at the maximum RQ-01-03-03
power draw by the propeller.
RQ-PP-08 The motor for each propeller shall be able to operate at the maximum RQ-01-03-03
thrust generated.
RQ-PP-09 The battery shall be able to provide the required mission energy after RQ-01-04-03
accounting for efficiency losses.
RQ-PP-10 The battery shall be able to provide the maximum required voltage RQ-01-04-03
by the propellers.
RQ-PP-11 The battery shall be able to provide the maximum total power re- RQ-01-03-03
quired by all propellers and electrical components combined.
Aerodynamics
Table 4.10: Subsystem requirements for the aerodynamics subsystem
Identifier Subsystem Requirement Arises From
RQ-AERO-01 The aerodynamics shall be optimised for range. RQ-01-04-03
RQ-AERO-02 The wing shall have a maximum wing span of 3m. RQ-01-04-08
RQ-AERO-03 The drone model shall be verified using a CFD software. RQ-14-02-01

Stability & Control

Table 4.11: Subsystem requirements for the stability and control subsystem

Identifier Subsystem Requirement Arises From
RQ-SC-01 The drone shall remain stable in all 6 axes for the C.G. range between RQ-01-04-07
20%-60% MAC from the LEMAC
RQ-SC-02 The drone shall remain controllable in all 6 axes for the C.G. range RQ-01-04-07
between 20%-60% MAC from the LEMAC.
RQ-SC-03 The drone shall remain stable in all 6 axes for wind gusts up to 7m/s. RQ-02-01-04
RQ-SC-04 The drone shall remain controllable in all 6 axes for wind gusts up RQ-02-01-04
to 7Tm/s.
RQ-SC-05 The drone shall remain stable in all 6 axes when one of the propellers RQ-03-04-02
fails.
RQ-SC-06 The drone shall remain controllable in all 6 axes when one of the RQ-03-04-02
propellers fails.
Performance
Table 4.12: Subsystem requirements for the performance subsystem
Identifier Subsystem Requirement Arises From
RQ-PERF-01 The drone shall have a range of at least 5km when at maximum RQ-01-04-03
payload weight.
RQ-PERF-02 The drone shall have a total range of at least 10 km. RQ-01-04-02
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Operations
Table 4.13: Subsystem requirements for the operations subsystem

Identifier Subsystem Requirement Arises From

RQ-OP-01 Mission Planning shall comply with all other requirements. RQ-01-05-01

RQ-OP-02 Path Planning shall comply with all other requirements. RQ-01-05-02

RQ-OP-03 A dromne shall not deviate more than 1m from the planned path RQ-01-05-03
during nominal operations.

RQ-OP-04 Path planning shall plan paths which keep a distance of at least 3m RQ-01-05-06
from any obstacle, barring proximity operations at the depot, the
restaurant, and the customer locations.

RQ-OP-05 Mission planning shall plan routes which keep the drone within com- RQ-01-05-08
munications range with the depot at all times.

RQ-OP-06 The depot shall recall the fleet if the average temperature in the city RQ-02-01-03
goes below 0°C.

RQ-OP-07 The depot shall recall the fleet if the average wind speed in the city RQ-02-01-04
exceeds 7m/s.

RQ-OP-08 Each depot shall have at least 1 drone operator personnel on standby. RQ-02-02-02

RQ-OP-09 Mission Planning shall compute the high-level drone scheduling in RQ-02-03-04
less than 30s

RQ-OP-10 Path Planning shall compute the drone routing in less than 12s. RQ-02-03-03

RQ-OP-11 The operational profit shall offset start-up costs within 5 years. RQ-03-02-01

RQ-OP-12 The objective function of Mission Planning shall maximise profit, RQ-03-02-02
within the model constraints.

RQ-OP-13 The objective function of Path Planning shall maximise profit while RQ-03-02-02
reducing public disturbance, within the model constraints.

RQ-OP-14 Operations shall lead to minor accidents, defined as incidents that RQ-03-04-01
cause damage but allow continuation of drone operations, in fewer
than 1 in 100 deliveries.

RQ-OP-15 Operations shall lead to major accidents, defined as incidents that RQ-03-04-02
cause damage and disallow continuation of drone operations and/or
injury to people, in fewer than 1 in 100,000 deliveries.

RQ-OP-16 The operational energy consumption shall be lower than that of cur- RQ-04-01-02
rent alternatives for equal operational revenue.

RQ-OP-17 Mission planning shall constrain the earliest delivery time to the RQ-06-01-01
scheduled delivery time.

RQ-OP-18 Path planning shall provide delivery time estimates with a 90% con- RQ-06-02-01
fidence interval of 120s.

RQ-OP-19 Operations shall restrict the number of drones within a 10 m radius RQ-09-03-01
at any location other than the depot to 2.

RQ-OP-20 Path planning shall not plan paths through designated no-fly zones. RQ-10-01-01
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Structures & Materials

The structural integrity and material selection of the drone are critical to its performance, safety, and
operational feasibility. This chapter presents a systematic approach to analysing and designing the
drone’s load-bearing components under given flight and payload conditions from project constraints,
as well as lowering computational efforts with practical simplifications, taking into account the impact
of these assumptions, in Section 5.1. In Section 5.2, material selection is evaluated through a weighted
trade-off matrix, prioritising specific strength, manufacturability, and cost.

Given the complexity of full-scale finite element analysis (FEA), the design adopts an idealised struc-
tural framework that is explained in Section 5.3: the drone’s wings, fuselage, and empennage are
discretised into boom elements. Then, computations can be performed in an easier manner using
the analytical formulations, as described by Megson [5]. This method, combined with conservative
approximations on structural loads, provides insights into stress, bending, torsion, and displacement
behaviour. To address limitations of the boom theory, complementary ANSYS simulations are imple-
mented, ensuring a more comprehensive and realistic presentation of load distribution in the structure.

The chapter concludes with verification and validation of the employed methods in Section 5.4. Numer-
ical benchmarks, analytical models, and recommendations for future refinement, including dynamic
loading analysis and local stress concentration studies, are presented in this section.

5.1. Design Approach & Assumptions

An idealisation method was adopted to design the structural system of the drone. Namely, each main
component of the drone (wing, fuselage, tail) was divided into several cross sections, each one composed
of booms. By discretising the whole assembly into several arrays of booms, an easier computation
from the formulas in the book by Megson [5] can be performed, and, taking into consideration some
underestimates and overestimates of each parameter, a better modelling for the entire structure can
be made. Note that the number of sections and booms has a physical meaning; booms are spar caps or
stringers, and the sections are, in the case of the wing, the ribs. Meaning that increasing the number
of sections to infinity will not result in a better approximation of weight.

e AS-SM-01: The drone is symmetric, and joints are modelled as points.
For simplicity of analysis, unsymmetrical drone designs are not considered, and the structure is
simplified so that the connecting points do not introduce extra load.

e AS-SM-02: Idealised, discretised boom structures were used for numerical Finite Element
Analysis (FEA).
The drone’s load-bearing components are modelled as interconnected 1D boom elements carrying
loads.

e AS-SM-03: The material used is perfectly manufactured.
Material properties are identical in the specified direction (considering that composites might be
used), ignoring imperfections common in any materials.

e AS-SM-04: The lift on the wings follows the empirical formula for elliptical lift distribution.
Lift is modelled as varying smoothly along the wingspan according to L(y) = Lo+/1 — (2y/b)?,

where b is wingspan and Lg is root lift.

28
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e AS-SM-05: The drag distribution on the wings is constant along the wingspan.
Drag per unit span is treated as uniform rather than varying with local airfoil characteristics or
Reynolds number to simplify the load cases.

e AS-SM-06: All remaining loads are modelled as point loads applied on their corresponding CG
location.
Distributed loads in real life are summed into single force vectors acting at component centres of
gravity.

e AS-SM-07: Wing folding mechanism does not introduce extra structural complexity.
Hinge joints are treated as perfect pinned connections without play, friction, or misalignment
effects.

e« AS-SM-08: The cross-sections of the structures are assumed to be rectangular.
All structural members are modelled with rectangular profiles of uniform thickness, ignoring
airfoil shape effects for simplicity of boom analysis.

e AS-SM-09: The structure is continuous anywhere.
No discontinuities between components, all connections are mathematically perfect.

e« AS-SM-10: Bending, shear, and torsion calculations were based on formulas for idealised struc-
tures.
Classical Euler-Bernoulli beam theory and torsion formulas are applied to the boom model.

e AS-SM-11: Dynamic and fatigue loads were not considered when modelling the loading condi-
tions of the structures.
Only static peak loads are analysed, ignoring vibration, gust response, or cyclic loading effects on
lifespan and performance.

e AS-SM-12: It is assumed that no local stress concentration effect exists for simplification
purposes.
Geometric discontinuities are ignored even though they might exist on a small scale, and nominal
stresses are used without concentration factors.

e AS-SM-13: For sizing iteration, failure modes such as axial stresses, shear stresses, and Euler
buckling are considered, and sized for the most critical mode.
Structural members are designed to resist the worst-case failure among tensile yield, shear yield,
or column buckling.

5.2. Material Selection

The structural design requires careful material selection due to significant variations in mechanical
properties, weight, and manufacturability among candidate materials. Several materials for trade-off
analysis were chosen based on an evaluation of similar drones in the market and common aerospace
material selections. Using a weighted decision matrix, these materials are evaluated against critical
design criteria: specific strength o,/p (30%), specific stiffness E/p (25%), manufacturability (15%),
maintainability (15%), and cost (15%). The results and comparison are presented in Table 5.1.

Table 5.1: Graphical trade-off of the material selection

Criterion Specific strength - | Stiffness - 25% Manufact- | Maintain- | Material
Material 30% urability - | ability - | cost -
option 15% 15% 15%

Al 6061-T4 53.7kN m/kg 25.52 MN m /kg easy  ma- | welding/bolt| low,  pos-
chining, repairs, rel- | sible  dis-
large-scale atively count  for
manufac- simple large orders
turing repair
possible process
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CFRP Uni 1,555.56 kN m/kg 132.22 MN m /kg skilled specialist very expen-
labour repair only, | sive, large
needed delami- order dis-

nation count not
risks available

CFRP Multi | 2,285.64kNm/kg 133.7 MN m/kg moderate patch expensive,
skill floor | repairs pos- | large order
required sible with | discount
for manu- | training not avail-
facturing able

FFRP Multi | 32.25kNm/kg 15.32 MN m /kg simple bonding moderate
hand layup, | repairs, price,
however limited volatile
somewhat load capac- | supply
time- ity chain
consuming because

of niche
demand

As can be seen in the trade-off matrix, Aluminium 6061-T4 is the optimal choice for this drone design,
with the best combination of strength and stiffness with manufacturability and maintenance. CFRPs,
while offering excellent performance, are too expensive and require specialised labour for manufacturing
and maintenance. FFRP, on the other hand, in spite of being environmentally sustainable, has a very
low stiffness and specific strength. Aluminium is also recyclable, allowing compliance with RQ-SM-13.

5.3. Analysis

In this section, the boom analysis method is described in Subsection 5.3.1, followed by an explanation
of the complementing ANSYS procedure in Subsection 5.3.2. Then, the failure modes used for sizing
are outlined in Subsection 5.3.3. Finally, the results of the sizing are presented in Subsection 5.3.4.

5.3.1. Boom Analysis

The initial stage of the internal structure analysis involved discretising the airframe by grouping
distributed masses into representative point areas. This simplification was justified by the structure’s
homogeneous material composition. Two different categories of booms were needed and defined: corner
booms, which were reinforced to manage critical loads at corners and thus show higher mass density,
and standard booms that carry normal loads.

The contribution of the skin panels to the overall structural stiffness was accounted for as described by
Megson [5]. The equivalent boom area from skin between any two selected points was calculated using
the equation below, where b represents the structural distance between nodes, ¢ for skin thickness,
and 01,09 the respective stresses at these points. This formulation effectively includes the skin’s
load-transfer capability between primary structural members.

B = % <2 + ‘72) (5.1)

01

Normal bending stresses and shear stresses at any point in the cross-section of the beam are calculated
using Equations 5.2 and 5.3 [5].

(Mg - Iy — My - L)y + (My - Ipy —
Loglyy — I3

My - Ipy)z

(5.2)

O, =
Y
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Equation 5.2 can be simplified by setting I, = 05.1 and removing M, (i.e., if there is only one bending
moment applied). These simplifications lead to:

xy xy

My
O, = T (54)
Similarly, in Equation 5.3, the last term can be removed, since all analysed cross-sections are closed. A
combination of these equations is used during the boom analysis to measure the stresses due to different
loadings. They are also used in the verification and validation sections of this chapter, Subsection 5.4.1
and Subsection 5.4.2.

To make the computational process easier, all major components, including the fuselage, wings, and
tail, were idealised as tapered box structures. This approach simplified the calculation of normal
stresses, shear flow distributions, and torsional loading across various cross-sections, while also allowing
visualisation of displacement patterns under operational load cases.

Moreover, a mass-optimisation code loop was implemented to systematically reduce the total mass,
including material volume and skin thickness, without compromising structural integrity. This optimi-
sation had two main purposes: it addresses the financial requirement of minimising production costs
while supporting the project’s sustainability objectives through reduced material usage.

Nevertheless, it should be noted that while the boom method provides an efficient means of approxi-
mating global load distributions, it is unable to accommodate load and stress transfer between different
components of the structure, such as the load from the wings on the fuselage. This limitation is par-
ticularly evident at the wing-to-fuselage and vertical propeller attachment points. To address this
shortcoming, a complementary finite element analysis was conducted using ANSYS. The combination
of these two approaches, namely analytical boom calculations for global behaviour and numerical
analysis for localised effects, provides a comprehensive understanding of the structure’s performance.
The application of the ANSYS method is explored in greater depth next.

5.3.2. ANSYS Procedure

The ANSYS simulation was used to account for the sections intersecting the wing and the propellers.
The reason for this approach was to account for the upwards bending moment of the wings/propellers
at the left and right sides of the section. With the boom idealisation, forces and moments can only
be applied at the centre of the section; this is why ANSYS was needed while designing the fuselage.
Furthermore, if the moments of the wing/propeller were to be applied at the centre of the section,
they would cancel each other out as symmetry was assumed. The superposition principle was used to
add the stresses computed in ANSYS to the stresses already computed using the boom method.

While preparing the FE model within ANSYS, some specific assumptions were made:

1. The section is symmetric.
2. The loads applied are symmetric.
3. The change of loads will result in a linear change of stress.

4. The change of stresses with the section thickness is piecewise linear.

In Figure 5.1, the applied loads on the section can be seen. It shows the moment decomposed into a
force distribution; this was done to prevent the moment from being applied to a single element.

The loads only apply at the upper part of the section, as this is where the wing/propellers interact
with the fuselage. The magnitude of this load is set to a unitary load, as the assumption was made
that the stress increases linearly with the load applied.
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Figure 5.1: ANSYS applied loads Figure 5.2: ANSYS zoomed out overview

Furthermore, the simulation was repeated for three different thicknesses: 2 mm, 3 mm, and 5 mm. This
was done as the section’s thickness depends on many factors, and this was the reason for the fourth
assumption.

Figure 5.2 shows the left side of a section with the unit load applied. This is to show that the shear
stress is concentrated at the corners and the region where the load is applied. In future design, the
corners will be rounded, so the only stress that will be taken from this analysis is the one from the
applied load region.

Figure 5.3, 5.4 and 5.5 show the shear stress for the section thickness of 2mm, 3mm, and 5mm
respectively. These figures are zoomed to the section of interest, i.e., where the load gets applied.
Keep in mind that for the following figures, the scale changes on each figure.

ent) - Topsedigm

Figure 5.3: ANSYS shear stress, Figure 5.4: ANSYS shear stress, Figure 5.5: ANSYS shear stress,
section of 2mm section of 3 mm section of 5 mm

The maximum stress has been saved and plotted against the section’s thickness to quickly estimate
the stress with a changing thickness for quick iterations. The explained plot can be seen in Figure 5.6.
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Figure 5.6: ANSYS max shear stress to thickness

This way, the shear stresses can be easily estimated for a certain thickness. This becomes very useful
during the iteration loops, which are explained in Subsection 5.3.3.

5.3.3. Failure Modes & Iterations

In order to size the structure for minimal mass, a series of different failure modes was selected. The first
two modes are derived from Equation 5.2 and Equation 5.3, checking that the analysed cross-section
doesn’t have its stress exceeding the yield stress of the material. The third failure mode examined
was an Euler-buckling check [5].

For the material failure, the values of stress are compared to the material properties with a safety
factor added. The buckling check for booms is described through the following formula:

7.‘.2
- (L/f?)Z (5.5)

The effective length [, of the boom determines the boundary condition of the beam (whether it is
pinned at both ends, one end, fixed, etc). In the case of the wing, where one end is fixed and the
other is free hanging, the ratio is l./l = 2 [5, p. 272]. The r term is the radius of gyration of the
cross-sectional area, assumed circular in the simulation.

The following iteration loop has been implemented to minimise the structural weight of the drone.
The iteration starts from a given boom area, which is relatively large and certain not to fail under any
conditions. If the structure passes all the above-described failure modes, it goes on to reduce the area
by a given factor. Once the area has been reduced, the check on failure modes runs again. It repeats
this process until it fails and returns the last geometry that did not fail. There are two edge cases,
namely, if only the spar caps (corner booms) fail, meaning that the stringers are still over-designed,
and the opposite case for stringer failure. So the iterations only stop if both the spars and stringers fail.
During the iterations, as the area of the booms changes, the forces on the structure are recomputed
every time, as the weight changes.

5.3.4. Results

The results are presented here for both the wing and fuselage. The tail has not been included as its
analysis method is the exact same as the wing, but rotated by a certain number of degrees.

Wing/Tail Analysis

As mentioned, the wing was modelled as a tapered rectangle. In Figure 5.7, this wing structure can
be seen.
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Figure 5.7: Wing structure idealized forces

In the above figure, the positive x-axis is towards the nose, the positive z-axis is downwards, and the
coordinate system used is right-handed. In Figure 5.7, the four corners are the spar caps, and the
middle booms are two stringers. Note that the size of the boom on the plot does not represent its
area; in this plot, only the positions of the dots are relevant.

Applied Loads: In order to perform a correct analysis of the wing, some loads have to be identified.
The most obvious one is the lift that the wing generates, which results in a distributed force over the
length of the wing. The lift is assumed to be elliptical, and thus stronger at the root of the wing. The
next load is the weight of the wing, which will result in a distributed force downwards. The final load
on this structure is the drag; this drag has been modelled as uniform along the span. In Figure 5.8, a
representation can be seen of the applied forces on the wing structure. Note that the bending relief
of the weight is already accounted for, and that the forces are not to scale.

NVM Diagrams: In order to do a per-section analysis, the internal loads have to be computed. This
is done by plotting the normal, shear, and moment (NVM) diagrams along the span of the wing. In
Figure 5.9, the NVM diagram can be seen. This diagram shows the shear forces and moments over
half of the wing, as symmetry was assumed over the root chord.

In Figure 5.9, the polynomial order of the moments is larger by one than that of the shear, increasing
the confidence of these plots. The normal force is zero over the span because no normal force is applied
on the structure.

Fuselage Analysis

The analysis of the fuselage is more complex, as more loads are applied, and the ANSYS simulation
has to be applied three times. The fuselage is also composed of three groups: the nose group, the
middle group, and the tail group. The tail and nose groups both have a taper ratio, whereas the
middle group’s cross-section is constant over their length. The reasoning behind this is explained in
Subsection 13.2.2.

Applied Loads

As mentioned before, the fuselage is more complex due to the number of loads that are applied to it.
First of all, the reaction forces of the wing get applied to the fuselage, which includes: the normal force
due to drag, the moment due to drag, the upwards shear force due to the lift, and again the moments
due to this same lift. The ANSYS simulation is used for the upward lift moment. Furthermore, the
propellers also induce a lift shear force and moment, and again, the ANSYS simulation will be used
for this. The thrust of the horizontal back propeller creates a normal force along the length of the
fuselage. The tail is also accounted for by inducing its reaction forces onto the structure. The final load
is the weight of the delivery mechanism. Also, the structural weight of the fuselage is accounted for.
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Figure 5.9: Spanwise NVM diagram of the half wing

All mentioned forces can be seen in Figure 5.11, and are represented by the red arrows. Again, their
magnitude is not to scale and is only a representation to give the reader an idea of their application
point.

NVM Diagram

The NVM diagrams have been set up for the fuselage as well. The boundary condition to restrict
movement has been set in the middle of the fuselage. This is also why the peaks occur in the centre.
The normal force accounts for the back propeller and fades away due to the drag of the wing. The
jump in shear force z is due to the lift of the props and is linearly growing due to the spread-out
lift over multiple sections of the wing. The moments are again one polynomial order bigger than the
shear, resulting in confidence in these plots. The described plot can be seen in Figure 5.12.

Landing Gear Design

The last part of the result is the landing gear design. Given its simple nature and small size, it did
not follow any of the described sizing procedures. Instead, it took a much simpler approach. Its
main function is to clear the drone off the ground, so that the fuselage is not damaged by uneven
terrain or foreign objects on the ground, while also ensuring the drone maintains a 3° slope, with the
rear pointing downwards. This is because the vertical propellers of the drone have the same 3° angle,
necessary so that they can, in case of an emergency, be activated during cruise and still propel the
drone forward in an aerodynamic manner. Therefore, the landing gear inclination is necessary so that
the drone can actually take off vertically, by ensuring that the angled propellers are parallel to the
ground when landed.

The landing gear is composed of four support legs, each made out of lightweight rubber to ensure
impact absorption while landing. They are cylindrical in shape, with a radius equal to 35 mm and a
height of 70mm for the rear pair and 116 mm for the front pair. The cross-section is hollow, with a
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Figure 5.11: Fuselage structure idealised including
Figure 5.10: Fuselage structure idealized applied forces

wall thickness equal to 2mm. The total weight for all four legs is less than 0.07 kg due to the material
choice. The landing gear can be seen in Figure 13.7.

5.4. Verification & Validation

In this section, the verification and validation for the boom method are handled in Subsection 5.4.1
and Subsection 5.4.2. Further on, the same is conducted for the ANSYS modelling in Subsection 5.4.3.

5.4.1. Verification for the boom method

To verify the implementation of the boom idealisation method, a simple analytical case was developed
with several modifications to the original code in order to simplify the process. The goal was to create
a scenario where results could be compared directly between the simulation and an analytical solution.
Several assumptions and code modifications were introduced to reduce complexity:

e Wing assumed to have a constant square cross section and no taper.
e Side of the square equal to 0.5 m.
e Equivalent skin thickness equal to 0.5 mm

e No lift or weight on the wing. The only point load is applied at the tip of the wing, pointing
downwards.

In order to compare the analytical calculation result with the simulation outcome, the root cross
section had its maximum bending stress calculated in both scenarios. For the analytical computation,
Equation 5.4 and Equation 5.6 were used:

Lp = — (5.6)

Where:

e M, = —150Nm is the internal bending moment at the root,
e y = 0.25m is the distance from the neutral axis to the edge of the cross section,
e a = 0.5m is the side of the square,

e ¢t = 0.5mm is the effective skin thickness.
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Figure 5.12: NVM diagram of the fuselage
Substituting the values yields I, = 2.083 x 107> m* and 0, = —1.8 MPa is the maximum bending

stress at the root of the beam. Meanwhile, the result of the adapted simulation is —1,782,073 Pa for
the same loading case and geometry. The deviation between the two values is around 1%, verifying
that the basis of the code for the boom methods is working as intended.

5.4.2. Validation for the Boom Method

To validate the implementation of the boom idealisation method, a comparison was made between
simulation results and experimental data from literature, namely the paper from Jadhao, Charde,
and Dhengle [6]. A cantilever beam test case was selected from their study where steel beams were
subjected to static loading, and stresses along the beam were recorded. This setup was chosen due to
the high degree of similarity to the boom method simulation of the wing, enabling direct comparison
of the code to real-world data.

Validation Setup
The beam in question had the following properties:
e Geometry: rectangular solid cross-section
e Side length: 25 mm
e Side height: 5mm
e Length: 0.395m
e Material: Steel
o Applied load: 12.32N, downwards at the free tip
e Measured stress: 41.1 MPa
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e Stress location: 15mm from root

The cross-section was idealised in the simulation as an 8-boom configuration, with booms located at
the corners of the square and also on each side. The area of each boom was approximated using the
expression:

a-b 25-5
Aboom:?

== = 15.63 mm? = 1.563 x 10~° m?
Stress from Experimental Data and Boom Method Result

The experiment directly reported the stresses measured at four different locations along the length
of the beam. For this validation, the closest one to the root was selected for comparison. Under the
loading of 12.32 N the stress closest to the root is 41.1 MPa [6].

The same case was implemented in the boom method simulation code with the following settings:
e Span: 0.395m
e Point load: 12.32N at the tip
e 8 booms, each with an area of 1.562,5 x 107° m?
e No distributed lift, but the weight of the sections is computed

The maximum bending stress at the root was computed as 49.1 MPa.

Comparison and Conclusion

The result from the boom method code differs from the theoretical value by 19.5%.:

’Uboom - Jtheory‘ — % ~ 19.5%

Otheory 4

Relative error =

While both values are in the same order of magnitude, the discrepancy is significant and needs to be
further examined. There are several factors that can explain the larger value from the simulation:

¢ Idealisation assumptions: The boom method assumes concentrated stiffeners and zero-thickness
skin, which introduces simplifications in stress distribution.

e Cross-section irregularity: The experimental beam is not hollow, while the simulation as-
sumes the booms spread around the edges only. This assumption in the code decreases the
strength of the beam and partially explains the higher stress from the simulation.

o Numerical resolution: Discretisation in the simulation (number of sections) could affect result
precision. Similarly, the number of booms in the cross-section also affects how the distribution
takes place.

e Stress not measured exactly at root: In the experiment, the stress is not measured exactly
at the root, but instead 15mm in front of it. Compared to the code value, the experimental
value will naturally be lower, since there are fewer accumulated stresses closer to the tip.

o« Experimental measurement accuracy: Equipment dis-calibration or human error could
have affected the experimental data slightly. Material properties discrepancies, due to manufac-
turing defects or fatigue, could also explain the difference.

Overall, several of the assumptions in the code explain the disparity between its result and the exper-
iment. And despite the significant difference, the boom method ends up having a higher stress, which
would over-design the wing. This is highly preferable over the opposite case of under-designing the
structure, potentially resulting in failure.

It is also important to note that in the original paper, the authors also concluded that among exper-
imental (41.1 MPa), analytical (44.25 MPa), and ANSYS (44.94 MPa) measurements, the experiment
had the lowest stresses [6]. This further corroborates the simulated boom method, displaying higher
stresses than the experiment.
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For further validation, the code could be further adapted to better reflect the loading scenario from
the experiment, such as more accurate positioning of where the stress is measured and the number of
booms. These could help further refine the design and validate the method.

5.4.3. ANSYS Verification & Validation

The verification of the ANSYS simulation was performed during the gathering of the needed data.
The gathered data clearly shows an increase in stress with a decrease in thickness, which is clearly
the expected result; this plot can be found in Figure 5.6. Furthermore, a sensitivity analysis has been
performed on the mesh size. Figure 5.13 clearly shows a convergence of stresses with decreasing mesh
element size; a trade-off of mesh compiling time and accuracy was performed. For all simulations, an
element size of 0.5 mm has been chosen, which allows to have at least 4 elements over the thickness of
the section.
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Figure 5.13: ANSYS convergence for mesh size

While experimental validation is outside the scope of this project, the structure can be built and tested
under the prescribed loads and see if any failure mode occurs.

5.5. Recommendations

Due to the time constraints of the DSE, the detailed design of the structure was not performed, leaving
room for future work building upon current results. For example, the wing box currently consists of
only one cell, which has reduced the computation effort significantly, but might not be the most
optimal design. Therefore, it is encouraged to look into multi-cell wing boxes for future development.
Moreover, the landing gear design is performed at a very preliminary level. As such, a detailed stress
and strain analysis of the gear should be performed to investigate failure loads and modes.

Another point for further investigation is fatigue loading: the drone will encounter many take-off
and landing sequences, which will affect the structure through fatigue; therefore, a fatigue analysis is
preferred before drone manufacturing. Manufacturing the drone will also enable more robust validation
of the sizing procedure, since actual tests will be performed on the product before finalising its design.

Finally, the exact geometry of the spars and stringers has not been defined yet; this should also
be looked into for further development. ANSYS was used in this report, but only for the section
intersecting the wing/propellers; this analysis should be extended to all sections and to the true
geometry of the final design.



Payload Handling & Avionics

Central to both the design and operations of the DronebezORgd fleet is the safe, reliable, and efficient
handling of the pizza payload. This is the focus of this chapter. Not only does the payload have to be
sufficiently shielded from the freestream air in terms of particulates or temperature and be easily acces-
sible for the customer, but the drone also has to fit within a footprint that enables compatibility with
as many pick-up and delivery locations as possible. These aspects were all reflected in the subsystem
requirements in Table 4.8. To comply with these requirements, four crucial elements were identified.
These are to be discussed in this chapter, after a presentation of the design approach and assumptions
in Section 6.1. First, Section 6.2 covers the design of the payload delivery mechanism. Additionally,
a thermal insulation structure is presented in Section 6.3. A wingspan reduction mechanism is then
chosen and sized in Section 6.4. Lastly, a set of avionics equipment is selected in Section 6.5 before
recommendations for future projects and studies are discussed in Section 6.6.

6.1. Design Approach & Assumptions

The design of the payload handling subsystem was split into four parts: payload delivery mechanism,
thermal insulation structure, wingspan reduction mechanism, and avionics selection. Common across
these is the use of some off-the-shelf components in the design, resulting in a discrete design space in
terms of mass and cost estimates for the subsystem. These components are chosen through performing
initial sizing procedures of the mechanisms or parts, and then browsing online catalogues for suitable
components. Because of this, each subsection relating to the design of one of these parts is terminated
with a summary of all selected components.

The methods in this chapter build on the following list of assumptions.

e AS-PL-01: The payload is stored in uniformly sized boxes
Although pizzas may be served in a variety of sizes, it is believed sufficient for the level of detail of
this project to design for the largest allowable size. This is done in analogy to shipping containers
or aircraft unit load devices.

e AS-PL-02: The initial payload temperature is sufficiently above 63 °C
Food delivery data shows that initial pizza temperatures are usually in the range between 79 and
93°C [7]. Pizzas at significantly lower initial temperatures than this would require active heating
to meet RQ-PL-13, constraining the design space.

e AS-PL-03: The wing weight is linearly distributed in spanwise direction
The wing structure is modelled as a three-dimensional trapezoid. As the cross-sectional area
reduces linearly going from the root to the tip, so does the weight.

e AS-PL-04: The wing lift is elliptically distributed in spanwise direction
The lift acting on the wing structure is modelled as an idealized elliptical distribution, as the real
distribution is difficult to quantify at this stage in the design.

e AS-PL-05: The wing produces no lift while hovering
As the airspeed of the drone is zero during hovering, there is no flow of air particles over the
wing in this phase, and thereby no lift.

40
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6.2. Payload Delivery Mechanism

This section covers the design of the payload delivery mechanism, an assembly aimed at getting the
payload into the customer’s hands in a convenient, efficient, and safe manner. This is the main content
of Subsection 6.2.1. Thereafter, Subsection 6.2.2 presents an overview of verification and validation
activities related to the design.

6.2.1. Analysis

This design subsection is structured as follows. First, a material choice is made based on a list of
criteria. Then, design options for the payload delivery mechanism are generated and presented, before
being traded off in a graphical trade-off matrix. Lastly, the final concept is designed in further detail.

Material Choice

Core to the challenge of designing a functional payload delivery mechanism is the choice of a suitable
material. This material should satisfy several needs. Being possible to 3D-print using commercially
available Fused Deposition Modelling machines is one of them, as this manufacturing technique allows
the creation of complicated parts with no up-front mould costs and little material loss. Recyclability
is also seen as an advantage, but this was found to often follow from the 3D-printability. As the
environment of the payload bay will be rather extreme, with high temperatures and relative humidities,
it is of utmost importance that the material used is resistant to this [7]. Lastly, even if the material is
not expected to come into contact with the pizzas themselves due to their cardboard packaging, there
is still a possibility for migration of material particles to the food, meaning the material falls under
EU Commission Regulation 10/2011 [8].

In summary, a material was sought that is:

1. 3D-printable 2. recyclable

3. resistant to ambient temperatures up to 4. rated safe in contact with food according to
93°C [7] EU Commission Regulation 10/2011 [8].

These criteria narrow the space for material choice significantly. In an investigation of more than
ten commercially available materials that fit all four criteria, only one was found — GreenTEC Pro
by Extrudr. Sold in spools ready for 3D printing, it is a recyclable and biodegradable material made
fully from renewable raw resources. It offers good temperature resistance with its heat deformation
temperature of 115 °C, sufficiently above the expected temperatures in the payload bay [9], and shows
documented compliance with EU Commission Regulation 10/2011 [10]. No material trade-off is per-
formed for this choice, as it was simply found that the criteria narrowed the design space so significantly
that no competing material could be found in the allocated time for the design of this subsystem. For
instance, colorFabb__HT is a material which is tailor-made for high-temperature uses, but fails to have
EU 10/2011 compliance, meaning it cannot be used for the DronebezORgd operation [11]. Alterna-
tively, colorFabb’s PA Blue Metal Detectable' and certain colours of Filamentive’s PETg? materials
do comply with this regulation, but have inferior moisture or temperature resistance, respectively.

Design Concepts

In order to ensure that the choice of overall architecture for the payload delivery mechanism is not
arbitrary and adequately reflects the space of technologically feasible designs, design concepts were
systematically brainstormed as a team. From this, a set of numerous possible concepts was chosen and
then sized using approximate methods so that they could be assessed and compared. These concepts
are described below. For each concept, it is assumed that the loading of payload must be possible in
arbitrary order, though the order of unloading may be strict.

'"URL https://colorfabb.com/pa-blue-metal-detectable [cited 15 May 2025]
2URL https://www.filamentive.com/product-category/rpetg-recycled-petg-pet-3d-printer-filament/
[cited 15 May 2025]
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1. Traditional stack, sideways delivery: Similar to existing last-mile food delivery services, the
payload is simply stored in a compartment accessible from one side. There is no mechanism, and
the customer has to reach inside to receive their order. Although the delivery order is flexible,
as the customer can pick any pizza in the stack, it also introduces additional risks if customers
cannot be trusted not to tamper with others’ orders.

2. Actuated push, sideways delivery: Pizzas are stored on individual racks that are closed
behind separate doors, which only open at the respective customer’s delivery location. Linear
actuators may be used to push the pizzas out so that they are more reachable. Similar to the
above, this concept relies on the customer to extract the pizza from the payload bay.

3. Actuated drop, downwards delivery: Individual pizzas are held on two sides with mechan-
ical actuators. A controlled number of pizzas can be delivered by triggering a given sequence
of actuators, dropping the pizzas a distance of around 10 to 25cm. The order of deliveries is,
however, predetermined, as a pizza higher in the stack has to wait for all lower pizzas to be
delivered first. A separate sideways hatch may be needed for loading the payload bay.

4. Cyclical stacks, downwards delivery: The payload is stored in two adjacent stacks, and a
combination of vertical conveyor belts and actuators is used to cycle the order of pizzas. At
the bottom of one of the stacks, pizzas may be dropped to the ground. This concept allows for
automated delivery while retaining full flexibility of the delivery order.

Trade-Off

To arrive at the most suitable design concept for the payload delivery mechanism, a trade-off was
performed. This was done following the same method as described in Subsection 4.1.1 — that is, a
graphical trade-off method. Five criteria were selected on the basis of minimised overlap between the
criteria and maximised coverage of the diversity spanned by the different design concepts. The five
criteria are described below, before being used in Table 6.1 to evaluate the concepts.

1. Mass — 30%: This criterion covers the expected mechanism mass based on simple force equilib-
rium calculations and online databases of electronic components. This criterion was awarded the
highest weight, as large masses for the payload handling subsystem could have snowball effects
in other subsystems.

2. Risk — 25%: Covering aspects such as design complexity and theft of other customers’ payload,
this criterion assesses what technological and operational risks the mechanisms may come with.
As it also includes considerations on fail-safe design, it was judged to be of high importance.

3. Customer interface — 20% It is important for the adoption of the DronebezORgd service
that the design of the delivery mechanism is user-friendly. This criterion therefore, evaluates
the effort required by the customer in the delivery process, for instance, by valuing a familiar
interaction over a more foreign one.

4. Restaurant interface — 15%: As the restaurant is also a customer of the service, a good
interface with restaurants is appreciated. When comparing the different design concepts, it
is mostly just the ease of loading the pizzas into the delivery mechanism that stand out as
differences. This criterion is therefore given a lower weight than that of the customer counterpart.

5. Operational efficiency — 10%: The efficiency gains or losses in the operation of the drone
fleet are taken into account through this last criterion. Elements covered include the degree of
automation in the design and how it may cause or hinder in taking off or payload delivery order.

As can be seen from Table 6.1, the four design concepts performed variably in the different criteria.
Whereas the cyclical stacks showed unacceptable performance in terms of risk, it excelled at operational
efficiency, offering a flexible delivery order and no opportunities for payload handling-related hindering
of take-offs. On the other hand, the traditional stack showed good performance in most categories,
especially mass, only being outperformed by the actuated push in the customer interface. Overall,
the sideways-oriented mechanisms showed better results than downward-oriented mechanisms in most
criteria.
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Table 6.1: Graphical trade-off of the payload delivery mechanism
Criterion Mass Risk Customer Restaurant| Oper.
Mechanism interface interface effi-
Concept ciency
Traditional no delivery mechanism fail-safe, but tried-and- tried-and- | pizza is
stack needed remaining pizzas tested tested kept for
may be stolen or interaction interaction no-
tampered with shows
Actuated actuators are not fail-safe design pizza is pushed similar hindered
push load-bearing — can be out for interaction | take-off
lighter reachability as tried- if pizza
and-tested | left out
Actuated actuators are pizzas may fall out ground drop awkward delivery
drop load-bearing on mechanism may feel loading unaf-
failure robotic, wet position fected
ground may without by ex-
damage pizza | extra hatch | ternal
factors
Cyclical stepper motors and tight tolerances ground drop difficult to full
stacks actuators, both needed, and pizza may feel load due to | control
load-bearing may fall out on robotic, wet moving of pizza
mechanism failure ground may parts delivery
damage pizza and
order

Although the traditional stack and actuated push concepts scored better overall, neither was chosen,
and the trade-off was rather used as an opportunity to re-evaluate the design space, as it showed that
different options had certain distinct, well-performing aspects that could potentially be combined.
This resulted in the final concept, blending the tried-and-tested interaction from the traditional stack
with the reachability benefits of the actuated push. The mechanism was also chosen to be manual,
removing the need for heavy electrical components. Another benefit of this is the reduced likelihood
of hindered take-offs, as the pizza cannot be ejected without the customer present. Also clear from
the trade-off was the advantage of providing the restaurant with the same excellent user interface as
the customer through a sideways-oriented design.

Detail Design

With a payload delivery mechanism concept chosen, a two-step approach was taken in sizing and
designing it. First, a strawman sketch of the design was made, from which some simple volume, mass,
and cost calculations could be made, given the preceding material choice. In the second stage, the
mechanism was modelled in 8DFEzxperience CATIA, where more accurate volume estimates could be
extracted, providing a verification of the first step and results of increased fidelity and trust.

In both steps, the design was treated as an assembly of multiple parts, each with simplicity and 3D-
printability in mind. These are listed below, together with a short description of their main functions
and constraints, complementing what is shown in Figure 6.1a and 6.1b.

1. Payload holder: basket that protects the pizzas from excessive movements and uses cutouts
to save mass

(a) Bottom plate: supports the weight of the pizzas and provides some tolerance for box size
(b) Corner pieces: prevents lateral and longitudinal pizza movement

2. Sliding mechanism: allows for partially sliding the payload holder out of the drone

(a) Rail with end stop: continuous T-shaped piece able to stop exaggerated movement
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(a) Extended mechanism relative to insulation structure of Section 6.3

(b) Close-up of locking mechanism, made (¢) Close-up of limit switches for capacity
translucent sensing

Figure 6.1: Renders of the payload delivery mechanism

(b) Complementary rail holder: C-shaped piece that isolates the sliding mechanism to one
degree of freedom

3. Locking mechanism: locks the sliding mechanism and provides the customer with a handle
to pull with, taking inspiration from typical door latches

(a) Slot: provides a ledge behind which the latch can lock
(b) Latch and handle: spring-loaded latch connected with ergonomic handle

(c) Latch enclosure: protects other parts from possible damage and simplifies user experience

In addition to this, a sensor layout was chosen to aid the computation module to evaluate the state
of the payload delivery. Due to the demanding environment of the payload bay, most optical sensors,
such as retroreflective or proximity sensors, were ruled out for this purpose [12]. Limit switches, a type
of electromechanical component activated with the push of a physical force, were chosen due to their
high operating temperature, simplicity, and possibility for an IP67 rating. Specifically, the 83186063
by Crouzet at a mass of 2g was chosen®. Three switches were positioned at the back of the payload
bay for the detection of the number of pizza boxes present, as seen in Figure 6.1c, and two for the
detection of successful locking of the sliding mechanism; the latter in accordance with RQ-PL-09 as
correct closure of the bay was seen as critical for a safe flight.

Finally, the mass and cost of the payload delivery mechanism were found to be around 1.17kg and
€126 for both payload bays in total. This has been summarised per component in Table 6.2.

SURL https://www.digikey.nl/en/products/detail/crouzet/83186063/2415907 [cited 12 May 2025]
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6.2.2. Verification & Validation

Each part of the design approach for the payload delivery mechanism was verified in a tailored manner.
When choosing off-the-shelf components, multiple catalogues were checked to ensure the associated
masses and costs were reasonable for the required performance. When performing the initial sizing
and estimation, sensitivity studies were performed to ensure all variables were referenced and used
correctly. Lastly, the CAD model was also used to both refine these estimates and verify that the
calculations and modelling had been done correctly. Verifying 3DFEzperience CATIA and its volume
and mass computations was not performed, as it was judged to be outside the scope of this project
and expected not to be erroneous due to how established the software is in the industry.

Validating this design still remains as a recommendation. The effect of thermal and mechanical loads
on the mechanism components, as well as the effectivity of the chosen sensors, should be investigated
through manufacturing prototypes of the system and subjecting them to representative conditions.

Table 6.2: Summary of all selected payload delivery mechanism components

Component Model Name Count [-] Cost [€] Mass [g] Dimensions
Type [mm]
Bottom plate - 2 10.20 225.7 454 x 454 x 2
Corner piece - 8 1.68 37.3 52 x 52 x 210
Rail with end stop | - 4 1.69 374 405 x 12 x 9
Rail holder - 4 2.24 49.7 200 x 22 x 13
Slot - 2 0.38 8.4 30 x 22 x 12
Latch and handle | - 2 0.38 8.3 26 x 32 x 12
Latch enclosure - 2 0.45 9.9 31 x 36 x 17
Limit switch Crouzet 831860633 10 7.33 2.0 20 x 6.4 x 17.5
Spring RS-PRO 821-368% 2 0.46 0.4 20 x 4.6 x 4.6
Total 126.2 1172.2

6.3. Thermal Insulation Structure

The thermal insulation structure is responsible for keeping the payload warm and clean during the
mission. The design of this assembly is discussed in Subsection 6.3.1. Following this, verification and
validation efforts are presented in Subsection 6.3.2.

6.3.1. Analysis

The design of the thermal insulation structure is derived from literature on existing methods for
payload insulation in last-mile food delivery. According to a study by Hasan and Dincer [7], which
investigated the thermal insulation performance of three different insulating materials for a food
delivery bag made for three 40 cm pizzas, polyurethane (PU) foam appears to be an effective option.
It offers a relatively low thermal conductivity compared to the industry standard bag, and additionally
has good structural rigidity while still being a flexible material. In the study, PU sheets of 25 mm
thickness were used, for which, experiments showed that the final temperature of each pizza stayed
above 70°C throughout an average 30-minute delivery. Additionally, reusable moisture absorption
fabrics such as bamboo and hemp were tested, showing positive results. Next to this, also the effect of
phase change materials (PCM) in the heat retention of the delivery bag was assessed, but this showed
ineffective results unless the PCMs were heated beforehand, allowing them to release heat during the
delivery.

The thermal insulation structure of the BezORger builds on the conclusions of this study. A low-
density PU foam?® similar to that of the study is used due to its promising performance. This insulation

4URL https://nl.rs-online.com/web/p/compression-springs/0821368 [cited 12 June 2025]
SURL https://www.hornbach.nl/p/schuimplaat-softpur-50x80x3-cm/3838954/ [cited 17 June 2025]
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material is structured as a cuboid with a wall thickness of 25 mm and a spacing of 10 mm to the payload
delivery mechanism inside it. The insulation structure is preferably multi-layer in order to reduce heat
loss due to radiation or keep the payload bay cleanable, but the choice of these materials was seen
as too demanding for the scope of the current design stage. The usage of PCMs was also seen as
promising, but as no thermal simulations could be done for the payload bay, the effectiveness of these
in this application is still unknown.

In order to comply with RQ-PL-14, a sensor was chosen that can record the internal temperature in
the payload bay throughout a mission. As humidity data was also shown to be important by Hasan
and Dincer [7], a combined humidity and temperature sensor is chosen. Two units were chosen per
payload bay in accordance with RQ-PL-09. This brought the mass and cost of the thermal insulation
structure to around 1.26 kg and €70.22, as shown in Table 6.3.

Table 6.3: Summary of all selected thermal insulation structure components

Component Model Name Count [-] Cost [€] Mass [g] Dimensions
Type [mm]
Insulating PU | - 2 19.43 610.7 543 x 513 x 290
foam structure

Humidity & tem- | Adafruit Industries 4 7.84 <10 59 x 26.5 x 13.2
perature sensor 50645

Total 70.22 <1261.4

6.3.2. Verification & Validation

For the verification of this design, it was used that major parts of the design come from established
literature and experiments. Validation of the design is outside the scope of this project, but it is
highly recommended for a future design stage to use simulation software to better quantify the actual
performance of the design. Additionally, a prototype of the thermal insulation structure should be
constructed, and proper experiments should be performed to validate it against real-world data.

6.4. Wingspan Reduction Mechanism

This section presents the design of the wingspan reduction mechanism, whose main purpose is to enable
the drone to reduce its footprint to be able to land at a customer’s location. Subsection 6.4.1 covers
the preliminary design of this assembly. Afterwards, in Subsection 6.4.2, verification and validation
efforts and plans are presented.

6.4.1. Analysis

The structure of this subsection is as follows. Firstly, a literature study is performed in to establish
the current state of wingspan reduction mechanisms, both in larger aircraft as well as on the kilogram-
scale. Building on this, the folding and locking mechanisms for the BezORger are designed based on
calculations of the expected loads during cruise and transition.

Literature Study

As there are many conceivable methods for decreasing the wingspan of the BezORger’s wing, literature
was used to identify the most compelling concepts. As identified by Yarygina and Popov [13], existing
techniques for reducing the footprint of an aircraft include controllably turning, sweeping or folding
along an axis perpendicular to the wing plane, or folding the wings along an axis in the wing plane.
Out of these, folding along the airplane symmetry axis was identified as the most common, at least
for their dataset of carrier-based aircraft.

SURL https://www.digikey.nl/en/products/detail/adafruit-industries-11c/5064/14625562 [cited 17 June
2025
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Also on a smaller scale, folding the wing appeared to be the most common technique. Radio-controlled
aircraft models [14] and drones” were found, which also specify in detail which mechanisms are used
to achieve the folding of the wing. Mills and Ajaj [14] identified three concepts for folding the outer
0.26 m of a modified 2.12 m-span UAV with a conventional aircraft configuration with a take-off mass
of 2.7kg. All three use a rotary actuator (direct current servomotor) in different locations of the wing,
connecting them to the hinge line either directly, using a belt drive system, or using a worm drive
system, though the second option was ultimately chosen in their trade-off due to its effectiveness and
lower complexity. The folding drone”, on the other hand, is smaller at 1.5m of unfolded wingspan and
a 1.4kg take-off mass and uses linear actuators within the bottom surface of the wing.

It is based on this literature that a similar belt drive system is chosen for the folding of the BezORger’s
wing. However, as this drone is of a significantly larger scale than those mentioned above, combined
with the ultimate load factor found in Section 11.4, a choice was made to separate the functions of
folding the wing during hovering flight and keeping the wing’s position locked in all flight phases. This
was done to achieve higher degrees of safety both under the in-flight loads and on-ground customer
interaction.

Mechanism Sizing

For the design of the belt-driven actuator system, which is only activated while the drone is hovering,
it is assumed that the weight of the wing is the dominant opposing force (AS-PL-05). The wing weight
is modelled linearly according to AS-PL-03 as follows:

b b/2
w(y) = Ay + B, with A, B such that w <2> S (0) and / w(y)dy =
0

Cr

Wwing
72 .

Here, w(y) is the wing weight distribution at a spanwise position y from the wing root, b the wingspan
of the drone, ¢; and ¢, the tip and root chords, respectively, and Wyine the weight of the wing group.
From this, the torque required for folding the wing when the wing is in the unfolded position could
be found through Equation 6.1, with y/ the spanwise location of the hinge line.

b/2
M) = [ - w(w)d, (61)
Y
Given a span of 3m, tip chord of 0.217m, root chord of 0.543 m, and a wing group weight of 2.18 kg,
the wing weight moment at y/ = % becomes 0.415 N m, or 0.219 Nm after applying a design factor of
1.5. The torque required for the servomotor itself may, however, be reduced by using a gear ratio, as
long as that still allows for at least 90° of movement. This was, however, deemed unnecessary in this
design as the required torque is relatively low and a gear ratio may result in an increased volume for the
mechanism, which has to obscure the wing surface minimally. Ultimately, the 3003 by TianKongRC?
was chosen for its low mass of 43 g and maximum torque of 0.64 Nm, as few components could be
found with a smaller, yet still large enough, torque.

In both final positions of the wingspan reduction mechanism, a locking mechanism must be employed to
guarantee higher levels of safety, in the event that the actuator used for folding the wing malfunctions
(see RQ-PL-08). Here, a simple spring-loaded latching shear pin inside a double shear lug was chosen,
though this could be revised at a later stage in the design if testing shows the need for it. During
cruise, the largest loads acting on the wing are the lift and wing weight. As the assumption of an
elliptical lift distribution is not necessarily conservative, the contribution of the wing weight to the
moment at the hinge line was neglected. The moment could then be found using

b/2 2
Mp(y!) = / (v — y/)% 1— <2by> dy, (6.2)
y!

"URL https://youtu.be/gZQE0]jyjwhc?si=Vw20k4im0_4B8j86 [cited 04 June 2025]
8URL https://www.tinytronics.nl/en/mechanics-and-actuators/motors/servomotors/s3003-servo [cited 16

June 2025]
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where L is the total lift generated by the wings”. Inserting a total lift of 600N at the ultimate load
factor (see Section 11.4) and otherwise the same values as above, results in a wing lift moment at
yl = % of 54 N'm after applying a design factor of 1.5. At this spanwise location, the chord length is
around 0.38 m, and the thickness around 0.045 m, meaning a single shear pin would have to withstand

a load of around 1,200 N.

It is based on this load that the pin and lug were designed. These two components have to satisfy the
equations

Fult Fult
Tmax = and o, = , 6.3
a %ﬂ'dfnin Y dtmin ( )

for shear and bearing failure, respectively. Here, Tmax and o, are the maximum shear and yield stresses
of the material, dpyi, is the minimum required pin diameter, and ¢, is the minimum required lug
thickness. Using the same aluminium 6061-T4 material as in Section 5.2, this results in values of
dmin =3.1mm and %, =2.8 mm. Ultimately, a diameter of 4 mm was chosen to be conservative.

In the wingspan reduction mechanism, the shear pin is accompanied by a mechanism consisting of a
spring to make it naturally assume a locked position for a more fail-safe design, and a servomotor to
push against this spring during rotation of the wing folding hinge. The layout and mounting hardware
of the wingspan reduction mechanism were not designed in further detail, and so a contingency is
taken on the mass and cost of mounting hardware of 50% of the otherwise total values, as Mills and
Ajaj [14] indicates the need for multiple components. All components are summarised in Table 6.4,
and a visualisation of the folded wing is shown in Figure 6.2. By folding at the middle point of each
wing, the wingspan is reduced from 3m to around 1.6 m, when accounting for the thickness of the
folded wing.

Table 6.4: Summary of all selected winspan reduction mechanism components

Component Model Name Count [-] Cost [€] Mass [g] Dimensions

Type [mm]

Wing movement | TianKongRC 2 6.00 43 40 x 20 x 41

servo S3003%

Belt drive gear OPTIBELT Timing 4 4.02 3.0 9.55 x 9.55 x 16
Belt Pulley T2.5
1910

Belt drive belt OPTIBELT 4 T2,5 / 2 9.40 6.7 4 x 145
145

Shear pin - 2 0.10 3.4 25 x 4 x4

Locking spring RS-PRO 821-368!2 2 0.46 0.4 20 x 4.6 x 4.6

Unlocking servo SunFounder 2 13.57 56 40.1 x 18.7 x 48.5
CN0193

Mounting  hard- | - 2 1.26 42.8 -

ware contingency

Total 77.66 377.8

6.4.2. Verification & Validation

The derivations and computations used to arrive at the preliminary sizing of the wingspan reduc-
tion mechanism have all been checked using a computer algebra solver and sensitivity analyses were
performed by varying certain input variables and checking for outputs of expected proportionality.

URL https://web.mit.edu/16.unified/www/SPRING/f1luids/Spring2008/LectureNotes/£07.pdf [cited 04 June
2025]
OURL https://nl.rs-online.com/web/p/belt-pulleys/2362767 [cited 17 June 2025
"URL https://nl.rs-online.com/web/p/timing-belts/0209700 [cited 17 June 2025
2URL https://nl.rs-online.com/web/p/compression-springs/0821368 [cited 12 June 2025]
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Figure 6.2: Render of wing with folded wingspan reduction mechanism

As the wingspan reduction mechanism brings added complexity and risk to the drone design, validating
it is of utmost priority in the coming design phases. Prototypes of the design should be made such that
any tolerances can be refined, and thorough test plans should be developed that push the load-bearing
capabilities of the mechanism to its limits.

6.5. Avionics Selection

Another important facet of the drone’s design is the selection of the avionics. This is necessary
not only to ensure compliance with the requirements on obstacle avoidance, positional estimation,
and communication, but also to enable more accurate mass estimation and internal layout design.
Subsection 6.5.1 will therefore describe the analysis related to the selection of the BezORgers avionics,
and Subsection 6.5.2 will explain the verification and validation to accompany it.

6.5.1. Analysis

Due to the limited development time and scale of DronebeORgd, all avionics will be selected off the
shelf. While this implies that some components may not be perfectly tailored to the BezORgers’
mission, it provides extra reliability due to the use of well-tested commercial products.

Flight Controller

The first step in avionics selection is choosing an appropriate flight controller. This will establish the
base of the system, providing the basic necessary components for state estimation, communication,
and the integration of components.

This flight controller is selected through a trade-off of three identified potential controllers: the DJI
NAZA-M V2, the Pixhawk 2.1, and the Navio2. All three of these controllers provide localisation,
state estimation, and communication capabilities. The five criteria are described below, after which,
Table 6.5 summarises the trade-off, using the colouring scheme from Table 4.1 to rank each option.

1. Cost — 15%: The cost is an important criterion due to drone costs being a significant contri-
bution to business start-up costs, meaning their reduction is important.

2. Size — 10%: This criterion covers the flight controller mass. This criterion was awarded the
smallest weight, as while size is important, flight controllers are inherently small on the scale of
the drone, and so their effects on sizing are limited.

3. Computational Performance — 20%: This criterion is especially important to the BezORger
due to its autonomous nature. This means a larger-than-normal amount of computation is
performed by the drone, leading to a need for high computational performance.

4. Positional Accuracy — 25%: Due to the precise nature of navigating in an urban environment,
positional accuracy is a very important factor of the flight controller, and is therefore given the
second largest weight.

5. Reliability — 30%: The largest weight is given to reliability due to DronebezORgd’s continued
focus on safety. This criterion includes the robustness and reliability of the system, ensuring
failures never occur.
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Table 6.5: Graphical trade-off of the flight controller

Criterion
Cost Size Computational Positional Reliability
Flight performance Accuracy
Controller
DJI NAZA- | low pricing large high Unacceptable 2.5 m standard GPS only
M V2 computational horizontal
power accuracy
Pixhawk 2.1 Nominal comp- nominal nominal supports redundancy
act through expansion
Navio2 low pricing nomi- high great 10 cm supports redundancy
nal computational vertical accuracy through expansion
power

As seen in Table 6.5, the DJI NAZA-M V2 is rejected as an option due to its unacceptable 2.5m
horizontal positional accuracy, as this would render landing in the area designated by RQ-PL-05
impossible. Looking at the remaining two options, the Pixhawk and Navio2 are both found to be viable
options; however, the Navio2 is selected as the superior flight controller due to its great positional
accuracy, high computational power, and low pricing.

To accompany the Navio2 flight controller and strengthen the redundancy of the system to levels
compliant with RQ-PL-09, an additional GNSS receiver is used. Specifically, the GNSS chosen is the
Navio2 expansion GNSS sensor provided by the same manufacturer to ensure compatibility. Addi-
tionally, to comply with RQ-12-03-01, a drone remote identification module is needed. For this, the
Dronetag DRI is chosen due to its low mass and easy integration with the flight controller.

Perception Sensors

In addition to the flight controller, the perception sensor selection must be conducted to provide
the drone with sufficient perception capabilities. An example use case of this is obstacle detection,
where the perception sensors would enable the drone to respond to unexpected obstacles, sufficiently
diverge from its assigned path, and then return. Based on market research of autonomous drones
with high perception capabilities, the following sensors are deemed necessary: six stereo cameras for
omnidirectional depth perception, and two downwards-facing time-of-flight (ToF) sensors for precise
ground tracking for proximity operations. Furthermore, it was deemed that the forward-facing stereo
camera should be of higher quality and include infrared lighting due to the fast travel speed in the
forward direction. The specific camera and ToF sensors selected can be seen below in 6.6.

Notification Devices

Also important for the operation of the DronebezORgd fleet is the ability for a drone to communicate
its state, both for diagnostics or maintenance procedures, but also, for instance, in the event that a
customer has forgotten to close the payload bay. Because of this, a multi-colour LED strip and an
electromechanical buzzer are added to the avionics of the drone.

Avionics Selection Overview

Combining the components selected in the previous three sections, the full list of the BezORger’s
avionics is established. This list can be seen summarised in Table 6.6, where the model of every
included component can be seen accompanied by its count, cost, mass, and dimensions.

6.5.2. Verification & Validation

The verification of the avionics selection is very straightforward and has been done throughout the
design of the avionics systems. The functions of collective avionics components have been verified
both against the requirements to ensure compliance with the expected precision and reliability of
the systems, as well as against similar drones to ensure a market-leading standard of quality and
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redundancy. Validation, on the other hand, is not in the scope of the project as it is only possible to
validate once a prototype of the BezORger has been built. It is assumed, however, that each avionics
component presented in 6.6 has been independently validated by the manufacturer. Further validation
will be done in the future once prototypes are available.

Table 6.6: Summary of all selected avionics components

Component Model Name Count [-] | Cost [€] Mass [g] Dimensions

Type [mm] X [mm] X [mm]

Flight controller Navio2 1 199.00 77 65 x 55 x 10

Computing inter- | Raspberry Pi 44.33 54 85 x 56 x 20

face

Additional GNSS Navio2 GNSS An- 1 12.90 30 45 x 35 x 15
tenna

Remote ID Dronetag DRI 1 49.00 2 23 x 16 x 5

Standard  stereo | Waveshare IMX219- 5 59.99 23 85 x 24 x 20

camera 83

Front-facing stereo | Ultraleap Stereo IR 1 283.41 22 145 x 19 x 11

camera 170

Time-of-flight sen- | Grove VL53L0X 2 8.58 8 20 x 20 x 11

sor

LED strip Matek 2812 LED 1 5.95 <20 57 x 8 x 4
Strip Slim!3

Buzzer AT-1223-TWT-3V-2- 1 1.12 2 12 x 12 x 7.5
R14

Total 912.82 <298

6.6. Recommendations

This chapter concludes with an overview of the recommendations the team has for any future design
phase or project. As is clear from the preceding sections, the testing of the design of all parts of the
payload handling subsystem is crucial for validating the design and models used to size them. For
this, functional prototypes of all parts should be made and subjected to a controlled and representa-
tive environment. Examples of such tests would include assembling the thermal insulation structure
and payload delivery mechanism, loading it with pizzas or other representative warm material, and
monitoring the rate of heat rejection and any deformation of the mechanism structure.

As the component costs for the payload delivery, thermal insulation, and wingspan reduction are rela-
tively low, multiple prototypes can be made as a form of sensitivity study to see how the performance
or functionality is affected by varying certain design parameters. Validating that the correct avionics
equipment has been chosen is also important, as its high overall cost should be justified before the
whole DronebezORgd fleet is manufactured.

For the continuation of the design process, it is recommended to develop a thermal simulation model
to quantify the thermal performance of the payload handling subsystem. Using this, mass usage and
material choice can be further optimised. This would also allow the evaluation of various combinations
of multi-layer insulation architectures and PCMs and their effect on the final design. Next to this,
the use of various perception sensors in low-light or night-like conditions should be investigated to
allow the drone to operate for extended parts of the day or year. A further study on wing folding and
locking mechanisms is also recommended so that the reliability, mass, and safety of the subsystem can
be optimised.

I3URL https://droneshop.nl/mateksys-2812-1led-strip-slim-2pcs [cited 17 June 2025]
MURL https://www.digikey.nl/en/products/detail/pui-audio-inc/AI-1223-TWT-3V-2-R/5011391 [cited 17
June 2025]
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Propulsion & Powertrain

This chapter focuses on the design, analysis, and V&V of the propulsion subsystem, which includes
the horizontal and vertical propellers, the motor, the battery, as well as electrical components aiding
in the transfer of power.

An overview of the design approach, along with the assumptions and simplifications made, is presented
in Section 7.1. The propeller design and analysis are discussed in Section 7.2, covering airfoil choice,
rotor layout, and blade design. The design and selection of the remaining powertrain components,
including the motor, the battery, and other electronics, is presented in Section 7.3. Lastly, Section 7.4
presents recommendations to optimise the propulsion subsystem design and perform higher accuracy
analyses.

7.1. Design Approach & Assumptions

The design of the propulsion subsystem was split into the propeller design and the design of the rest
of the powertrain.

The Blade Element Momentum Theory (BEMT) was used to perform propeller analysis and subsequent
design. A BEMT analysis tool based on a study by Goyal et. al. was used [15][16]. BEMT is not a
high-fidelity method, and the tool used relies on the following assumptions:

o AS-PP-01: The flow over each annular (radial) ring is independent of every other annular ring.
e« AS-PP-02: Wake expansion, yaw, and tip losses are neglected.
e« AS-PP-03: The flow is non-turbulent and steady.

o AS-PP-04: A low free-stream velocity (between 1 and 3m/s) accurately simulates hover con-
ditions.

The analysis tool was then used to perform parametric studies on the blade geometry and design. The
following ordered list of design variables then structured the design process:

o Number of propellers, n,,op

e Number of blades, n

o Blade airfoil profile

+ Reference pitch angle at 70% outer radius, 6,..f

« Radial twist distribution with respect to 6.z, 0(r)
» Radial chord distribution, ¢(r)

Parametric studies revealed insights into the relation between these variables and the performance of
the propeller (thrust produced and power drawn), which was used to arrive at design values for each

variable. Furthermore, for any parameter that was yet to be designed, the values corresponding to the
scaled TUD XProp were used instead. This approach implicitly makes the following assumptions:

e AS-PP-05: The impact of a design variable on the propeller performance is independent of
other design variables.

92
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e AS-PP-06: The TUD XProp size and design parameters are similar enough to BezORger’s
eventual propeller design for it to accurately reflect relations between parameters.

Following the propeller design, the motor and battery were selected. The motor selection was done
based on the required rotation rate of the rotor blades and the required torque. The battery design
followed from the voltage and power draw of the motor and propeller.

The propeller was designed so as to optimise for efficiency for the specific thrust and performance
requirements on BezORger, given its mission profile, while avoiding over- or under-designing. On
the other hand, the motor and battery were selected from commercially available options, as they
entailed fewer design variables. So, close-to-optimal choices could still be achieved through off-the-
shelf components.

7.2. Propeller

Given the limitations on the size of the aircraft, a configuration of four propellers, each with four
blades, was chosen. More than four propellers would require close positioning, resulting in significant
interference between propellers and a decrease in performance. Fewer than four propellers hinder
controllability of the drone, which is critical for safety in an urban environment. Then, RQ-PP-03
dictates that the maximum thrust generated by each propeller should exceed 56.4 N.

2-MTOW -9.81 2-11.5-9.81

Nprop 4

=56.4N

Tmaac =

Furthermore, to ensure safety, circular ducts were installed around each propeller. These also have
the added benefit of increased thrust and efficiency, albeit at the cost of added mass [17].

7.2.1. Airfoil Selection

The operating Reynold’s number for BezORger’s propellers will be in the order of ~ 10% to 10°. As
such, for the propeller blades, it is desirable to use an airfoil with a large camber for the following
reasons:

e They produce more lift at low Reynold’s numbers.
e They produce more lift at smaller «, requiring a smaller propeller blade pitch.

o They tend to have a higher maximum C7,/Cp, resulting in higher efficiency.
As such, a preliminary selection of cambered airfoils commonly used in propeller blades was made,
as presented in Table 7.1 (airfoil data from AirfoilTools!). To maintain ease of manufacturing, using

multiple airfoils along the span of the blade was rejected, and only single-airfoil profiles were
investigated.

Table 7.1: Preliminary selection of cambered airfoils for propeller blades

Airfoil Max camber | Max Cy,/Cp oL/D CL,.. Qs

NACA 4412 4.0 36.1 8.50 1.26 14.75
NACA 6409 6.0 36.0 9.00 1.35 9.00
NACA 6412 6.0 29.6 4.25 1.32 12.25
MH114 6.4 26.0 7.00 1.45 12.50
Clark X 3.3 36.4 7.75 1.19 9.75
Clark Y 3.4 36.5 7.50 1.27 12.25
51223 8.1 42.3 3.25 1.80 8.00

'URL: http://airfoiltools.com/
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To perform a more detailed analysis on the effect of airfoil choice on propeller performance, BEMT
simulations were performed for each airfoil for varying radii, with the other design parameters set to
the default values of the scaled TUD XProp and the operating conditions set to those during hovering
flight [16]. The radius was fixed to 20.3 cm — the same as the scaled XProp radius — based on
RQ-PP-01. The rotation rate of the propeller was set to 100 Hz, typical for drones of this size. The
dependence between the radius of the propeller and the thrust generated is shown in Figure 7.1.
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Figure 7.1: Thrust generated vs. propeller radius (and exponential regression)
As shown in Figure 7.1, the airfoil choice does not affect the radius to generate the required thrust

of 56.4 N (RQ-PP-03) significantly; the required radii lay between 19.0 cm and 20.2 cm. As such, the
relation between the power drawn and the thrust output was also investigated, as shown in Figure 7.2.
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Figure 7.2: Thrust generated vs. power drawn (and linear regression)

It can be observed in Figure 7.2 that the thrust generated depends much more strongly on the power
drawn than on the propeller radius. To generate the required 56.4 N thrust, the power draw ranged
from 1,205 W for the Clark Y airfoil to 1,454 W for the S1223 airfoil. As such, the Clark Y airfoil
was chosen for its high thrust-to-power ratio. The selection was done on the basis of power draw at
maximum thrust, since the critical mission phases for energy consumption are takeoff and landing as
opposed to transition or cruise.
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7.2.2. Blade Design

With the Clark Y airfoil selected, the pitch angle and subsequently the twist distribution were defined.
The pitch angle is measured at a reference location of 0.7, from the centre of the hub, and the twist
distribution is defined with respect to the pitch. The primary effect of the pitch angle is on the local
AoA at each point along the blade, thus affecting the thrust generated. These effects were analysed

for the chosen Clark Y airfoil at hovering conditions, still using the twist and chord distribution of
the TUD XProp [16][15].
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Figure 7.3: Effect of varying pitch on maximum AoA and thrust generated

As observed in Figure 7.3, while the thrust monotonically increases with reference pitch angle for the
plotted values, stall is observed locally along the propeller blade at values exceeding 15.5°. So, a pitch
angle of 15.5° was selected, maximising thrust while avoiding stall.

With the reference pitch fixed, twist distributions were explored. The twist distribution of the TUD
XProp blade bilinearly decreased from 26.82° to —8° with distance from the hub centre [15]. As such,
fixed multiples of the linear twist profile were explored. However, due to the pitch already being at
the stall limit, the twist could only be scaled down. The effect of linearly scaling down the twist on
the thrust, power, and figure of merit is shown in Figure 7.4.

e— Thrust (N) —4— Figure of Merit
Power (W)
56.5 1 0.672
60 o 0.670
z 3
+ = 0.668
%] Y
2 55.5 o
- o
3 i
> 0.666
[T
55.0
0.664 -
4.5 1
4.5 0.662 1
0.5 0.6 0.7 0.8 0.9 1.0 0.5 0.6 0.7 0.8 0.9 1.0

Twist scaling factor Twist scaling factor

Figure 7.4: Effect of twist distribution on thrust generated, power draw, and figure of merit

As seen in Figure 7.4, for the values of the twist scaling factor explored, the thrust generated (and
power draw) monotonically increased with decreasing twist. However, the figure of merit saw a peak
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Figure 7.5: Effect of chord distribution scaling on thrust generated, power drawn, and figure of merit

at a factor of 0.65. As such, the twist distribution chosen (with respect to the reference location at
0.7Rprop) was 0.65 times the TUD XProp twist.

Lastly, the effect of the radial chord distribution was investigated. Again, the TUD XProp chord
distribution was linearly scaled by different factors to see how the performance varied. The results are
shown in Figure 7.5.

Evidently, Figure 7.5 reveals that the thrust increases almost linearly with the chord distribution.
Notably, the effect on the figure of merit is much less pronounced than that of twist distribution. As
such, the thrust requirement was used to size the chord distribution — the chord distribution was
chosen to be the same as that of the TUD XProp, as it was the smallest distribution that fulfilled
the thrust requirement [15].

7.2.3. Horizontal Propeller

A similar approach was followed to design the horizontal propellers. The only difference was in the
thrust required and hence the rotation rate. For ease of manufacturing, all design parameters for the
horizontal propeller were kept the same as the vertical propeller; only the sizing was redone based
on RQ-PP-04 and the cruise operating conditions instead of hover. The former dictates that the
horizontal propeller should be able to deliver a thrust of 56.4 N.

Taz =05- MTOW -9.81 =0.5-11.5-9.81 = 56.4N
Once more, the thrust generated was plotted and regressed against the propeller radius, as shown in
Figure 7.6.
It can be seen from Figure 7.6 that a propeller radius of 22.2 cm is required to generate the required
thrust.
7.2.4. Verification & Validation

The MATLAB BEMT simulation code used was based on peer-reviewed work by Goyal et. al [16].
Even so, verification was performed by means of unit tests, which included the following checks:

o Ensuring the polar data and blade geometry files were read correctly
e Performing sensitivity analyses by slightly varying inputs to ensure stability of the model

o Critically analysing relations obtained between parameters against physical laws
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Figure 7.6: Effect of varying horizontal propeller radius on thrust generated

In addition to the model, however, its usage for the design process was also verified. The vertical
propeller design is presented in Figure 7.7, and the design parameters and specifications for both
propellers are summarised in Table 7.2.

Figure 7.7: CAD render of vertical propeller design

Table 7.2: Vertical and horizontal propeller design summary

Design parameter

Vertical propeller

Horizontal propeller

Number of propellers 4 1
Propeller radius 20.3cm 22.2cm
Hub radius 3.2cm 3.5cm
Ducts around propeller Circular Circular
Number of blades per propeller 4 4
Blade airfoil Clark Y Clark Y
Reference pitch angle 15.5° 15.5°

Radial twist distribution

see Figure 7.8

see Figure 7.8

Radial chord distribution

see Figure 7.8

see Figure 7.8

Maximum rotation rate 100 Hz 100 Hz
Maximum thrust generated 56.4 N 56.4 N
Maximum power draw 1,114.8 W 1,598.7 W
Maximum torque 1.77Nm 2.54 Nm
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| Figure of merit 0.673 | 0.678

As specified in Subsection 7.2.3, the twist and chord distributions of both the vertical and the horizontal
propeller were the same along the radial direction (when plotted against the radius-normalised distance
from hub centre); Figure 7.8 graphically shows this variation.
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Figure 7.8: Twist and chord distribution of both the horizontal & vertical propellers

To verify that the thrust requirement RQ-PP-04 was met, a regression was made between the propeller
setting (rotation rate in Hz) and the generated thrust. To further analyse the performance, the thrust
vs. power required relation was also modelled. These results are presented in Figure 7.9.
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Figure 7.9: Relation between rotation rate, thrust generated, and power draw for vertical and horizontal propellers

It can be seen from Figure 7.9 that at a rotation rate of 100 Hz, the thrust requirement is exactly met,
verifying that the propellers are neither under- nor over-designed.

7.3. Powertrain

The propeller design gave way to the remaining powertrain components. Specifically, it defined re-
quirements on the required rotation rate of the blades, the torque, and the power it operates at. This
imposed constraints on the sizing and selection/design of the motor and subsequently the battery and
other electrical components.



7.3. Powertrain 59

7.3.1. Motor & Electronic Speed Control

The motors for the propulsion subsystem need to meet the following requirements imposed by the
propellers:

o Allow for a rotation rate of at least 6000 rpm (= 100 Hz)

e Supply a torque of at least 1.77 Nm to the vertical and 2.54 Nm to the horizontal propeller

e Operate at a power of at least 1,114.8 W for the vertical and 1,598.7 W for the horizontal propeller
e Operate at a thrust of at least 56.4 N

In the interest of ease of procurement of components during manufacturing, it was decided to:

o Select an off-the-shelf motor (due to the relatively low number of design variables)

o Select the same motor for both the horizontal and vertical propeller (due to similar magnitudes
of required RPM, torque, and power)

The EVCraft High Torque 6016 Electric Brushless DC Motor? was selected as the motor
of choice for DronebezORgd as it met each requirement. An overview of its performance limits and
specifications can be found in Table 7.3; note that the rotation rate, torque, power, and thrust refer
to the maximum values respectively.

Table 7.3: Performance limits and specifications of the EVCraft High Torque 6016 Electric Brushless DC Motor

Rotation rate

Torque

Power

Thrust

Voltage

Weight

Price

125Hz

3Nm

1,800 W

63.8N

2TV

0.39kg

€50

To ensure compatibility with the selected brushless DC motor, the ESC must meet several key require-
ments:

e Support the operating voltage of 27V

e Deliver sufficient continuous and peak current to match the motor’s 1,800 W peak power
e Provide reliable communication with the flight controller

e Include safety features such as over-current and over-temperature protection

The XRotor H80A ESC? meets these requirements, offering up to 40 A continuous current and
51.8 V maximum voltage support.

7.3.2. Battery

In compliance with RQ-PP-09, the battery of the drone should have an energy of at least 1.69 MJ,
assuming an electric efficiency of 0.95.

B — Ermission 1.28 - 10°

= =1.69MJ = 468 Wh
Nelectric + (1 — reserve) 0.95-(1-0.2)

Moreover, the battery should also be able to generate a potential difference of 27V for the motors
to function as required. A trade-off was conducted to analyse battery types based on energy density
(0.4), power density (0.1), safety (0.3), and cost (0.2), shown in Table 7.4.

2URL: https://evcraft.en.made-in-china.com/product/1EipLUzPorYA/China-High-Torque-6016-Electric-B
rushless-DC-Motor-27V.html
3https:/ /www.hobbywingdirect.com/products/xrotor-pro-h80a-esc
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Table 7.4: Trade-off of battery types for BezORger

Criterion Energy Density [W h/kg] Power Safety Cost
Battery Den-
Type sity
[W/kg]
Li-ion (NMC) 220 800 moderate; thermal moderate
runaway risk
Li-Po 180 1300 moderate; flammable low
components
LiFePO4 140 1000 high; thermally stable low
Solid-State 300 1200 very high; very high
Li-ion non-flammable
NiMH 60 300 high; no thermal risk low

From the trade-off, it was found that LiFePOy, Li-Po, and Li-ion (NMC) batteries were all viable
options. As such, all three were explored, and the DJI Mavic 2 Intelligent Flight Battery?, a
Li-Po battery, was chosen. The specifications of the battery are presented in Table 7.5.

Table 7.5: Specifications of the DJI Mavic 2 Intelligent Flight Battery

Energy Charge Voltage Weight Price
59.3Wh 3,875mAh 15.4V 0.30kg €103

To meet the energy requirement, 8 units of this battery are needed, resulting in a total energy of
474.4 W h. To meet the voltage requirement, two batteries are connected in series, yielding a resulting
voltage of 30.8 V. So, the eight batteries are arranged in a 2 x 4 layout, with two in series and four
such series connections in parallel.

7.4. Recommendations

The current propulsion subsystem design relies on several simplifying assumptions that could be
addressed to improve accuracy and performance. Firstly, the BEMT analysis tool neglects wake
expansion, yaw, and tip losses (AS-PP-02), which could lead to discrepancies between predicted and
actual propeller performance. Future work should incorporate these effects through higher-fidelity
computational fluid dynamics (CFD) simulations. Moreover, the assumption of steady, non-turbulent
flow (AS-PP-03) may not hold during dynamic flight phases such as transition or gust encounters.
Transient analyses or unsteady aerodynamic models should be explored to account for these effects.

A critical limitation of the current approach is the sequential design of parameters under the assump-
tion of independence (AS-PP-05). This does not account for potential interactions between variables
such as airfoil selection and twist, and chord distribution. To achieve a more optimal design, a multi-
disciplinary optimisation should be performed by simultaneously varying all parameters to maximise
the thrust-to-power ratio while meeting constraints. Furthermore, the reliance on the TUD XProp as
a reference design (AS-PP-06) introduces uncertainties, as BezORger’s mission profile and operational
conditions differ. Future iterations should validate the scaled parameters through wind tunnel testing
or small-scale prototypes.

Lastly, the propulsion subsystem will require resizing following the system-level design iteration in
Section 13.1. Currently, the design is based on an estimated MTOW of 11.5 kg; the propeller geometry,
motor selection, and battery capacity must be re-evaluated to ensure compliance with revised thrust
and power requirements based on the updated MTOW. To improve accuracy, better models should
be used to estimate the effect of circular ducts on the thrust and power.

4URL: https://www.amazon.es/ZahoTse-Mavic-Capacity-Intelligent-Replacement/dp/BOCBCT61NN
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Noise

For DronebezORgd to become a pioneer in the drone food delivery sector, public perception is key. To
that extent, the noise emissions need to be below levels that cause public disturbance. In particular,
BezORger has to comply with the requirements specified in Table 2.4. This chapter tackles the
estimation of noise emissions, starting off with defining the approach used and the assumptions made
in Section 8.1. The Hanson model to estimate tonal noise and its results are discussed in Section 8.2 [18].
The verification and validation of the analysis is discussed in Section 8.3, and a critical examination
of the methods used, along with recommendations for future work, is presented in Section 8.4.

8.1. Design Approach & Assumptions

This section outlines the approach used to estimate the noise emissions using an implementation of
the Hanson model by Goyal et. al. [19]. This method focuses on the tonal noise generated by the
propeller, which consists of discrete frequencies describing pure tones, as opposed to broadband noise,
which corresponds to a wide range of frequencies. The following assumptions were made in the Hanson
model and its implementation:

« AS-NOISE-01: The observer is located in the acoustic far field (> 10 - 7prqp)-
e« AS-NOISE-02: Sound propagation is linear and sound waves do not interact with each other.
e« AS-NOISE-03: There is a uniform and steady air inflow to the rotor.

e AS-NOISE-04: Blade-wake interaction and broadband noise are neglected according to Aki-
wate et al. [20].

e« AS-INOISE-05: The model assumes that the propeller blades are uniform, slender, and thin.
e AS-NOISE-06: The model assumes the load distribution along the chord is parabolic.
e AS-NOISE-07: The total sound pressure level is summed using logarithmic summing.

e AS-NOISE-08: The adjusted sound pressure levels Lp 4 are calculated based on Hanson’s tonal
noise at the 90° angle and the blade passing frequency (BPF) in Equation 8.1.

e« AS-NOISE-09: The noise estimation assumes that the interaction of the vertical duct is ne-
glected.
Since the duct around the vertical propellers obstructs the noise sound waves produced by the
blades, this assumption results in a conservative noise estimate.

8.2. Hanson Model

The Hanson model analytically predicts the tonal noise generated by rotating propeller blades, based
on aerodynamic forces obtained from blade loading distributions [18]. The sound pressure levels L,
measured in dB, at each harmonic frequency have been computed using blade geometry, aerodynamic
load distributions, and operating conditions such as rotational speed and observer location. The total
tonal noise Lp a1 is obtained by summing the contributions from multiple harmonics, resulting in a
frequency-dependent and directional noise prediction.

61
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8.2.1. Analysis

The tonal noise is dominant in the plane of the propeller rotation (at 90°), while broadband noise is
dominant along the axis of rotation (at 0° and 180°), as shown in Figure 8.1, and the sound field is
nearly symmetrical [19]. As such, during take-off and landing, tonal noise dominates over broadband
noise due to the four vertical propellers, allowing for the use of the Hanson model.

,,,,,

Broadband noise
dominant

Tonal noise
dominant

Figure 8.1: Noise propagation around a rotating propeller [19]

The Hanson model calculates the tonal SPL L, generated by a single rotor in dB. This was first scaled
by the number of propellers (using logarithmic summing) and then converted to dBA. The latter is a
frequency-dependent scaling known as the A-weighting that reflects perceived sound levels by humans
better than dB [21, 22], shown in Equation 8.1.

LpaldBA] = Lp[dB] + A(f) (8.1)

Here, A(f) is the frequency scaling term and is closely related to the blade-passing frequency (BPF),
which is the product of the rotational frequency of the propeller in Hertz and the number of blades.

8.2.2. Results

The noise generated depends largely on the thrust; as such, estimations were made for cruise, take-off,
and landing. Figure 8.2 presents the SPL along different values of the viewer angle 6.

As expected, it can be seen in Figure 8.2, the tonal noise is dominant at § = 90°, with a sharp drop
towards the extremes, serving as a sanity check. Take-off at MTOW is critical for noise emission, with
a maximum SPL of 69.0dB at a distance of 2m. However, after the A-weighting, take-off with zero
payload was critical, with an adjusted maximum SPL of 55.3dBA. Additionally, the maximum noise
during cruise is 20.5 dBA, which satisfies RQ-09-01-01.

8.3. Verification & Validation

This section discusses the verification and validation of the Hanson noise estimation method.

Verification

Goyal’s implementation of Hanson’s model [19] has been described and applied in a peer-reviewed
study [23] published by TU Delft researchers in the journal Aerospace Science and Technology'. This
implies that it has already been partially verified by the scientific peer review process.

Additional verification tests were performed covering the following aspects: ensuring the polar data
and blade geometry files were read correctly, performing sensitivity analyses by slightly varying inputs

'URL https://www.sciencedirect.com/journal/aerospace-science-and-technology/vol/147/suppl/C [cited
June 12, 2025]
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Figure 8.2: Maximum Sound Pressure Levels (Lp) during all critical mission phases

to ensure stability of the model, and critically analysing relations obtained between parameters against
physical laws.

Furthermore, the presence of the Doppler effect in Figure 8.2 indicates that the numerical model
captures the underlying physics of sound propagation from a moving source. This demonstrates
that the mathematical formulation and computational implementation behave as anticipated against
theoretical principles.

Validation

The validation of the Hanson noise estimation model could be performed through the comparison of
the model results against experimental data. Furthermore, to analyse the effects of AS-NOISE-09,
experiments could be performed comparing the effects of the propeller ducts on noise emissions.

8.4. Recommendations

To enhance the noise estimation analysis, several improvements can be considered for future work. To
start off, AS-NOISE-01 prevents accurate noise estimation in conditions below <10 r4;,. In the future,
experimental tests should be conducted to validate the noise levels for these distances. Furthermore,
AS-NOISE-03 does not hold during take-off and landing phases when the drone is within approxi-
mately two meters of the ground. When the air pushed downward by the rotor hits the ground and
reflects upward, it creates turbulent recirculating flows near the blades. Additionally, acceleration
and deceleration during transitional flight phases introduce unsteady flow conditions. Therefore, the
inflow is no longer uniform or steady in these regimes. Future experimental validation is planned to
assess noise levels during these critical flight stages.

The current model only calculates the tonal noise AS-NOISE-04 but neglects the broadband noise. In
the future, the broadband interaction should be calculated using the model by Thurman, Zawodny,
and Baeder [24]. The outcome shall validate whether tonal noise is the dominant factor.



Aerodynamics

Aerodynamics are an essential part of the drone, dictating the stall behaviour, stall angle, wing
platform, drag, and lift of the drone. This chapter covers the choices and methods that were used to get
to the aerodynamic coefficients of the preliminary design. The design approach and assumptions made
are presented in Section 9.1. A preliminary sizing was conducted in Section 9.2, and further design
iterations are presented in Section 9.4. Finally, limitations of the current method and recommendations
for future work are discussed in Section 9.5.

9.1. Design Approach & Assumptions

At a high level, aerodynamics is tasked with determining the aerodynamic coefficients of the BezORger,
which include the lift coefficient and the drag coefficient. Furthermore, an effective wing planform with
a wing profile should be designed. This was done in 4 distinct steps:

1. Preliminary Sizing: This step is needed to get a starting point for a wing platform.

2. Airfoil Selection: The airfoil selection is a crucial step in the design process. The needs of the
drone will be traded off to find the optimal airfoil with the current available information.

3. CFD Analysis: A CFD analysis is performed to determine aerodynamic coefficients. The used
settings and model will be discussed.

4. Integration: The final step is to integrate the CFD results into the design and convert all
results to a usable data set to be used in the iterations of the design.

Some assumptions are also made in this chapter; a summary is given in the following list.
e AS-AERO-01: All CFD analysis will be performed without the propellers.
e AS-AERO-02: Thermal effects will be neglected.
e AS-AERO-03: Changes in wing platform will result in linear coefficient changes.

9.2. Preliminary Sizing

This section covers the analysis of the preliminary sizing in Subsection 9.2.1, and the verification of
these methods in Subsection 9.2.2.

9.2.1. Analysis

This subsection covers the analysis done for the wing position, the preliminary wing platform sizing,
and finally, the airfoil selection.

Wing Positioning

The drone has a wing folding mechanism, which influences its wing platform and position. Due to this
mechanism, the drone will need a high wing configuration, which will allow more clearance for the
mechanism. Furthermore, the high wing configuration will allow more ground clearance when landed,
requiring shorter landing gears. Finally, the high wing placement will also help to have clean incoming

air that is not disturbed by the propellers, as they are placed on the lower part of the drone, rendering
AS-AERO-01 valid.

64
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Wing Parameters

To have a starting point, two parameters have to be calculated: the tip and root chord. To estimate
these parameters, the aspect ratio of the wing has to be computed first, which is done with Equation 9.1,
where b is the wing span, which is assumed to be 3 m as per requirement 4.10, the S is the wing platform
area which was computed from weight estimations.

b2

A
R S

(9.1)
Subsequently, the root and tip chord can be computed from Equation 9.2, using the wing span and
the wing surface area. In Equation 9.2, A is the taper ratio, which was assumed to be 0.4 as this will
give an almost elliptical wing lift distribution®, which is optimal.

28
Cpr = m,Ct == )\CT (92)

After these calculations, the root chord is found to be 0.54m and the tip chord is found to be 0.22 m.

Airfoil Choice

The airfoil choice is an important aspect of the drone’s aerodynamics; it will influence all the coming
results and will greatly influence the overall design. The National Advisory Committee for Aeronautics
(NACA), has an extensive list of wing profiles and their first order estimations. Based on this database,
the wing profile has been selected. This section will go over the procedure used to select the airfoil.

An online database? was found in order to perform calculations and narrow down the options. The
first choice was to only consider 4-digits NACA profiles. This choice was made due to the stall
characteristics of this series — it has favourable stall characteristics, which are crucial for the drone
as it will need to fly through a transition zone to go from hovering to normal flight. Furthermore, as
the drone has to land in tight spaces, the goal will be to find the airfoil with the highest lift coefficient
(Cp). This happened to be the NACA-6412 airfoil, in Figure 9.1, the outline of this airfoil can be seen.

[

Name = NACA 6412
Chord = 100mm Radius = Omm Thickness = 100% Origin = 0% Pitch = 0°

Figure 9.1: NACA-6412 airfoil outline

The NACA-6412 has a maximum Cj of above 1.5 before stalling, which is the maximum that was
found in the aforementioned database. The C; vs. a can be seen in Figure 9.2.

9.2.2. Verification & Validation

To verify the preliminary sizing, some simple unit tests were set up to do a sensitivity analysis on
the inputs. For example, a check was to see if the wing surface area would rise with an increase of
MTOW, and this was the case. Validation should be conducted once the model exists physically.

9.3. Computational Fluid Dynamics

This section will cover the analysis of the CFD analysis in Subsection 9.3.1, and the verification of
these methods in Subsection 9.3.2.

"https://brightspace.tudelft.nl/d21/1le/content/512607/viewContent/2879495/View [cited 16 June 2025
“https://splinecloud.com/repository/AlinaNeh/NACA_airfoil_database/ [cited 16 June 2025]
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Figure 9.2: C; vs. «a curve for NACA-6412

9.3.1. Analysis

During the design of the drone, Computational Fluid Dynamics (CFD) was used, due to time con-
straints and the time that a CFD simulation has to run for, the design was simplified to not account
for the propellers.

CFD Software Choice

The choice of this software was essential to the efficiency of the drone’s aerodynamics; a poor choice
could result in a lot of wasted time. The difficulty to learn the software was also taken into account,
and in the end, 3 options were available: XFLR5, ANSYS, and 3DExperience. The issue with XFLR5
was that no propellers could be modelled in this software, which initially was still expected to be
analysed. Finally, the SIMULIA software from 3DExperience was chosen, as the CAD model of the
drone is also made in this software; this would allow for quick iterations and changes as the drone
evolves.

Model Settings

CFD is a complex topic, and not all models can be explored. The chosen model was the Shear Stress
Transport k-w (SST k-w) model. This combines two models, one for the inner boundary layer and the
other for the free stream region. The model uses the best of the two models, and due time constraint
of the project, this was the chosen model.

The model of the mesh was a hex model; this was used because some tests resulted in the hex mesh
building faster than the tetrahedron mesh with no significant differences in results. Furthermore, the
minimum size of the elements is 16.236 mm, the maximum size is 162.358 mm, and a boundary layer
was added to model this region more accurately with 4 layers, with a linear thickness growth starting
at 0.4 mm. The size of these elements was automatically suggested by the software based on the CAD
model given to it. In Figure 9.3, the outside of the mesh can be seen in Figure 9.4, where a section is
shown where the mesh has been cut through its middle.

Figure 9.3: Outside view of the CFD mesh Figure 9.4: Inside view of the CFD mesh
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In Figure 9.3, the orange arrows represent the incoming air at a speed of 15m/s, this was a good
approximation of the speed at which the drone would be flying. The pink arrows represent a pressure
outlet, which effectively means that the air can flow out of those surfaces. This configuration was also
proposed by the 3D Experience education manual and is a great way of having first-order estimations.
Furthermore, as per assumption AS-AERO-02, thermal effects will be ignored as this simplifies the
model further, and the effect of these will not be significant as the model is flying at low speeds and
at ISA sea level conditions.

Procedure and Results

The expected output of the simulation is a Cf, vs. a curve and an estimate for the drag. This means
that the simulation needs to be run for each angle of attack; these angles have been discretized, and
thus the following angles have been analysed: 0°, 3°, 6°, and 12°. Initially, simulations were run for
higher angles, but above 12° the wing started to stall, which was not the scope of this simulation.
Knowing the initial sizing of the wing platform, the first simulations could run. The CFD simulation
only gave lift and drag forces over the whole drone; thus, using Equation 9.3 and Equation 9.4, the
coefficients could be calculated as the geometry of the wing was known.
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In Figure 9.5, 9.6, 9.7, and 9.8, the word ‘basic’ refers to the configuration that was the result of the
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preliminary sizing; these plots will be used as a reference point for further comparisons. In Table 9.1,
an overview of the basic configuration values is given.

Table 9.1: Basic configuration

Parameter Value Unit
Root chord (¢;) 0.54 m
Tip chord (¢;) 0.22 m
Span 3.0 m
Leading edge sweep 3.1 degree
Surface area 1.156 m?

In order to know what parameter influences the curves in what manner, a sensitivity analysis was set
up. Two additional simulations are set up, where only the root chord changes by +0.10 m. This same
procedure has been applied for the tip chord, this also changed by +0.10m. The final parameter was
the wing sweep; the two used values were 0° and 10° .
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Figure 9.9: Comparison lift curves Figure 9.10: Comparison lift coefficient curves

In Figure 9.9, the angle of attack a versus lift force can be seen. The lines with the same colour are
the same parameter change; one line will have a plus symbol, meaning that the parameter increased,
the other line has a down arrow, meaning that the value of that parameter decreased. Figure 9.10,
is the lift coefficient comparison. The difference between these two graphs is that the lift accounts
for the increase/decrease in surface area due to the parameter change. The black line represents the
unchanged design, named the "basic” design from the preliminary sizing; its parameters can be found
in Table 9.1.

In Figure 9.11 and 9.12, the same styling logic applies as before. One might notice that increasing
any parameter results in a lower Cy, but the increase of the parameter results in a higher surface area,
meaning that the drag force usually increases; the only exception is the wing sweep, as the sweep does
not change the surface area of the wing.

9.3.2. Verification & Validation

Validation of aerodynamics is complicated without having the physical model tested in a wind tunnel.
Verification is possible and was performed by doing the sensitivity analysis of all different parameters
explained in Figure 9.3.1.
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9.4. Integration

This section will cover the analysis of the code integration and iterative loops in Subsection 9.4.1, and
the verification of these methods in Subsection 9.4.2.

9.4.1. Analysis

In this analysis, the results of the CFD were transferred to the Python environment to allow for quick
iterations of the design, this was performed in Subsection 9.4.1. The design of the wing is an iterative
process and has been explained in Subsection 9.4.1.

Code Integration

CFD simulation results are only obtained for discrete values of planform parameters. However, when
performing the iterative aerodynamic design of the drone, parameters are treated as continuous values,
and aerodynamic coeflicients are required at arbitrary values. So, a linear interpolation was used to
compute the C; when varying each of the root chord, tip chord, and sweep, resulting in a Cj vs. «
graph for each parameter. Then, the curve for every parameter change was averaged to obtain an
approximate C; vs « curve. This methodology is also reflected in AS-AERO-03.

Design Loop

In order to find a revised wing platform from the initial weight, the lift formula is used with an assumed
cruise AOA, the C; can be found from this AOA using the "basic” lift curve. When the Cj is found
the wing area can be found using Equation 9.5. The cruise speed is also the design cruise speed and
is set as an input.

_ 2MTOW
V2 LG

cruise

S (9.5)

After using Equation 9.5, the wing surface area is computed, assuming a taper ratio (\), the root
chord and tip chord can be computed.

28
b(1+ M) c=cp- A\ (9.7)

Cpr =
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In Equation 9.6, the b is the span of the wing. After performing Equation 9.6 and Equation 9.7, the
tip and root chord are found, which again means that a new Cp, vs. « curve can be found. This
again influences the Cf, used in Equation 9.5. Finally, the last assumption is that the wing will have
no sweep at all. Wing sweep is often used for planes cruising close to Mach 1, meaning that for this
design, a wing sweep is not necessary and would only increase the structural mass. Once the change
of the wing surface is less than 0.001 m? the wing is considered as converged and will be given to the
next steps described in Section 13.1.

9.4.2. Verification & Validation

Furthermore, looking at Figure 9.10, the black line lies approximately in the middle of both the root
chord lines and tip chord lines, rendering the assumption made in Section 9.4 valid. Furthermore
Figure 9.13, shows a pressure distribution over the drone; this result is the expected one, where high
pressure is measured at the nose and lower on the suction side of the wing. Additionally, a simple
simulation was run of a 2D airfoil of the NACA-6412 airfoil to verify the results with the one found
online3, which resulted in the CFD rendering correct values.
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Figure 9.13: Gauge pressure at AoA 12°

9.5. Recommendations

To enhance future work on the aerodynamic analysis, several improvements can be considered. One
important step would be to run CFD simulations with multiple airfoil profiles, as the interaction
between the wing and fuselage might lead to the identification of a more optimal airfoil shape. Addi-
tionally, the CFD mesh should be revisited and refined; due to time constraints, a relatively coarse
mesh was used in the current simulations, which may have limited the accuracy of the results. Run-
ning the CAD model in an alternative CFD software is also recommended to perform a sensitivity
analysis. Comparing results from different solvers would help validate the current model and increase
confidence in the simulation outcomes.

Furthermore, propellers should be included in the aerodynamic analysis, with particular attention
given to their interaction with the wing. This step is essential to validate the assumption presented
in Section AS-AERO-01, regarding the exclusion of vertical propeller effects.

Finally, experimental validation through wind tunnel testing is strongly recommended. This would
provide high-fidelity data to verify the accuracy of the CFD results and strengthen the overall reliability
of the aerodynamic model.

*http://airfoiltools.com/airfoil/details?airfoil=naca6412-il [cited 17 June 2025
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Stability & Control

This chapter analyses the static and dynamic stability and controllability for the drone during both
horizontal and vertical flight, and sizing stability surfaces when needed. The stability & controllability
chapter starts with the design approach and the assumptions made in Section 10.1, then discusses the
model and V&V for vertical stability and controllability in Section 10.2. Next, the horizontal stability
& controllability of the drone is explored in Section 10.3, and finally recommendations for further
research on the design are offered in Section 10.4.

10.1. Design Approach & Assumptions

In order to analyse the stability and controllability of the drone, the department first divided the
work into two phases: vertical and horizontal flight. For the vertical flight, there are many models
for multi-copter drones, but very few for VI'OL drones. Thus, the department decided to create a
simplified model for vertical flight, with the assumptions presented below. The main inspiration for
this model has been taken from the work of Andrew Gibiansky, who created a stability model for the
quadcopter!.

For horizontal flight stability, a quick analysis has been done to check if there is any need for tails or
control surfaces. Taking into account the variable number and placement of the pizza payload and
batteries during the mission, it would be almost impossible to design a stable drone in horizontal
flight without tails. Even using vertical thrusters was initially considered to keep the drone statically
stable, but the concept was removed due to constant power consumption, which is less efficient and
sustainable, while a tail is much more efficient by using the drone’s speed to create stabilising lift. The
sizing of the tails has been done using the model presented during the TU Delft course AE3211-1.

As for the control surfaces, it has been confirmed that the vertical thrusters can be used for manoeuvres,
considering that the manoeuvres take a few seconds, thus the energy consumption is minimal. Not
having control surfaces also means reduced mass and material consumption when producing the drone,
resulting in a more sustainable design.

A list of the assumptions made during the work of the stability and controllability department is
presented below:

e AS-SC-01: The action point of the drag force of the drone during vertical movement is at the
geometric centre of the drone.

e AS-SC-02: The centre of gravity of the drone will be symmetric with respect to the longitudinal
axis of the drone.

e AS-SC-03: The drone will only move up, down, and rotate around the vertical axis during
vertical flight.

e AS-SC-04: For symmetry simplifications, the pairs of front and back vertical propellers will be
at the same distance from both the longitudinal and lateral axes.

e AS-SC-05: Due to low angular velocities expected during yaw rotation, rotational drag that
is active during the rotation around the vertical axis can be considered very small compared to

'URL https://andrew.gibiansky.com/blog/physics/quadcopter-dynamics/ [cited 2 May 2025]
2TU Delft, Systems Engincering & Aerospace Design (AE3211-I), 2025
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the other moments.

e AS-SC-06: The vertical propellers can only rotate one way in order to produce lifting thrust,
which means reverse thrust is not considered as an option.

e AS-SC-07: External forces that interact with the longitudinal-lateral plane during vertical
flight will be assumed to always act in the direction parallel to the longitude of the drone, with
the idea being that the drone will always create a yaw movement in order to position the drone’s
horizontal propeller directly in front of the external force.

e AS-SC-08: The model assumes that the thrust and torque produced by the vertical propellers
are proportional to the squared angular velocity.

e AS-SC-09: Using engineering judgment, it is chosen that the vertical propellers that are oppo-
site in both lateral and longitudinal directions have the same angular velocity direction.

e AS-SC-10: The model assumes that only one vertical propeller will fail at one time, considering
the probability of two vertical propellers failing at the same time is way too small to be even
considered.

e AS-SC-11: The model assumes that wind gusts that affect stability and controllability have a
velocity of up to 7m/s.

e AS-SC-12: The model assumes that the wing will fold enough that the effects of the wing
during vertical flight are negligible.

10.2. Vertical Stability & Controllability

This section covers the analysis done for vertical stability & controllability in Subsection 10.2.1, and
then discusses the verification and validation done for this analysis in Subsection 10.2.2.

10.2.1. Analysis

The analysis of vertical flight stability and controllability comprises drawing the free body and kine-
matic diagrams, defining the forces and moments equilibrium, transforming the equations into a linear
system, designing for propeller failure, and explaining how the model is used.

Free Body and Kinematic Diagrams

In order to analyse the stability and controllability of the drone during vertical flight, the first step
is to consider the drone as a rigid body with a variety of forces and moments acting on it. In some
cases, the total sum of the forces and moments must be zero for the axes of motion where equilibrium
is expected, while in other cases, the total sum must be different from zero to simulate motion by
having translational and rotational accelerations. A free body and kinematic diagrams are shown in
Figure 10.1 to showcase the expected forces that interact with the drone and the accelerations that
form the movements of the drone.

Free body diagram Kinematic Diagram
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Figure 10.1: Free body and kinematic diagram for vertical flight analysis
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Forces and Moments Equilibrium

All the assumptions presented for vertical flight are used in the free-body and kinematic diagrams.
With this in mind, some conventions will be chosen for this analysis. First, the angular motions
around the X, Y and Z axes are called roll, pitch, and yaw movements, and their positive movement
is defined by the orientation of the three axes of the system. Secondly, the angular velocity of the
vertical propellers is considered to be positive in the clockwise direction. Now, before the equilibrium
analysis starts, it’s important to define all the forces expected in the analysis. Some forces such as
gravity remain constant, while some external forces and moments are given by the sensors monitoring
the drone’s environment and it’s own movement, like Fe, , Fe,, Me,, M,,, and M, . The drag of the
drone during vertical flight will depend on the velocity of the drone squared, while the thrust and
torque produced by the propellers will be proportional to the angular velocity of the propeller squared.
An overview of the more complex force dependencies is shown in Equation 10.1.

Cy-p-D*
Ty = Ki - w} where Kt:%
C,-p-DP ‘
T = KT . w? where KT = L (10 1)
4. 72

D=Ky- 2 where K4 =0.5-Cy-p- Sy

From the following equations, C} is the propeller efficiency constant, which showcases the efficiency
at which electrical power is transformed into mechanical thrust, Cy is the aerodynamic drag for blade
rotation constant, which refers to the amount of rotational drag the blades have to overcome to
keep rotating, Cy is the body drag coefficient of the drone, and D is the diameter of the propeller.
With all the forces defined, the equilibrium and motions on all 6 axes of motion can be described in
Equation 10.2:

Y F.: Fo,, =Ky - w

Y F: m-i=m-g+F. —Kq-i-|3|-Ti—T5-T5 - T¢

> My 0=M, +Tyrpy—Ts vy +Ts 1oy — Tr - 1y (10.2)
ZMy: 0=M, +Kq- 2|2 -rpe+T1 -1 +T3- 750 —T5 - 190 — T - 1

ZMZ: I, U=m —13—154+7+ M.,

The force equilibrium around the Y axis is missing due to the assumption AS-SC-07, so there are no
forces in the Y axis. The torque used in Equation 10.2 in the Z direction comes from the differential
torque produced by the propellers. This phenomenon is happening since, initially, the drone’s angular
momentum is zero before the propellers start to run. After the propellers are active and their blades
have non-zero angular momentum, the drone’s whole angular momentum must remain zero; thus, the
drone shall start having a yaw rotation movement. That is why AS-SC-04 is so important; having a
pair of propellers rotating in the same direction means we can control the differential torque produced
between the two pairs while still being stable in all other axes of motion.

Transformation to the Linear System

This set of equations can be rearranged so that it is easier to find the angular velocities required for
stability and controllability. By replacing the thrust and torque of the propellers with the formulas in
Equation 10.1, and rearranging the formulas in Equation 10.2, we obtain the system of equations in
Equation 10.3.
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In order to determine the constants A, B, C, and D at any moment of motion, the inputs must be
defined. Some of the inputs come from the design of the drone, like m, K4, Ky, I, K7, 7 py, K, , while
others reflect the motion itself, like the external forces Fe,, ,Fe,, M., ,Me.,, velocities and accelerations
%, %, 0. The motion inputs themselves are determined by the sensors inside the drone, checking between
the expected velocity and acceleration and the actual values, and then defining an external force as
the culprit of the equilibrium disturbance. The most common external forces would come from wind

gusts, which, from AS-SC-11, it should be expected to have the velocity up to 7m/s.

Now, removing the last formula from Equation 10.3 due to it being decoupled from the main linear
system, as it doesn’t depend on all other variables, we can put the other four equations into a linear
system, as shown in Equation 10.4.

1 1 1 1 w? A
| 1 w3 B

I o = o (10.4)
fx fx Tbz Tox | |W5

Ty —Tfy Toy —Thy w% D

Propeller Failure

Solving this system enables all angular velocities to be found by finding the inverse of the matrix
and multiplying it by the vector on the right side of the equation. This way, we find all the required
angular velocities of the propellers in order to be stable and controllable with all propellers functional.

In case one of the propellers is not working anymore, in order to make the system determinable
again, the axis motion would need to become unstable. For the safest emergency landing possible,
the rotation around the vertical axis, namely the yaw rotation, has been chosen as the safest one
to be left unstable, while still controlling the height drop speed. This translates into our system of
equations by removing the second row, thus only three equations remain in the system. Now, due to
an engine failure, one of the angular velocities will become zero and not be a variable anymore, thus its
corresponding column must be eliminated as well. For example, if w; = 0, then the first column of the
first matrix must be removed to make the system solvable again. This would look like Equation 10.5.

1 1 1 w3 A
Ttz  —Tbe —Tbe w% = |C (10.5)
T fy Tby — rby w% D

While it’s important for safety reasons to design for propeller failure, it is also a great way to make the
drone more sustainable. By reducing the drone’s damage from a crash, fewer materials are required
to repair or replace the drone with a new one, while also making sure that the non-recyclable parts
don’t need to be thrown out.
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Model Usage

In the end, the model created for vertical stability and controllability can be programmed into the
drone, taking as input data from the sensors about the environment and outputting the required an-
gular velocities for each propeller. However, this model can also be used to find the maximum possible
angular velocity needed to fly vertically, something that is then used in the propulsion subsystem. For
the worst case scenario when one of the front engines fails, the maximum angular velocity comes from
the other front propeller and has a value of 5,531 rpm. In this case, the drone descends controllably
at a rate of 2m/s without accelerating, which is safe enough for an emergency landing. This is below
the maximum limit of 6,000 rpm given by the propulsion department; thus, the drone is capable of
flying vertically without issues.

10.2.2. Verification & Validation

Considering that the model used to simulate vertical stability and controllability was created during
the DSE, it is very important to make sure that the model and the software created for it work as
intended and reflect real-life scenarios as accurately as possible without any errors.

Verification

For the verification process, a number of unit and system tests have been created. The first unit test
will check if all the constants in Equation 10.1 are calculated properly in the software. This is done by
comparing the code output with hand calculations done by the department. Checking if the software
is solving correctly Equation 10.4 and checking that the inverse matrix and multiplication processes
are done in the second unit test. This is done by checking the software output with other reliable
inverse matrix calculators and by hand calculations. The third unit test will check if all the variables
used in the code’s calculations are defined in the expected unit by verifying how all variable inputs
are defined, and all parts of the code that deal with unit conversion. The system test will check the
output of the whole software for different cases, such as per-engine failure, different velocities, and
acceleration scenarios, and check if the magnitude of the angular acceleration is realistic. The test also
looks for any negative angular velocity, as the software may output such a value, but the mathematical
model does not allow for any negative angular velocities.

Validation

For the validation process, the most optimal way to do it would be to have a prototype and test in
real-life scenarios the stability and controllability of the drone. However, at this time in the DSE, this
is not a feasible validation method; thus, other ways must be explored.

A valid method of validating the whole model would be to compare the outputs of the software with
results from real-life experiments done for different drones’ stability. These would be found in a variety
of literature studies. While the models may vary with their assumptions and level of accuracy, and
the drone designs would vary, of course, checking the order of magnitude of the values would prove
enough to validate the model at this stage of the DSE. This can be done in the future stages of the
design.

10.3. Horizontal Stability & Controllability

This section covers the analysis done for horizontal stability & controllability in Subsection 10.3.1,
and then discusses the verification and validation done for this analysis in Subsection 10.3.2.

10.3.1. Analysis

In order to size the tails required for the stability and controllability of the drone during horizontal
flight, the model proposed in the TU Delft course AE3211-I can be used®. First, the horizontal tail

3TU Delft, Systems Engineering & Aerospace Design (AE3211-I), 2025
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is sized, then the vertical tail is sized, then the tail is converted to a V-tail configuration, and the
presentation of the final tail sizing is done.

Horizontal Tail Sizing

The first step was to analyse is to create the scissor plot, which can be seen in Equation 10.6, designed
for an MTOW of 10kg. This plot contains two lines, one for stability ( on the right) and one for
controllability (on the left), using Equation 10.6. These equations were derived by analysing the
longitudinal rotational equilibrium of the drone, having as moments the one created by the wing and
horizontal tail. More details can be found in the referenced course.
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Figure 10.2: Scissor plot for the tail sizing

Looking at the scissor plot, the ratio between the required horizontal tail area and the wing area can
be obtained by having the centre of gravity position of the drone be inside the region defined by the
two lines. However, the C.G. position will not always remain the same, considering that the drone
has a variable number of pizzas. These variables make the C.G. vary per delivery; thus, it is more
practical to talk about the maximum C.G. range of the drone for all possible scenarios. In order to
find this range, a loading diagram was constructed. To find the maximum shifts of the C.G. along
the fuselage, a diagram was constructed so that the weights are added inside the drone from the nose
towards the back of the drone. The resulting diagram can be seen in Figure 10.3.

With the C.G. range determined, the area ratio can be determined. While this can be done, it does
not mean that the fit will be perfect in the scissor plot. Even though the lengths of the C.G. range are
low, it can still go beyond the safe region of the two lines in the scissor plot, thus making the design
unstable. Both the C.G. range length and the end points of the range are important in finding the
perfect fit, which results in finding the lowest necessary tail area. In order to influence the end points
to our advantage, the best method is to change the position of the wing. This creates a shift in the C.G.
by moving the wing weight, but more importantly, it changes the location of the leading edge mean
aerodynamic chord (LEMAC), which is used as a reference point for the stability and controllability
analysis model. The change in the endpoints and lengths of the C.G. range relative to the position of
the wing can be seen in Figure 10.4.
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Figure 10.3: Loading diagram for the drone Figure 10.4: C.G. variation due to wing position

Using all this, the best wing position that gives the best C.G. range that results in the lowest horizontal
tail area needed for stability and controllability was found. Then the sizing of the horizontal tail was
achieved.

Vertical Tail Sizing

For lateral stability, a vertical tail sizing is required. The vertical tail is needed for static stability
and controllability for lateral movements, such as yaw rotations. The lateral force needed from the
vertical tail can be modelled by considering the drone does a yaw movement around the vertical axis
with a constant sideslip angle .
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2 2 (10.7)

The moment generated by the vertical tail and the air force acting on the aircraft due to the sideslip
angle is shown in Equation 10.7. Using both equations, the area required for the vertical tail was
obtained.

Tail Conversion to the V-tail Configuration

Now that the required horizontal and vertical tail areas have been determined, the ideal tail config-
uration for the drone was chosen. Due to the thicker design of the drone, a standard configuration
of horizontal tail at the base of the vertical tail was not possible due to the airflow did not circulate
properly at the base of the vertical tail. Thus, a V-tail configuration has been decided on, which uses a
NACAO0012 airfoil, as recommended by the aerodynamics department. In order to convert the vertical
and horizontal tail areas into a V-tail configuration, Equation 10.8 can be used. The a4y is defined
as the angle that the V-tail is making with respect to the XY plane of the drone.

\/SZ + 52
S = 7}17 Quail = arctan <S”> (10.8)

2 Sh

Then, using the aspect and taper ratio chosen for the tail configuration, the wingspan and chords of
the V-tail configuration can be determined in order to have the full geometry of the tail.

Final Tail Sizing

Finally, after a few iterations, the final airfoil, wing position, and V-tail sizing were concluded. The
results gave a wing positioned at 0.92m, and a tail with a NACAO0012 airfoil, root chord of 0.271 m,
tip chord of 0.136 m, span of 0.407 m, and a V-tail angle of 31.21°.
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10.3.2. Verification & Validation

The model used to size the V-tail must be verified and validated to make sure that the stability and
controllability aspects of the drone are preserved.

Verification

For the verification process, a number of unit and system tests have been created for horizontal
stability and controllability. The first unit test will check the data conversion of inputs given by the
other department’s software that is used in this code. This is done by checking for each imported
value if the import is correctly defined, up-to-date, and that the units used are SI. The tail geometry
sizing part of the code will be checked by the second unit test. This is done by comparing the outputs
with hand solutions for the tail sizing. The third unit test will check the code for the centre of gravity
range of the drone by checking the outputs with hand-calculated values, and also look at the graphical
output and do a sanity check on its accuracy with what is expected. The code for the wing position
variation of the drone is verified by the fourth unit test by checking the outputs with hand-calculated
values, and also looking at the graphical output and doing a sanity check on its accuracy with what
is expected. The final unit test will check the code for the scissor plot of the drone. This is done by
checking the outputs with hand-calculated values and also looking at the graphical output and doing
a sanity check on its accuracy with what is expected, one example being checking if the centre of
gravity range fits the two stability and controllability lines at the expected area ratio. The system
test will check the output of the whole software, making sure that all code parts checked in unit tests
are connected properly and give the expected output.

Validation

For validation, the most accurate way to do it would be to use a prototype drone using the team’s
design to test the horizontal stability and controllability. However, at this time in the DSE, this is
not an employable validation method. Regardless, it must be noted that the model used to determine
horizontal stability has been verified and validated by the teachers at TU Delft, the source of this
model, and considering this fact, a level of reliability can be accorded to the model reflecting real-life
scenarios.

10.4. Recommendations

While a lot of work has been done in the stability and controllability department, there are still some
recommendations that can be made for future research.

First of all, while vertical thrusters are replacing control surfaces when manoeuvres are executed, a
proper analysis of how the vertical propellers function for each manoeuvre should be done. A good
starting point for this analysis would be from the vertical stability model, with the wing adding lift
and drag to the model. Also, some of the axes that were previously only in equilibrium would now be
allowed to move around the respective axes, to simulate the manoeuvres.

Secondly, a detailed analysis of the transition phase in regards to stability and controllability could
be made. A great starting point for this analysis would be merging both the horizontal and vertical
flight stability models and verifying the stability of the path chosen by the performance department.

Last but not least, it is highly recommended that a more throughout validation of the used models is
done, ideally by testing the stability and controllability of a prototype drone created from the team’s
design, thus making sure that the models used reflect real-life scenarios that the drone will encounter
while delivering pizza to the customers.

While the mentioned recommendations are left for future research due to time constraints during
the DSE, these recommendations are the next step in guaranteeing that the designed drone is stable
enough to be considered safe by the government and customers.
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Performance

This chapter presents the performance analysis of the BezORger drone, which plays a central role
in shaping and evaluating the design throughout the project. While performance is not a design
output in itself, it is a critical tool for evaluating the drone’s performance and verifying whether the
drone’s configuration meets mission requirements, most notably, its ability to deliver multiple 2.5 kg
pizza orders (RQ-01-04-07) across an urban environment with a typical range of 6 km (RQ-01-04-02,
RQ-01-04-03).

The chapter is structured as follows: Section 11.1 presents the overall modelling assumptions, followed
by a description of the mission overview with flight profile and phases in Section 11.2. Next, the
energy modelling across each flight phase is presented in Section 11.3, followed by the analysis of the
flight envelope and performance limits in Section 11.4. Finally, recommendations for future work are
made in Section 11.5.

11.1. Assumptions

To keep the scope manageable and focus the analysis on the mission’s most impactful aspects, several
modelling assumptions were introduced. These simplifications allowed for analytical clarity while
maintaining a conservative bias in energy estimates and performance margins. The assumptions are
summarised below and referred to in subsequent modelling sections.

e AS-PERF-01: Atmospheric variables such as air density and pressure are assumed constant
throughout the flight.
This is justified by the low cruise altitude of 60 m, where deviations from standard ISA conditions
are below 1%, making the impact on performance negligible.

e« AS-PERF-02: Time estimates for vertical segments like take-off and landing are obtained by
modelling at constant velocity.
The acceleration phases are short and contribute minimally to total energy; assuming steady
velocity leads to a conservative estimate.

e AS-PERF-03: The energy used in the transition from cruise to landing is assumed equal to
the take-off to cruise transition.
This symmetry simplifies analysis and is conservative by overestimating energy needs for descent.
¢« AS-PERF-04: The final stabilisation phase after transition is assumed to have negligible energy
impact.
This phase typically involves reducing thrust, which decreases rather than adds to energy use,
making this a conservative assumption.

11.2. Mission Overview

A mission overview of DronebezORgd is needed for the design of drone its operation. The analysis of
the mission overview has been presented in Subsection 11.2.1, followed by verification of the analysis
in Subsection 11.2.2.
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11.2.1. Analysis

The mission overview consists of the mission profile, which explains an overview of legs flown by the
BezORger during a standard mission, and the flight phases that are considered in each leg.

Mission Profile

A mission profile is needed for the design of the drone. This is determined by the business model
(Section 3.4), where DronebezORgd is decided to be a pickup-delivery service with multi-delivery
capability. This means that the drone flies from the depot to the restaurant and delivers its customers
the clustered orders, and returns to the depot upon completion of the trip. Some terms are now
defined and will be used for the rest of the report:

e Abbreviations: C — customer, D — depot, and R — restaurant

e Leg: A leg refers to any flight from A to B, e.g., ‘DR’ corresponds to a leg from depot to
restaurant. This includes a standard mission profile of take-off, climb, cruise, loiter, descent,
and landing. The loiter time and range vary between different legs, while the cruise altitude is
assumed to be 60 m.

e Pickup: A pickup refers to any flight to a restaurant, which could, for example, be ‘DR’ or
‘CR.

e Delivery: A delivery refers to any flight to a customer, which could, for example, be ‘RC’ or
‘CC.

o Trip: A trip refers to the entire sequence of flights performed by the drone from departure from

the depot to arrival at the depot. An example would be 'DRCCD’, which refers to the sequence
for depot-restaurant-customer-customer-depot.

To ensure that the drone remains flexible to complete a wide range of orders within a Delft-like city,
both single and multi-delivery cases are considered for the mission profile. The design has to conform
to both flight profiles, where it was found that the multi-delivery case is generally more limiting.

The worst-case single-delivery mission considered is for a Delft-like city of 6 km radius. In these
conditions, for any extreme restaurant and customer position, a fully-charged drone should be able to
complete the trip D-R-C-D, representing the worst-case scenario of a single-delivery mission. For the
defined city, this would give a worst-case mission for an equilateral triangle inscribed in a circle. Each
side of the triangle would be given by v/3 - R, giving around 5.2km for each leg.

In addition to the single-delivery case, a more realistic multi-delivery mission profile was defined
to guide the sizing and operations design of the BezORger drone. This profile assumes each drone
departs from a depot, makes a sequence of restaurant—customer—customer-restaurant deliveries, and
then returns to the depot. A worst-case scenario for multi-delivery was deemed impractical due to
the potential for infinite orders. Therefore, a decision was made to design for an average mission,
represented as D-R-C-C-R-C-D. This sequence was derived from simulations by mission planning in
operations (Section 12.2). Clustering two customers per order pickup from the restaurant is also
consistent with the chosen payload handling method, which allows for a maximum of two deliveries
to be grouped due to the payload opening mechanism (Section 6.2).

To model distances for each leg of this mission, a probabilistic spatial simulation was conducted over
a circular city with a 6 km diameter. Restaurant locations were sampled from a Gaussian distribution
centred near the city core, while customer locations followed a ring-shaped density profile to represent
residential clustering away from the centre. Using this model, 10,000 sample mission routes were
generated. Mean values of each route leg were extracted and used to define the baseline multi-delivery
profile. More information about the simulation can be found in the midterm report [2].

The parameters for single- and multi-delivery have been summarised in Table 11.1, including average
distances, payloads, and loitering times. Loiter was included in this analysis to account for situations
where the drone needs to hover, for example, while waiting for clearance for landing.
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Table 11.1: Mission profile parameters for single- and multi-delivery cases

Mission Phase Leg Distance [km] Loitering Time | Payload [kg]
Type [s]
1 DR 1.00 120 0
2,5,8 RC 1.86 120 2.5
Multi 3,6,9 CC 1.24 120 2
7 CR 1.86 120 0
10 CD 1.58 30 0
1 DR 5.20 120 0
Single 2 RC 5.20 120 2.5
3 CD 5.20 30 0

Flight Phase Modelling

Each mission leg of the BezORger drone includes a sequence of distinct flight phases, which were
modelled to account for their unique energy, velocity, and altitude characteristics. An overview of
these phases is presented in Figure 11.1.

_ Altitude [m]
3. Cruise
R L - 60
ete® 4. Transition
2. Transition
5. Loiter
——————————————————————————————————————————— - 20
1. Take-off 9 L. 6. Landing
v O
Time [s] —

Figure 11.1: Overview of flight phases per leg

To safely clear urban infrastructure and trees while minimising excess energy consumption, a transition
altitude of 20 m was selected. This decision was informed by city mapping data for Delft, where most
static obstacles were found to be below this height Subsection 12.4.1.

The cruise altitude was chosen as 60 m, balancing several competing factors. On one hand, higher
cruise altitude reduces ground-level noise and improves public perception by increasing visual clearance,
enhancing social sustainability. On the other hand, it requires more energy during ascent. Most
buildings in Delft fall below this height, allowing for simplified path planning and obstacle avoidance.

The drone’s flight phase velocities were tuned to reflect the expected performance across different legs
depending on restaurant, customer, or depot, with specific values listed in Table 11.2.

Table 11.2: Flight phase and performance parameters

Parameter Take-off velocity Landing velocity Cruise velocity [m/s]
[m/s] [m/s]

Depot 3 4 14

Customer 2 2 14

Restaurant 2 2 14

11.2.2. Verification & Validation

The verification of the mission overview primarily revolved around checking the shape of city distribu-
tions used to obtain the distances for the different legs of the mission profile, e.g., restaurant-customer
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(RC) distance.

This was done by increasing testing for convergence of the distances obtained for an increasing number
of simulations. Sensitivity analysis was also performed to verify whether the results made sense in
relation to the changes made. For example, the depot location was offset from the centre, and the
resulting depot-restaurant and depot-customer distance was found to increase as expected. Due to the
nature of the simulation performed a normal distribution would be expected if repeated a sufficient
number of times. The resulting distance distribution was found to tend towards a normal distribution
as the number of simulations was increased.

The results were validated by comparing them to the distances for real restaurant and customer
locations for Delft from operations simulations Subsection 12.4.1.

11.3. Mission Energy Modelling

The mission energy model is needed for the sizing of the battery and power system, and plays a key
role in the design iterations of the drone. The mission energy model is explained in Subsection 11.3.1,
followed by verification of the model in Subsection 11.3.2.

11.3.1. Analysis

To accurately estimate the total energy consumption across a typical delivery mission, each flight
phase was modelled separately with tailored assumptions for thrust and power. An additional 20% of
energy was added on top of the calculated mission energy to account for reserve battery capacity. This
is important to consider for operational safety in an urban-like environment, as the reserve battery
would allow the drone to fly away from high-populated regions and crash-land in a remote area, in
case of power failure from the main battery. The total mission energy was then computed as the sum
of energy used during take-off, cruise, landing, loitering, reserve, and transition phases.

Take-Off and Landing

For vertical phases, take-off and landing, a thrust-to-weight (T /W) ratio model was used, assuming
a value of T/W = 2.0 for low-speed vertical flight based on guidelines from UAV handbooks [25].
Although the exact force balance was also computed based on drone weight and expected thrust
vectoring capabilities, the T/W ratio model was used for energy estimation as it provided a more
conservative estimate.

Power during these phases was calculated based on the thrust and corresponding power-thrust relation
obtained from propeller simulations (see Figure 7.2). Time for ascent and descent was estimated from
the vertical flight distance of 20 m for transition and vertical climb/descent speeds from Table 11.2.
The required energy could then be estimated using Equation 11.1, where P is the average power during
vertical flight and ¢ is the climb or descent duration. These durations were phase-specific: take-off
and landing each involved a climb or descent from/to ground level to the defined transition altitude
of 20 m.

E =Pyt (11.1)

Hover and Loitering

Hovering was modelled for phases where the drone remains stationary in the air, such as while waiting
at pickup or drop-off locations for landing clearance. The required thrust equals the drone’s weight,
corresponding to T//W = 1. The power needed for hover was based on the propeller thrust-power
relation, and computed as for take-off and landing using Equation 11.1.

Cruise Flight Cruise was modelled as steady, level horizontal flight at constant velocity. Energy
consumption was estimated using standard propeller aircraft relations, adapted for the drone’s electric
propulsion system:
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W-R
Ecruise = 1 (112)

L
Telec * Tlprop * (E)cruise ‘g

where W is the weight, R is the segment range, 7elec and 7prop are the electrical and propulsive efficien-
cies, and (L/D)cruise is the lift-to-drag ratio during cruise. This method enabled realistic estimation
of energy used across multiple horizontal segments in both single- and multi-delivery missions.

Transition (Vertical to Horizontal Flight)

In the context of an eVTOL like the BezORger, the transition from vertical take-off to forward cruise is
a critical performance phase. While a conservative approximation could model the entire ascent using
vertical flight conditions during take-off, a more nuanced energy estimation was desired for this DSE.
Importantly, the transition is not only a significant energy-consuming phase but also a key regime
where the drone shifts from thrust-supported lift to wing-generated lift.

The goal of the modelling was to estimate the energy consumption during this phase and ensure a
feasible trajectory under realistic power, aerodynamic, and safety constraints. Although an energy-
optimal transition could, in principle, be formulated as an optimisation problem over thrust inputs
and trajectory shape, this would require a detailed dynamical model of the drone and is beyond the
scope of this study.

Instead, a simplified yet insightful simulation approach was developed. A fixed time window of 20s
was allocated for the transition, during which the thrust from the vertical propulsion system was
gradually reduced, and the horizontal propulsion system was ramped up. The vertical and horizontal
thrust profiles were defined as piecewise linear functions with six nodes each, allowing for flexibility
while keeping the problem tractable.

The simulation was conducted using explicit Euler integration, with the drone’s state defined by
horizontal and vertical velocities (v, v, ), position (z, z), and pitch angle (§). The aerodynamic forces
were computed using a linear lift and quadratic drag polar model from the aerodynamic design.

The translational equations of motion expressed in Equation 11.3 and 11.4 were then solved for each
time step. Here, v = arctan(v,/v,) is the flight path angle, and T),, T}, are the vertical and horizontal
thrust inputs. The accelerations were integrated in time to obtain velocities and positions. Total
energy was calculated by summing the power drawn by both systems, using the thrust-power relation
for the vertical propellers (see Figure 7.2) and Equation 11.5 for the horizontal component, where 7
is the total powertrain efficiency, calculated as the product of the motor and propeller efficiency. The
total energy for the transition was then found by integrating the total power over the transition time,
following Equation 11.6.

F,=-T,sin0 + Ty cos — Dcosy— Lsin~y (11.3)
F, =Tp,sinf + T,cos —mg+ Lcosy — Dsin~y (11.4)
Th - v
Phorizontal = M (115)
n
Etotal = /(Pvertical + Phorizontal)dt (116)

To qualify as a valid transition, the simulated trajectory was required to meet the following constraints:

e Reach target cruise altitude of 60 m from a starting height of 20 m.

o Avoid negative vertical velocity during the initial climb (safety-critical).
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e Maintain pitch angle below 12° to ensure the angle of attack remains below stall conditions.

o Keep the resultant vertical load factor below 1.5g (safety-critical).

The thrust profiles were iteratively tuned to achieve a smooth, continuous trajectory meeting all con-
straints. A minimum of three control nodes was found insufficient to meet constraints simultaneously,
so six nodes were ultimately used to enable more flexible thrust shaping. The thrust profiles used to
obtain the transition profile for a drone of MTOW of 10 kg have been shown in Figure 11.3. It was
noticed that the shape of the vertical thrust profile strongly resembled a sigmoid function, while the
horizontally thrust profile could be approximated by a power law. The transition trajectory obtained
for the original piecewise linear thrust profile approximation has been shown together with the transi-
tion trajectory obtained for the sigmoid-based vertical thrust and power-law-based horizontal thrust
profiles in Figure 11.2.
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Figure 11.2: Feasible transition trajectory and velocity profile for a drone with MTOW of 10kg

It can be seen that the continuous curve fits predict transition profiles that are feasible and are
remarkably close to those found manually. A particularly interesting outcome is the distinct shapes
of the thrust profiles, which warrant further in-depth analysis to fully understand their underlying
contributing factors.

There are several limitations to the current transition modelling. Firstly, the stabilisation phase of the
transition has not yet been modelled. This is evident as the vertical velocity remains non-zero upon
reaching cruise altitude, implying the drone would continue to climb in the current simulation. While
this omission means the current energy estimate is conservative, as stabilisation would involve slightly
reducing horizontal thrust, it was deemed acceptable for this model, whose primary goal was to identify
performance limits and revise energy estimates for the transition phase. Secondly, the optimisation
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Figure 11.3: Thrust profiles found for feasible transition

was performed using a limited number of nodes. This aspect requires revision to ensure more accurate
and robust results. Furthermore, the current framework identifies only a feasible transition trajectory.
A significant future extension would be to develop a comprehensive optimisation framework capable
of determining the ideal transition for energy minimisation. Moreover, the transition is here modelled
between take-off and cruise, while the same energy estimate is assumed for the transition from cruise
to landing. This is a conservative assumption as the thrust required during landing would be slightly
lower than the thrust required during take-off.

As the transition model required manual iterations, energy estimates were obtained for a variety of
MTOWs. The transition energy estimate for any MTOW was then estimated by interpolation, where
a linear relationship was found. As an example, using the validated thrust profiles and a transition
duration of 20s, the total energy consumption for transition was calculated as Eliansition = 22,380 J.

This value was cross-checked against a sanity baseline: the energy required for a purely vertical climb
from 20m to 60m. As expected, the transition required slightly less energy, since lift was partially
provided by the wings during forward acceleration. This supports the modelling assumption that the
chosen trajectory is both realistic and conservative enough for early-stage energy sizing.

11.3.2. Verification & Validation

The first level of verification was done by comparing the energy required for each mission phase. As
expected, the energy-intensive phases of take-off and landing were found to be dominant, followed by
hovering, which was slightly lower. The transition energy estimate was verified to be slightly lower
than the transition as the lift produced by the wing partially relieves the thrust needed from the
vertical propellers. The results in the transition regarding the observations on the vertical thrust
profile approaching a sigmoid and horizontal thrust profile approaching a power function need further
verification by increasing the number of nodes in the linear-piecewise analysis. Sensitivity analysis on
the MTOW of the drone was also performed to ensure that the energy estimates of each flight phase
varied continuously and exhibited a linear relation with the MTOW.

This can be validated by performing test flights with the drone and monitoring the battery used in
each flight phase in the future testing phase of the project, presented in Section 16.2.
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11.4. Flight Envelope & Performance Limits

The analysis encompassing the flight envelope and performance limits is presented in Subsection 11.4.1,
followed by verification and validation in Subsection 11.4.2.

11.4.1. Analysis

The flight envelope defines the permissible combinations of velocity and load factor under which
the drone can safely operate. It captures constraints related to cruise velocity, structural loading,
gust tolerance, and manoeuvring capability. This section outlines the derivation of key performance
parameters from manoeuvre and gust envelopes that inform both structural design and operational
limits. The trade-off between payload and range is also analysed by determining the possible distances
the drone is capable of flying with different amounts of payload and battery mass.

Cruise Velocity Determination

A minimum cruise velocity was established to ensure steady-level flight. Using a preliminary MTOW
of 12kg from the Class I weight estimation [2], a wing surface area of S = 1.3m?, and a lift coefficient
C', = 0.8 corresponding to a cruise angle of attack of 6°, the required cruise velocity was computed

using Equation 11.7.
2w
V= 11.7
rren (11.7)

This resulted in a minimum required cruise speed of 13.1 m/s. The cruise velocity for maximum range
was also determined, based on the condition of minimum drag (D). For a propeller-driven aircraft,
this occurs for lift and drag coefficients Cp, and Cp defined by Equation 11.8 [26].

Cp, =2Cp,, Cr,

= /mAeCp, (11.8)
Using Cp, = 0.08, A = 5.9, and e = 0.8 from the early aerodynamic design phase, a value of
CLp, . = 1.08 was obtained. However, this lift coefficient was not achievable in cruise, as the selected
airfoil limited C'f, to approximately 1 for nominal angles of attack below 10°. This showed that the
cruise velocity is constrained by available lift rather than by drag minimisation.

min min

The cruise velocity was therefore selected as 14m/s, to allow for a safe margin from the calculated
required cruise velocity of 13.1m/s and to account for changes during design iterations. The cruise
velocity was recomputed at the end of the design iterations to see if the minimum cruise velocity
requirement is met.

Gust & Manoeuvring Envelope

To account for external disturbances, a gust envelope was constructed, capturing the additional load
factors induced by gusts at three reference velocities:

o Vp: Low-speed, high-lift regime (set as 0.9 - Vo remaining above the stall limit)

o Ve: Cruise speed (14m/s)

o Vp: Dive speed (set to chosen maximum drone speed of 1.5 - Vo = 21m/s)
The low-speed high lift velocity Vz was chosen close to the stall speed, and the dive speed was set
to the maximum flight speed of the drone to encompass critical operational scenarios. This approach

is particularly important, anticipating future certification and ensuring operational safety in urban
environments, as current CS regulations do not exist for drones.

For each of these speeds, gust velocities U, were defined, where the magnitude of the gust accounted
for reduces as the flight velocity increases, due to decreasing vulnerability of the drone to gusts at
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increasing flight velocities. The specific gust velocities are usually derived from CS regulations for
conventional aircraft, but since regulations do not yet exist for drones gust velocities of 6 m/s for Vp,
5m/s for Vi, and 3m/s for Vp were assumed based on forecasted gusts in The Netherlands!.

The additional load factor due to a gust was calculated using Equation 11.9, where a refers to the lift
curve slope.

_ pVSUgza

A
" oW

(11.9)

The manoeuvring envelope is defined by the stall line (based on Cf,,,,.) and structural load limits. For
the BezORger, a positive structural limit of n = 3.5 and a negative limit of n = —1.5 were adopted
based on conventional standards.

Figure 11.4 shows the combined gust and manoeuvre envelope. The maximum load factor of ny,q, =
3.8 occurred at cruise velocity Vi, and was multiplied by a safety factor of 1.5 to obtain the ultimate
load factor n,;, used for structural design. The valid flight region for the BezORger was therefore
defined for V' > Vg, with the blue region in the diagram indicating manoeuvring loads and the green
region showing gust-induced loads.
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Figure 11.4: Gust & manoeuvre envelope Figure 11.5: Bank angle & horizontal
accelerations limits for no-slip of pizza

Operational Limitations due to Payload Sensitivity

Beyond designing the drone structure for specific load factors, it is also desirable for the drone to
operate under nominal conditions that minimise high load factors to prevent damage to the payload.
For a pizza-delivery drone, several ways of damage can occur, including sudden accelerations, folding,
or crushing the pizza against the box edges.

For an initial analysis, operational limits on the load factor arising from horizontal accelerations and
banked turns were considered. A key constraint is that the pizza’s bottom surface must not slip against
the pizza box during flight. The forces acting on the pizza include its weight, the normal reaction
force perpendicular to the pizza box surface, and inertial forces from banked turns and horizontal
acceleration, which are counteracted by the friction force.

To safeguard the pizza, the drone’s flight path should be controlled to prevent slipping and subsequent
impact with the pizza box walls, which could lead to folding. A no-slip condition was established
by equating the maximum friction force f,q.; to the drone’s tangential acceleration with respect to
the pizza box, as shown in Equation 11.10. The static friction coefficient us was estimated as 0.4
for a cardboard-to-cardboard interface [27]. By decomposing the forces along the global horizontal
direction, the no-slip condition was reformulated as shown in Equation 11.11.

"ttps://windy.app/forecast2/spot/3681/Amsterdam+Netherlands [cited 12 June 2025]
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mar < psmg = frmaz (11.10)

Va2 + (gsind)? < ugeosd (11.11)

The flight restrictions imposed by this relationship are illustrated in Figure 11.5. While the drone’s
structure is designed for the flight envelope depicted in Figure 11.4, optimal payload condition is
maintained by operating within the green region of combined horizontal accelerations and bank angles.
This is particularly crucial during banked turns and also provides insight into the limits on horizontal
accelerations to avoid slipping. For straight, horizontal flight, this corresponds to a y-intercept of 3.9.

Considering these limits, the minimum desired turn radius of the drone was determined from Equa-
tion 11.12. With a maximum bank angle 6 of 22°, achieved under zero horizontal acceleration con-
ditions from Figure 11.5, a minimum turn radius of 52 m was obtained. It is important to note that
this is not the absolute minimum turn radius achievable for the drone, which would be significantly
lower if calculated based on the maximum lift coefficient of the wing and propeller thrust. However,
this calculated minimum desired turn radius can be used for path planning within operations (see
Section 12.3) to ensure smooth trajectories that preserve the payload’s integrity.

V2 . 1
__cruise Where n =

Roin = , —_—
e gvn? —1 cosb

(11.12)

Payload-Range

The payload-range diagram is a classical aerospace performance tool used to illustrate the trade-off be-
tween payload mass and achievable range, assuming a fixed maximum take-off weight. In conventional
aircraft, this typically reflects a single flight mission consisting of take-off, cruise, and landing.

For the BezORger, this interpretation must be adapted. The drone performs multiple energy-intensive
phases, including several take-offs, landings, and loitering periods, within a single delivery sortie. How-
ever, the payload-range diagram is based on a simplified mission model that includes only one instance
of each phase, followed by a single cruise segment, which underestimates total energy consumption and
overstates the effective range. As such, it does not represent the true energy profile of a full mission
but offers a valuable abstraction of the drone’s cruise capability under varying payload and battery
configurations.

Figure 11.6 presents the payload-range diagram for the BezORger, assuming a 20% battery reserve.
Point A corresponds to the maximum payload case with minimal battery mass. Between points A and
B, additional battery mass is added until the drone reaches its MTOW. From B to C, the payload
is reduced to allow for further battery capacity, eventually reaching the zero-payload, full-battery
configuration.

This diagram highlights the operational flexibility provided by modular battery configurations: short-
range missions can be completed with fewer batteries, while long-range operations require sacrificing
payload for additional energy. The BezORger demonstrates efficient cruise performance, achieving
over 100 km range under optimal conditions.

11.4.2. Verification & Validation

The flight envelope of the drone was verified by performing a sensitivity analysis of the variables used
to construct the manoeuvre and gust diagrams, for example the drone MTOW, wing surface area,
lift coefficient, and seeing if the curves adapted accordingly. The plotting was verified with by hand
calculation for the stall limit, and visual inspection for parameters such as the cruise velocity and max
drone speed. The shape of the diagram also matched the theoretical shape expected from literature
[26].
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Figure 11.6: Payload-Range diagram for the BezORger

The payload range diagram was verified similarly by visual inspection and also changing parameters
such as the pizza mass, number of batteries and seeing whether the graph responded accordingly.

Validation of the flight envelope needs to be done by performing test flights of the drone and checking
whether the drone is able to sustain different combinations of load factor and velocity as specified by
the diagrams. The payload-range diagram can also be validated by comparing the results with a test
flight of the drone at varying payload and battery masses.

11.5. Recommendations

Based on the modelling and analysis performed, several areas have been identified for further improve-
ment and deeper investigation:

e Transition Modelling: The transition phase between vertical and horizontal flight should be
modelled in more detail. This includes incorporating stabilisation at the end of the transition,
using higher-fidelity thrust profiles, and better capturing drone dynamics and aerodynamics,
especially at low speeds and high angles of attack. Setting up an optimisation framework for
the transition trajectory would allow for more efficient and realistic energy estimates.

e Payload—Range Diagram Extension: The current payload-range diagram assumes a single
take-off and landing. Extending this analysis to account for multiple delivery legs, each involving
additional take-offs and landings, would give more practical insights into the energy demands
of real missions. This would support better operations planning, particularly when determining
the required number of batteries for a given delivery schedule.

o Take-off and Landing Power Assumptions: The thrust-to-weight ratio used for estimating
energy during take-off and landing should be revisited. These phases are among the most energy-
intensive in the mission, and a refined estimate could improve sizing accuracy and overall energy
budgeting.
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Operations

This chapter presents the simulation framework used to assess the real-world feasibility of the Dronebe-
zORgd system. The challenge of planning and optimising the fleet operations has been divided into
two broad modules — Mission Planning, which deals with scheduling and allocating orders to drones,
and Path Planning, which includes computing the exact trajectory of a drone subject to no-fly zones,
minimising noise disturbance, and flight dynamics.

Section 12.1 outlines the approach taken to solve the problem, including all simplifying assumptions
made. Section 12.2 covers the Mission Planning module, focusing on the exact mathematical formula-
tion of the problem. Section 12.3 details path planning, including algorithm selection, implementation
and smoothing techniques. Then, everything is put together in Section 12.4, and the simulation is
run, calculating the revenue and operational profit of the business. Finally, Section 12.5 presents
recommendations for future work based on current findings.

12.1. Design Approach

This section designs the approach upon which the operations of DronebezORgd are designed. Subsec-
tion 12.1.1 gives an overview of the structure of the operations, and Subsection 12.1.2 describes the
assumptions upon which operations design is based.

12.1.1. Structure Overview

A key component of the DronebezORgd platform is its operational design, describing how drones
are assigned deliveries and how those deliveries are executed in practice. To manage this, the core
challenge is framed as a dial-a-ride problem (DARP), where packages must be picked up from depots
and delivered to customers within specific time windows, using a limited fleet of drones. Given the
complexity and real-time nature of drone logistics, the operational framework is split into three inter-
acting layers: Mission Planning, Path Planning, and simulation. By structuring the operations
in this three-layer framework and adopting a hybrid solving approach, the DronebezORgd platform
aims to be both efficient in planning and sustainable in its operations.

Mission Planning

Mission planning focuses on the high-level scheduling of drone activity. It determines which drones
handle which deliveries, when they depart, what routes they take, and when they return to the depot.
For simplicity, this layer assumes straight-line travel between points, allowing for a cleaner allocation
of resources and timing in the early stages of decision-making.

This process is framed as an optimisation problem. The goal is to maximise operational profit, which
in the frame of one mission plan, is done by maximising the number of deliveries while minimising the
energy used.

Constraints arise naturally from the problem structure: each order must be served exactly once, drone
capacity and flight range must not be exceeded, and timing constraints must be respected. These form
the foundation of the optimisation formulation in Python, where the objective function, constraints,
and decision variable vector are explicitly defined.

90
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Path Planning

While Mission Planning assumes idealised travel paths, the real world introduces complexity. Path
Planning addresses this by determining the actual routes flown by drones, factoring in obstacles, no-fly
zones, noise pollution, and drone flight dynamics. This is done through the use of the A* algorithm
on a finite grid with post-processing to account for flight dynamics.

Simulation

The simulation is created to integrate Mission Planning and Path Planning and provide an environment
for their testing. This is done by creating a digital representation of a Delft-like city, including the
actual restaurant and customer locations. Orders are then generated randomly from customers to
create a realistic testing scenario to verify Mission and Path Planning methods, as well as estimate
profits and the return on investment of DronebezORgd. The flowchart in Figure 12.1 shows the main
steps taken by the simulation by the simulation over one day.

Day ene?
Yes

No
depots? ——— > Wait two minutes

Drones in

A
Yes

Compute mission
plan

Compute path plan

Figure 12.1: Operations flowchart

Assign paths to
drones

12.1.2. Assumptions

The following assumptions were made to simplify reality to a level which can be modelled, while
retaining as much important information as possible.

e AS-OP-01: Mission Planning assumes straight line travel.

e AS-OP-02: Mission Planning assumes constant: cruise speed, battery usage rate during cruise,
take-off and landing battery usage, order density over time.

e AS-OP-03: Mission Planning assumes the drone is always at MTOW.

e AS-OP-04: Mission Planning assumes there is always space to land at the restaurants and
customers.

e AS-OP-05: Mission Planning assumes that ordering frequency at a location is directly propor-
tional to its population density.

e AS-OP-06: Mission Planning assumes perfect restaurants: each restaurant always has the food
ready at the time of arrival at the restaurant, all restaurants receive the same number of orders
on average, all restaurants charge the same amount per pizza, an average of 1000 orders is placed
per day over all restaurants.

e AS-OP-07: Mission Planning assumes that the number of pizzas per order is a rounded normal
distribution with 4 =4 and o = 1.

e« AS-OP-08: Mission Planning assumes that the total number of orders per day is sufficiently
high that the variance in the number of orders each day does not affect the number of orders
taken by the drones.
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e AS-OP-09: Path Planning assumes space is defined by a finite grid and every location is
quantised to that grid.

e AS-OP-10: Path Planning assumes a constant minimum turn radius .
e« AS-OP-11: Path Planning assumes turning does not affect noise or battery usage.

e AS-OP-12: Path Planning assumes public disturbance is proportional to the number of resi-
dents flown over in terms of population density.

e AS-OP-13: All costs can be derived as a function of simulation variables.
e AS-OP-14: Order location probability is proportional to population density.
e« AS-OP-15: The distribution of orders does not differ by week.

12.2. Mission Planning

Mission Planning concerns itself with the high-level scheduling of drones during operations. Specifically,
based on current orders, drone locations and availabilities, Mission Planning is used to create a set
of instructions for each drone to deliver as many orders as possible in the most efficient manner. To
achieve this, Subsection 12.2.1 describes the design process of the Mission Planning module, including
selecting the solution method and its implementation. Subsection 12.2.2 then describes the verification
& validation done during that design process.

12.2.1. Analysis

This section describes the design and development of the Mission Planning module. Solution methods
are discussed, two of which are developed and tested, and a final selection is made.

Solution Methods

To arrive at an effective Mission Planning solution, various solution methods need to be compared.
Table 12.1 describes the traits of four of the methods which were considered in the design process. The
first two correspond to Mixed-Integer Linear Programming (MILP) problems, meaning they are fully
formulated problems which allow for far-in-the-future planning of the exact problem while complying
with all conditions, given that the problem is linear. The greedy heuristic is an easy-to-implement
algorithm for one-step-at-a-time planning, and evolutionary algorithms, similarly to MILP, can provide
far-in-the-future planning by slightly nudging variables in the right direction over generations in a way
which mimics evolution.

Table 12.1: Comparison of Mission Planning solution methods

Method Runtime Optimality Scalability Comments
Full MILP High Optimal Poor Too slow for many orders
Clustered MILP Medium Medium Medium Good trade-off
Greedy heuristic Low Poor-medium Good Fast but suboptimal
Evolutionary Medium-high Medium Medium Needs hyperparameter tun-
algorithms ing

Comparing MILP with evolutionary algorithms in Table 12.1, it can be seen that while a standard
full MILP may have worse scalability, a clustered approach may fix that by reducing the scale of the
problem while not having to deal with the hyperparameter tuning required by evolutionary algorithms.
Due to this fact, it was decided not to look into evolutionary algorithms, and instead only into the
MILP formulations and the greedy algorithm. Both of these will be explored in the following sections.

Greedy Algorithm

The greedy algorithm is a heuristic that consists of making the locally optimal choice at each step
[28]. To apply the algorithm to this particular problem, the following steps are taken by each drone
whenever it is ready to leave a node:
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1. Get orders.

2. Filter orders by time, whether the drone has enough capacity for the order, and whether the
order is already being delivered.

3. Sort orders by distance from the drone to the restaurant the order was placed at from shortest
to longest.

4. Plan new mission with first order.

(a) Make a list of nodes with the orders from the drone’s previous mission plan + the new
order’s restaurant.

(b) Find the nearest node to the drone. Add that node to the new mission plan and remove it
from the list of nodes. If the node is the new order’s restaurant, add the order’s location
to the list of nodes

(c) Repeat 4b until all nodes have been added.

5. Check if the new mission plan meets time and battery constraints. If yes, update the mission
plan to the new mission plan, If not, return to step 4 with the next order in the list.

As seen in this list of steps, it is called in a slightly different way to the method shown in Figure 12.1.
The main advantage of this algorithm is its speed; it takes a very short time to compute the mission plan
as it essentially computes only one step at a time. However, this also comes with some disadvantages.
Besides the obvious disadvantage of not finding an optimal solution, it also only decides whether an
order is taken by the drones a few minutes in advance, not leaving enough time for another delivery
service to take the order instead and leading to delays.

Dial-A-Ride Problem Formulation

In literature, there exist many standard types of linear delivery optimisation problems. These start
with the simplest, the Vehicle Routing Problem (VRP), which attempts to find the optimal delivery
routing between one or more depots and several customer locations while satisfying some simple
constraints [29]. The VRP can be extended to variants with more constraints, such as the VRP with
time windows (VRPTW) or the VRP with pick-up and delivery (VRPPD). These models are further
generalised to the standard problem which best describes the DronebezORgzd operations, the Dial-
A-Ride Problem (DARP). The Dial-A-Ride Problem is used to design vehicle routing schedules of a
fleet of vehicles for a set of customers who specify pick-up and delivery locations.

A standard three-index formulation was taken as a start from Cordeau and Laporte [30]. This formu-
lation is expanded by adding extra variables and constraints to account for battery limits, variable
starting locations, and various servicing and waiting times. Furthermore, certain mathematically
unnecessary yet logically sound constraints are added to reduce the feasible solution space of the
problem.

In the proposed model, V' is the set of all vertices in the form {Zsiart, P, D, Zend}, where Zgary and
Zena are two copies of the depots and make up the set Z, and P, D are respectively the sets of pick-up
and delivery nodes, each with length n. Note that even though multiple orders can come from the
same restaurant, they are modelled as two pick-up nodes at the same location. The other constants
used to constrain and solve the MP problem are presented in Table 12.2. The values associated with
each constant are calculated based on the current state of the simulation, as will be described in
Subsection 12.4.1, and passed to Mission Planning to be used in the model.

Table 12.2: Constants of the extended DARP model

Constants Description
dist;;, ti; Matrices holding the distances and travel times between any pair of nodes.
trav;; A boolean matrix which states true if there is a positive distance between i and j,
and otherwise states false.
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M A constant, Big M, a large number used to dominate any inequality and is therefore
used to deactivate constraints.
s* Array holding the starting node of drone k. This has been set to the depot in the
used configuration.
€i, l; Arrays holding the start and end bounds of an order’s scheduled time.
Wi, Whax Arrays holding the minimum and maximum waiting times at each node. These

represent the times it takes to pick up pizza, deliver pizza, or replace batteries at
a depot.

Hmax b Tmax b RHI&X

Constants representing the maximum hover time at each node, full journey time
for each drone, and ride time of each pizza.

Emeter, ETO/land

Constants representing the energy used per meter of flight, and per each take-off
and landing.

wy, Wa Constants representing the relative weight of the number of deliveries and finish
time in the objective.
bﬁepot Array holding the battery level each drone leaves the depot with. In the current

configuration, this is set to full charge.

The decision variables used in the model can be found in Table 12.3. These include all of the variables
which a solver can change the value of to arrive at an optimal solution. While most of the variables
are not used in the objective function, they are still present to form the logic of the problem.

Table 12.3: Decision variables of the extended DARP model

Variable Description Variable Type
mfj Drone k flies from node i to node j Binary
uk Arrival time of drone k at node i Continuous
vk Departure time of drone k at node i Continuous
1k Load of drone k at node i Integer
bk The battery of drone k at node i Continuous

The full formulation of the extended DARP problem can be seen below. Equation 12.1 is the objective
function which should be maximised to find the best solution, and equations 12.2 to 12.19 form the
constraints of the model. Each constraint is then given a category and explained in Table 12.4.

Subject to

Maximise wq ZZ Z a:fj + ws Z Z ul (12.1)
ieD jeV keK 1€ Zond kEK
i
Y Y afi<1 (ieP), (12.2)
JjeEV keEK
D 7= ah; =0 (i€P keK), (12.3)
JEV JjeEV
Yo k=1 (kekK), (12.4)
jeEV\sk
Y al =Y alfi=0 (icPUD, ke€K), (12.5)
jeVv jeVv
ub >of —M(1— > af) (ieP, jeD, keK), (12.6)

i€VA\{j}
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ub > of +t; - MQA—al) eV, i#j keK), (12.7)
uf < OF 4 tij + Huax - travyj + M(1—af;) (i, €V, i#j, k€ K), (12.8)
ugn—i—l - Ulg S Tmax (k S K)> (129)
uf >e;—M(1— > af;) (i€D, keK), (12.10)
jEV\{i}
uf <li+M(1- Y af) (i€D, keK), (12.11)
JEV\{i}
uf —uf < Ry + M(1— Y ;) (i€PjeDkeK) (12.12)
i€V\ {5}
>l - MA- Y k) (eVikeK), (12.13)
jEV\{i}
v S uf o W + M(L— > 2h) (i€V\ZkeK), (12.14)
JEV\{i}
ok <ulf - M1 —2k) (e Vs, ke K), (12.15)
>0 +q - M(1—afy) (i,j€Vii#jkeK), (12.16)
=0 (i€ ZkecKkK), (12.17)

bF < bF —dist; ;- Emeter — B0 tana - travij+ M- (1—af ) (i € V\ Zstare, j €V, i # j, k € K), (12.18)

¥ < Biepor — distij - Emeter — Erojiana + M - (1 —af;) (i € Zstar, J €V, i # 4, k € K), (12.19)

Table 12.4: Constraints of the extended DARP model

Equation Constraint Description
Type
12.2 Problem logic Each customer is served by at most one drone.
12.3 Problem logic If a drone serves a customer, it must also pick up the order from the corre-
sponding restaurant.

12.4 Problem logic Each drone must leave from its starting node.

12.5 Problem logic The drone must leave every node it visits, except depots.

12.6 Problem logic The drone must visit the restaurant before the customer.

12.7 Time logic The drone must arrive at a node at the earliest, the fastest travel time after

leaving the previous node.

12.8 Time logic The drone must arrive at a node at the latest, the maximum travel time
after leaving the previous node.

12.9 Time logic The total route must be shorter than the maximum journey time.
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12.10 Time logic The drone must arrive at a customer after the start of the scheduled delivery
time window.

12.11 Time logic The drone must arrive at a customer before the end of the scheduled delivery
time window.

12.12 Time logic The pizza must be delivered to the customer within the maximum time
after pick-up from the restaurant.

12.13 Time logic The drone can only depart from a node after the minimum waiting time.

12.14 Time logic The drone must depart from a node before the maximum waiting time.

12.15 Time logic The drone must leave the starting node before arriving anywhere.

12.16 Load logic The load of the drone must increase by at least the demand of the node it
arrives at.

12.17 Load logic The load of the drone at any depot must be zero.

12.18 Battery logic The drone battery at a node is at most its battery at the previous node,

less the battery spent travelling, taking off, and landing.

12.19 Battery logic The drone battery after leaving the depot to a node is at most full, less the
battery spent travelling, taking off, and landing.

Some additional constraints were added that are not strictly necessary but reduce the scope of the
problem by eliminating suboptimal solutions. For example, setting all direct depot to customer legs
to 0, as it would not make sense to perform this trip.

The objective function of the formulation is presented in Equation 12.1, showing that the problem is
trying to maximise the number of deliveries while returning the drones to the depots quickly, so they
can be assigned new missions as soon as possible.

To implement and solve the posed problem, the Gurobipy Python package is used, allowing for easy
implementation as well as ready-to-use solution methods and insightful solution details and progress
tracking!. Gurobipy uses the branch-and-cut algorithm combined with several heuristics to reduce run
time and efficiently solve the optimisation problem.

The Mission Planning algorithm was run every two minutes of simulation time and would take all
active orders to be delivered within the next 45 minutes and all drones currently at a depot with their
batteries ready.

Clustering

As mentioned before, the main problem with the MILP formulation is its runtime, specifically for a
high number of nodes, due to DARP being an NP-hard problem [31].

Considering how the expected number of orders is in the order of 1000 per day, this solution is not
viable. Therefore, a K-means clustering algorithm was used to group orders based on location both
of the customer and the restaurant for each order. While this means that an optimal solution is no
longer guaranteed, the algorithm should still produce close to optimal solutions as multi-delivery trips
should be in the same area and thus the same cluster most of the time.

Even after applying the clustering method, runtime to find optimality within each cluster is too high
as the algorithm needs to be run for every cluster and the clusters still need to be large enough that
the drones can fully use their battery. To mitigate this, a limit on solution time of 5s per cluster was
implemented. This limit was chosen because it was observed from testing that most of the time, the
objective function would stay almost constant after this time.

12.2.2. Verification & Validation

In order to verify the correctness of the code, several checks were performed, particularly for smaller
problem sizes. An animation was also made to easily visualize the orders and the drones’ movement

"https://docs.gurobi.com/current/ [cited 15 June 2025]
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around the city.

Greedy Algorithm

In order to verify the greedy algorithm, the code was run for a reduced problem size of two drones and
six orders and the results were compared against the manually solved plan. Then the animation was
run to check that the drones actually followed the plan that they were assigned. Finally, edge cases
where the drones would not have enough capacity, time or battery to fulfil all orders in one trip were
tested.

Dial-A-Ride

Verification of the DARP implementation was also performed on a smaller problem size. Since Guro-
bipy was used to solve the problem, verification of the optimisation method itself was not performed,
and the focus was instead on verifying the problem setup and the results. The optimal solution was
calculated manually by brute forcing with two drones and four orders and compared against the output
of the code. The animation was also used to verify that the drones were being assigned the correct
orders. Then each constraint was verified by checking the effect of removing them or making them
more constraining where applicable, such as increasing battery usage rate for example. Upper and
lower bounds were implemented on all the free variables of the model to ensure the model would not
cheat big-M constraints and to reduce the scope of the problem. Finally, many different terms such
as arrival time at the depot or number of take-offs and landings and relative weights of the objective
function were tested to see their effect on the optimality and time efficiency of the solution found. For
example, the weight of the second term was verified by checking that increasing it greatly in magnitude
meant the drones would never leave the depots, thus earning 0 revenue.

Clustering

K-means clustering was performed using the scikit-learn? library, so again the method itself was not
verified . In this case the focus of the verification was in ensuring that the clusters met the requirements
of the MILP while performing correctly. An intermediate size of ten orders was tested with two drones
and compared to the mission plan without clustering. While the mission plan without clustering could
not find optimality within 10 min, it seemed to converge to a value which was assumed to be close to
the optimum. Then clustering with different criteria such as customer location, restaurant location
and delivery time were tested to see which criteria best approximated the unclustered mission plan in
most cases. Another verification was to ensure that clusters would not be too large by reducing them
to a maximum size since the MILP would not handle large numbers of orders well.

12.3. Path Planning

Path planning concerns itself with finding the shortest and least public-disturbing paths between two
points on a map while avoiding obstacles and no-fly zones and complying with drone flight dynamics.
In Subsection 12.3.1, the complete Path Planning analysis is presented, including the selection of the
path finding algorithm and its smoothing to comply with drone flight dynamics. Subsection 12.3.2
then discusses the verification & validation process.

12.3.1. Analysis

This section describes the design and development of the Path Planning module. This includes describ-
ing the selection of the Path Planning algorithm, its implementation, and the smoothing procedure
used to make it comply with the BezORger’s flight dynamics.

Algorithm Selection

Before analysing the possible solution methods, two mapping approaches are considered: the grid
approach, where the map is discretised into an even grid, and the waypoint approach, where waypoints

Zhttps://scikitlearn.org/stable/modules/clustering.html [cited 16 June 2025


https://scikit learn.org/stable/modules/clustering.html

12.3. Path Planning 98

are added only to specific points on the map, such as next to each obstacle. While it may seem as
though the way point approach allows for points to be added only where necessary, leading to fewer
possible routes and reducing computational time, this is not necessarily the case. Assuming obstacles
do not block most paths, the order of legal moves between control points in the whole map is n?,
where n is the number of nodes. In the grid approach, however, the number of legal moves is in the
order of 8n as the drone can only move from its current node to one of the 8 nodes around it. Due to
the large size of the city maps considered, the grid approach was selected for its better scalability in
terms of computational time. Furthermore, the grid approach allows for a better interface with the

simulation, which will be discussed in Section 12.4.

Next, a solution method is chosen based on runtime, optimality, and implementability. Table 12.5
shows four possible Path Planning methods: Dijkstra’s algorithm, the A-star (A*) algorithm, which is
an extension of Dijkstra’s, the Rapidly-Exploring Random Tree (RRT) algorithm, which stochastically
approaches the target, and learning methods, which optimise Path Planning over time.

Table 12.5: Comparison of Path Planning algorithms

Algorithm Grid-Based Runtime Optimality | Notes
Dijkstra Yes Medium Optimal No heuristics
A* Yes Fast Optimal Heuristic speeds up search
RRT Not ideal Fast Suboptimal Good in high dimensions
Learning methods Yes Fast Suboptimal Needs lots of training

Looking at Table 12.5, it can be seen that only the top two methods guarantee optimality, while RRT
and learning methods cannot be trusted to always provide a consistently good and robust solution.
Furthermore, the A* algorithm has a much faster average runtime than Dijkstra’s while being almost
as easy to implement, making it the obvious choice for Path Planning. While extensions of A*, such
as Theta*, which allows for any angle Path Planning, were also considered, it was deemed that A*
was better suited due to faster run times and more robustness.

A* Implementation

The implementation of the A* algorithm in Path Planning follows that of Zammit and Kampen [32].
The algorithm can be extended, however, by including a term related to public disturbance in the
objective function, greatly improving the social sustainability and public acceptance of DronebezORgd.
This can be done by assuming that public disturbance per distance flown is proportional to population
density over that distance, as stated in AS-OP-12. This is summarised by Equation 12.20 where «
dictates the relative weight of distance cost versus disturbance cost. The third cost, deviation cost,
was added to make the algorithm prefer a straight route to the goal by penalising deviations from a
straight line from the current node to the end node, with an additional weighting factor, 3, which is
treated as a hyperparameter.

Ctotal = O * Cdistance T (]- - a) * Cdisturbance T @ * B * Cdeviation (1220)
The effects of varying « can be seen in Figure 12.2b. At high values of «, the paths are very direct to the
target. As « is reduced, the paths can be seen reducing the distance they travel in densely populated
areas, instead taking longer routes through less populated areas. By simulating 100 orders from
random restaurants to random customer locations at varying «, the distance and public disturbance
due to noise can be plotted as seen in Figure 12.2a. It can be seen that lowering « initially greatly
reduces public disturbance while barely increasing path distance. A natural elbow can be seen at an
a of 0.2, below which further reductions start to greatly increase the distance travelled. Therefore, to
minimise noise pollution and increase social sustainability while barely affecting route distances, an «
value of 0.2 is chosen.
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Path Distance vs Public Disturbance at Varying Alpha A* Path on Weighted Delft Grid at Varying Alpha Values
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Figure 12.2: A-star implementations at varying «

Path Smoothing

Once a path is found with the A* algorithm, it must somehow be smoothed to comply with the drone’s
flight dynamics. Specifically, since the full path is assumed to be done during cruise at constant speed,
where take-off, landing, and transition are handled separately, this implies that the path needs to
comply with a minimum turn radius requirement of 55 m, including safety factors. This converts the
grid-based, discrete path to a near-continuous path which the drone would take through the city. It is
important, however, that after smoothing, the path still complies with no-fly zones and does not hit
any obstacles.

Table 12.6 presents the four considered smoothing methods, namely: a corner rounding method, which
simply replaces all sharp turns with circular arcs of the set minimum radius, an iterative mass spring
system simulation, where points want to straighten out yet are repelled from obstacles, a basis splining
method which connects the centre points of each grid node with a basis spline, and Bezier curves which
using control points, create efficient smooth curves to construct the path.

Table 12.6: Comparison of path smoothing techniques

Method Description Runtime| Smoothness | Notes
Corner Replace corners with circular arcs using turn- Fast Medium Easy to im-
rounding ing radius plement
Mass-spring | Treat path as particles connected by springs; | Medium Medium Robust obsta-
simulate until equilibrium cle avoidance
B-spline Fit spline curves through path points Fast High Easy to im-
plement
Bezier curves | Use control points to construct continuous Fast High Requires pre-
smooth curves processing

While the corner rounding method is easy to implement and robust, it was eliminated as an option
due to its unrealistic path, which, while complying with the minimum radius constraints, would often
make the drone oscillate unnecessarily. The remaining three methods were tested on simple cases to
evaluate their performance. The mass-spring system had very robust obstacle avoidance as repulsion
from obstacles was modelled inversely to distance, meaning paths would never approach too close.
The paths, however, could not be made to always satisfy the minimum radius requirement, as this
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was not directly implemented in the model. Furthermore, the runtime was found to be much worse
than other methods, as many iterations would be required to reach equilibrium. The Bezier curves
were also found to be suboptimal as they required pre-processing to determine which nodes would be
used as control points to create the curves, and the implementation was found to be challenging and
not very robust. The basis splines were found to be the best solution due to their fast run times, high
levels of smoothness and realistic pathing, and ease of implementation.

To implement the B-spline path smoothing, the splprep and splev functions were used from the Scipy
Python package®. While these functions do not directly incorporate a minimum radius, the smoothing
factor in the function can be iteratively increased until a suitable path is calculated. This slightly
increases run time, although the smoothing still runs very fast, as the order of iterations is only in the
order of 10. Furthermore, to ensure obstacle avoidance, the Path Planning is computed on a grid with
a 55 m length per grid box. This means not only that each no fly zone is additionally padded with an
additional buffer area, but any circular arc connecting the centre of two nodes will have a radius of
55 m, meaning feasible paths will not collide with obstacles no matter how sharp a turn is made.

In conclusion, the Path Planning module, given a start and end point, computes an optimal flight path
on a discrete grid using the A* algorithm. This path is then iteratively interpolated using basis splines
of increasing smoothness until it meets the drone’s flight dynamics requirements. The resolution of
the grid is set such that obstacle avoidance is inherently present in the smoothed path. Finally, the
near-continuous calculated path is returned.

12.3.2. Verification & Validation

This section presents the verification of the Path Planning algorithms. A bottom-up approach has
been used, where first unit tests were performed, followed by system tests and finally, robustness tests
have been performed.

Grid Verification

To ensure that the Path Planning algorithms correctly identify tall buildings and no-fly zones, a unit
test was performed on the five tallest locations in Delft? (e.g., Nieuwe Kerk) and the Delft police
station °. This test verified that each location is assigned an infinite weight on the grid, ensuring
these areas are effectively avoided in route planning. Similar tests were performed on areas of known
population density to ensure the values were correct before normalisation. Afterwards, a unit test was
performed on all non-infinity grid nodes to verify that no node had a value greater than 1.0 or less
than 0.0. To ensure that each height point, originally measured at 0.5 m accuracy, is correctly mapped
to the grid with a cell size of 100 m?, the height data was clustered using the DBSCAN algorithm®.
A unit test was performed to verify that each clustered point is assigned to the correct grid cell and
that all height data is represented without loss or duplication. This verification confirms the correct
implementation of the clustering and mapping process.

Correct Path Finding

To ensure that each path avoids both obstacles and no-fly zones, a unit test was performed in which
the sum of the weights of all traversed nodes was calculated and verified to be finite.

Grid Resolution Robustness

To verify the robustness of the A* algorithm across different spatial resolutions, tests were performed
using both finer and coarser grid settings. The planner was evaluated to ensure it consistently produced
valid and feasible paths, maintained obstacle and no-fly zone avoidance, and respected kinematic
constraints, regardless of the chosen grid resolution.

*https://docs.scipy.org/doc/scipy/reference/interpolate.html [cited 15 June 2025]
“https://nl.wikipedia.org/wiki/Lijst_van_hoogste_gebouwen_van_Delft [Accessed 16 June 2025]
Shttps://www.politie.nl/mijn-buurt/politiebureaus/06/bureau-delft.html [Cited 16 June 2025]
Shttps://scikit-learn.org/stable/modules/generated/sklearn.cluster.DBSCAN.html [Cited 16 June 2025]


https://docs.scipy.org/doc/scipy/reference/interpolate.html
https://nl.wikipedia.org/wiki/Lijst_van_hoogste_gebouwen_van_Delft
https://www.politie.nl/mijn-buurt/politiebureaus/06/bureau-delft.html
https://scikit-learn.org/stable/modules/generated/sklearn.cluster.DBSCAN.html
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Handling Orders in Restricted Areas

As a system test, the planner was evaluated by simulating orders placed at inaccessible locations,
such as inside no-fly zones or tall buildings, to verify that the system consistently directs users to the
nearest accessible pick-up point and ensures successful order delivery in all cases.

Flight Dynamics

To ensure that smoothed paths adhere to flight kinematics, unit tests verified that the minimum
turning radius along each spline path remained above the BezORger’s constraint by estimating local
curvature, and confirmed that no smoothed path intersected obstacles or no-fly zones by representing
paths as geometric lines and zones as polygons, then checking for intersections using standard geometric
operations. These tests guarantee that all generated flight paths are both physically feasible and safe.

Maximum Obstacle Density

As an extreme value test, the Path Planning system was evaluated under conditions of maximum
obstacle density (Papsouwselaan). The system was verified to successfully generate paths that remain
feasible while minimizing the number of required manoeuvres, demonstrating robust performance even
in highly constrained environments.

12.4. Simulation and Results

To allow for the verification of the realistic performance of Mission Planning and Path Planning, and
to establish the operational capacity, which would be most profitable while meeting all requirements,
a simulation of a city with real-time orders, integrated with the Mission Planning and Path Planning
modules, must be created. This section details the creation of this simulation as well as the operations
design found to best maximise the return on investment. Subsection 12.4.1 presents the analysis
done to arrive at a working simulation as well as the results concluded from it, and Subsection 12.4.2
presents the verification & validation conducted to provide confidence in those results.

12.4.1. Analysis

This subsection discusses the analysis related to the creation and working of the simulation used for the
design and verification of the operations of DronebezORgd. This is followed by the refined estimates
of profit and return on investment found using the simulation.

Simulation Structure

The simulation is created to design and verify the operations of DronebezORgd. It does this by creating
a digitised version of a Dutch city, as will be discussed in the next section, simulating orders within
that city in real time, and integrating Mission Planning and Path Planning to assign the drones to take
each order, their route, and their pathing. In the case of the greedy algorithm, Mission Planning is
calculated every time a drone is ready to leave a node, whereas in the case of the DARP formulation,
it is calculated every 2min if there are drones ready at a depot. In both cases, Path Planning is
computed when the drone leaves for its next node.

To ensure coherence between the two layers, a validation step compares the actual cost associated with
the assumptions made in the mission plan. If the deviation exceeds a certain threshold, replanning
may be triggered to preserve reliability and efficiency. However, if not, it is assumed that the mission
plan affects the path plan but not the other way round, to minimise the computations required for an
iterative operational planning.

Once the three modules are integrated, an outer loop is constructed, allowing the simulation to be run
multiple times with varying variables such as the number of drones, the number of depots, and depot
locations. The outcomes of these simulations will be described in the results section.
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Delft-Like City Digitisation

While the focus of DronebezORgd and its profit estimates are specific to the Dutch city of Delft, the
simulation was created to allow for the digitisation of any Dutch city. The creation of this digitisation
is described in this section, including the methods by which the necessary data was acquired.

The data used for the locations of each neighbourhood, their respective population densities, and the
border of the city, was taken from the Centraal Bureau voor de Statistiek”. To get actual restaurant
locations and no-fly zones, the Overpass API, specifically the Overpy python package® was used. The
Overpass API allows for data extraction from the OpenStreetMap (OSM)?, an open-source world map.
This allows the simulation to use all locations tagged as pizza places for the restaurant locations, which
should be almost exactly true to reality. No-fly zones are also defined as places which drones should
avoid, including hospitals, police stations, fire stations, and schools.

Using these two sources, a digitised map of any Dutch city can be created and used to design the
operations of DronebezORgd. This map will be used in the following sections to simulate orders and
estate profits. This map, with all the elements of the simulation can be seen in Figure 12.3. In this
figure, the Mission Planning elements - the orders, restaurants, depots and drones - are overlayed on
the Path Planning elements. These are the no fly zones such as tall buildings, schools and the outer
perimeter of Delft, indicated in black, the population density indicated on a yellow to red scale, and
the paths indicated by pink lines.

Simulation Map Animation
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Figure 12.3: Map of Delft showing drones, restaurants, depots, orders, no fly zones, population density and drone
paths

"https://www.cbs.nl/nl-nl/cijfers/detail/86003NED?q=wijken%20en%20buurten%202024%20bevolkingsdicht
heid [cited 16 June 2025]

Shttps://python-overpy.readthedocs.io/en/latest/ [cited 16 June 2025]

“https://www.openstreetmap.org/#map=7/52.154/5.295 [cited 16 June 2025]


https://www.cbs.nl/nl-nl/cijfers/detail/86003NED?q=wijken%20en%20buurten%202024%20bevolkingsdichtheid
https://www.cbs.nl/nl-nl/cijfers/detail/86003NED?q=wijken%20en%20buurten%202024%20bevolkingsdichtheid
https://python-overpy.readthedocs.io/en/latest/
https://www.openstreetmap.org/##map=7/52.154/5.295
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Mission Planning Algorithm Choice

Out of the three algorithms that were, only the clustered MILP and the greedy heuristic could realis-
tically be compared, as the full MILP took too long to produce results. The two remaining algorithms
were compared by profit after 5 years and runtime for the simulation of a single day. The results can
be seen in Table 12.7.

Table 12.7: Comparison of Mission Planning algorithm results

runtime (s) profit (€)
Clustered MILP 87 1,450,000
Greedy algorithm 13 1,916,000

From the table, it can be seen that the greedy algorithm outperforms the clustered MILP both in
runtime and profit. However, a factor that is not accounted for in the table is the time at which it is
decided whether an order will be accepted or rejected. The greedy algorithm only decides this between
7.5 minutes in advance and 2.5 minutes after the scheduled delivery time, which is not acceptable
according to Section 3.2. On the other hand, the clustered MILP decides this about 45 minutes in
advance. For this reason, it was decided that the greedy algorithm, while useful as a benchmark,
would not be used in the final operations and clustered MILP was chosen instead.

Mission Planning Objective Function

As mentioned in Section 12.2, the objective function consists of a weighted sum of two values: the
number of orders delivered, and the time of return at the depot for each drone. The first term is
evidently necessary to incentivize the drones to deliver orders, while the second term pushes them
to finish their mission as soon as possible so that they can start a new one fast. Since there are
two terms, their relative weights g—; have a significant effect on the performance of the optimisation.
Therefore, a study on the effect of the weight of the second term of Equation 12.1 on the profit was
performed, averaged over five seeds, and the results can be seen in Figure 12.4. For the graph, w; was
kept constant at w; = 500 and wy was changed.

1.5

1.0

Profit (EUR)

0.2 0.0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2 -1.4
w2

Figure 12.4: Profit vs return to depot time weight

A negative weight means the algorithm tries to get the drones to return as soon as possible. As
expected, lowering the weight from zero causes an increase in profit. However, as the weight keeps
getting lower, the profit starts decreasing. This is because the weight of returning to the depot late
is outweighing the weight of delivering pizzas, so the drones start rejecting orders when they should
not. In fact, at the lowest weights, the line flattens because the drones are not accepting any orders
at all. From this graph, it can be seen that the optimal weight of the objective term is -0.1. However,
the increase in profit compared to not penalising finish time by setting ws to 0 is small.

Max Payload Size

The requirement on the number of pizzas that the BezORger must be able to carry is of 5 pizzas.
However, due to the design chosen having two payload bays, accommodating a sixth pizza would not
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be too inconvenient. Therefore, a study was performed on the difference in profit caused by increasing
the payload size. The total profit over 5 years was calculated to be €1,143,000 for 5 pizzas and
€1,391,000 for 6 pizzas. Based on these results, it was decided that designing for 6 pizzas was worth
the increase in profit. However, some limitation of these results to consider are that it was not taken
into account that separate deliveries should be in separate compartments to avoid theft and that the
cost of the drones was assumed to be the same in both cases.

Profit and Return on Investment

After evaluating the effect of the relative objective weights to find the weight for maximum profit, the
number of drones and the position of the depot were analysed. The objective in this case was not only
to maximise profit, but also to maximise return on investment (ROI) after five years. To do this, the
simulation was run several times for different numbers of drones and depot locations, and the profits
in each scenario were plotted. The results can be seen in Figure 12.5 and Figure 12.6a.
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Figure 12.5: Profit and ROI vs number of drones

As expected, initially the profit increases greatly with number of drones as many more orders can be
accepted. However as the number of drones increases, the marginal profit decreases, since the drones
already capture more demand so the increase is smaller until it plateaus at around 13 drones. However,
the peak in ROI happens with slightly less drones, at 10, because the initial investment is smaller.
Therefore, it was decided to size the fleet at 10 drones.
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Figure 12.6: Heatmap of profit and map for reference
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In the case of the depot location, there are two factors affecting the profit. From Chapter 3, it is
assumed that the depot rent will decrease linearly with distance from the centre, which was decided to
be at coordinates (2650,4700) from visual inspection of the map. This point can be seen in Figure 12.6b.
However, the closer the city is to the centre, the less distance it needs to cover on average to deliver
pizzas. Initially, a coarse grid was made that covered the whole map, and it was found that the
optimum was in the region shown in Figure 12.6b, and a second heatmap with greater resolution was
made which can be seen in Figure 12.6a. The ROI graph would look the same as the profit graph,
as the initial costs are the same. From the graph, it can be seen that the optimal position is around
(2200,3400).

Results Summary

Table 12.8 shows a summary of all the decisions made in this chapter. Table 12.9 shows a breakdown
of the costs and revenues over the first five years, together with other relevant financial calculations.

Table 12.8: Summary of decisions made

MP algorithm MP frequency wWo Max number of Number of Depot location
pizzas drones
clustered 120s -0.1 6 10 (2200,3400)
MILP
Table 12.9: Summary of financial values
Profit Initial costs Total costs Revenue Break even ROI
point
€1,391,000 €191,000 €1,774,000 €3,165,000 220 days 729%

12.4.2. Verification & Validation

Verification of the overall simulation involved many different aspects. Most of these were performed
using the animation. Firstly, verification of the correct implementation of the city data was required.
This was done by looking at the animation and comparing the position of the restaurants and popu-
lation densities to Google Maps.

Next, the interface between the simulation and the Mission Planning had to be verified. This was again
done using the animation, by printing the outcome of the mission plan adding labels to the orders in
the animation. Then the animation was run to check that the drones correctly moved towards their
targets.

Like Mission Planning, the implementation of the Path Planning into the simulation also required
verification. This was done by checking in the animation, firstly, that the start and end nodes were
correct. Then it was checked that the paths correctly avoided obstacles and densely populated areas,
and finally that the drones were correctly following the paths at the right speed and arrived on time.
Furthermore, to ensure that orders placed within no-fly zones or on top of tall buildings are handled
appropriately, a unit test was performed. The test verified that if an order is placed at an inaccessible
node, such as within a no-fly zone or a high building, the system identifies the nearest accessible grid
node and moves the order to that place.

Finally, the implementation of the financial model into the simulation was verified. This was done by
means of a sensitivity study, which can partially be seen in Subsection 12.4.1, where many different
parameters were varied and their effects on the costs and revenue were observed.

12.5. Recommendations

Despite the extensive work completed for operations, numerous opportunities for further study still
exist. This subsection highlights some of the main areas where more research could be done. Sub-
section 12.5.1 presents potential future research in Mission Planning, specifically ways to improve
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the current method and a proposal of other methods to be tried. Subsection 12.5.2 focuses on Path
Planning and the ways in which it could be improved by taking additional factors into account.

12.5.1. Mission Planning

While a sensitivity study was performed on the number of drones, depot location and objective function
weights, there are many other variables that could be changed to investigate their effect on profit.
These include the time in advance an order will be considered, the optimisation time limit, and many
drone parameters such as speed or capacity. Furthermore, the simulation model could also be refined to
take into account uncertainties in, for example, the pickup and delivery times. Testing the simulation
on other cities to calculate profit could also provide useful insight.

Additionally, more work can still be done in improving the optimisation of the clustered DARP method.
First, other clustering techniques should be investigated. One possible improvement in this area is to
come up with a clustering method that groups orders together in space but apart in time, so that the
drones have enough time to deliver all orders without delays. Furthermore, a clustering algorithm with
a fixed cluster size would be preferred as the clusters should be limited in size by what the optimisation
algorithm can handle efficiently. Finally, the option of updating the mission plan of the drones while
they are still in the air instead of only when they are ready in a depot should be explored.

Another area where further research could be done is in investigating completely different optimisation
methods. Due to time constraints and the unavailability of data, genetic algorithms and learning algo-
rithms were not explored, but could have the potential to produce efficient solutions with reasonable
computation times. The same is true for other heuristic algorithms that are more complex than the
greedy algorithm, such as the ones implemented in VeRyPy. °

12.5.2. Path Planning

A sensitivity analysis on taking more direct paths has been performed as displayed previously in
Figure 12.2. However, since the core of DronebezORgd’s service relies on reliable and efficient path
planning, this component must be continuously improved. Therefore, the following improvements are
recommended:

e Implement 3D Path Planning: Accurately model the VTOL’s operational profile, including
the transitional phases from Figure 11.2, to improve flight time estimates.

e Incorporate Wind Effects: Integrate live wind data into the path planner to optimise routes
for efficiency and safety, making use of available meteorological sources like Windy. !

« Landing Site Verification: Include real-time feasibility checks of landing sites within the
planning loop.

e« Dynamic Collision Avoidance: Use real-time sensing or external data to detect and avoid
unexpected obstacles not included in the static map.

OURL:https://github.com/yorak/VeRyPy/blob/master/README.md#implemented-heuristics-with-references
[cited 16 June 2025]
"URL: https://www.windy.com/ [Cited 17 june, 2025
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13

Design Integration

The design integration represents a key step in the design process after subsystem design. The key
function of design integration is to combine the subsystems and iterate the design towards a converged,
feasible design that meets the requirements. Section 13.1 presents the design iteration, followed by
the internal and external configuration in Section 13.2 and the data handling and communication
architecture in Section 13.3.

13.1. Design Iteration

To achieve the final design, careful integration of each subsystem is crucial. This ensures the absence
of conflicts and the effective management of subsystem interfaces, which is key to a successful design
and compliance with subsystem requirements. The design iteration framework is presented in Subsec-
tion 13.1.1, followed by a summary of the design iteration in Subsection 13.1.2. A sensitivity analysis
will then be performed to get more insight about the final design, while also serving as a preliminary
system-level verification in Subsection 13.1.3.

13.1.1. Iteration Framework

A design iteration framework is set up for the integration of the design. The goal of this framework is
to start with the class I weight estimate of the drone from the early design stage and perform Class
IT weight estimates, while incorporating the different subsystems of the drone following the N2 chart
presented earlier in Figure 4.1. An overview of the design iteration loop has been shown in Figure 13.1.

The input for the iteration process is the Class I weight estimate, derived from a statistical database
based on similar drones in the Midterm Report [2]. A regression relating payload mass to the drone
MTOW is used for this purpose. The payload mass of the drone was taken as 3 kg, accounting for six
pizzas.

The design loop is comprised of four main modules, including structures, stability & control, perfor-
mance, and aerodynamics. The aerodynamics module performs an internal iteration to converge to
a wing planform needed for the given MTOW. This is necessary because the required wing area cal-
culated from the MTOW changes the wing planform, which in turn affects the lift produced, thereby
changing the required wing area. Using the new wing planform, the structures module computes the
load distribution on the wing fuselage and tail structures. A structural minimisation loop is conducted
as explained for each structural element to prevent overdesign, resulting in the final structural mass.
With the structural mass and loads acting on the drone with their respective locations, the stabil-
ity & control module can update the tail sizing and wing positioning according to Subsection 10.3.1.
The performance module can then update the battery sizing based on the mission energy estimation
presented in Section 11.3.

After these steps are performed, the Class II weight estimate of the drone is revised, taking into account
the various components of the drone. The Maximum Take-Off Weight (MTOW) is the summation of
the individual weights of all components, following Equation 13.1 where W; represents the weight of
the i—th component, n is the total number of components. The following components are considered:

107
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Figure 13.1: Overview of design iteration framework
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MTOW =" W; (13.1)
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Whotor: Motor weight
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weight

iteration process is repeated until convergence of the drone MTOW within 0.1%.

13.1.2. Iteration Results

Following the iteration framework, the final iterated MTOW of the BezORger can be obtained, pre-
sented in Figure 13.2.
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The iteration was first run with a simplified transition model. This simplification implies that the
drone operates in vertical mode until cruise altitude and starts cruising, neglecting the transition
phase. The result of the convergence is represented by the green line.

Since transition was later explicitly modelled as a flight phase for the mission energy estimation in
Subsection 11.3.1, this model was included in the second and final iteration. The final MTOW obtained
after convergence is represented by the blue curve differentiated by the label "With TM”, which gives
a final MTOW of 13.06kg. The inclusion of the transition model results in a slightly lower mass
of the drone, which makes sense as the lift generated by the wing now contributes to gaining altitude,
requiring less power from the propellers. The converged MTOWs for both cases are remarkably close,
with the effect of transition modelling affecting the drone mass by around 0.2 kg.

The payload mass to obtain the initial Class I weight estimate, which is the starting point of the
iteration, is taken as the weight of the pizzas, which is 3 kg for six pizzas. However, the effect on the
converged MTOW of changing this payload mass to include the delivery mechanism in the regression
for Class I weight estimation was investigated. While the delivery mechanism is not part of the
payload, it represents additional mass unique to this mission. In Figure 13.2, the addition of the
delivery mechanism in the payload mass of regression for Class I weight is represented by "With DM”.
In both cases, the converged MTOW is the same, which indicates that the iterative framework is
robust and gives reliable results. However, this is only partial verification, as extensive testing would
be needed to perform complete system-level verification of the design iterations.

—e— With TM & Class | weight with DM
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Figure 13.2: Results of the design iterations for different cases. TM refers to the transition model presented in
Subsection 11.3.1, replacing a simplified take-off to cruise mode. DM refers to whether or not the delivery mechanism
weight is included in the payload weight for Class I weight estimation.

13.1.3. Sensitivity Analysis

A preliminary sensitivity analysis for partial system-level verification is proposed in Subsection 13.1.3.
For this analysis, the baseline is defined as the following, corresponding to the blue curve in Figure 13.2:

e Delivery Mechanism: Included in payload regression for Class I weight estimation
« Wing Span: 3m

e Maximum Payload Capacity: 6 pizzas

e Cruise Altitude: 60m

e Mission Sequence: "DRCCRCD”

The results of changing the wing span to 2.5m and 3.5 m have been shown in Figure 13.3. Increasing
the wing span was shown to result in a higher wing mass, each option varying by around 0.45kg
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for an increase of the wing span by 0.5m. This supports the choice of 3.0m for the span balances
the tradeoff between a lighter and smaller drone versus a larger aspect ratio, which improves cruise
efficiency. More analysis is recommended to refine the selected span based on its mass penalty.

Figure 13.4 was used to analyse the effect of the choice of a maximum payload capacity of five or
six pizzas. While the MTOW of the drone increases by around 0.6 kg due to the addition of a pizza,
as explained in Subsection 12.4.1, an increase in profit of 27.7% was observed. Though this analysis
carried limitations by not accounting for limiting a single order to each pizza pile, the modest mass
increase supports the decision of choosing a six-pizza configuration.

While one might expect a significant mass increase due to the additional battery mass of a sixth pizza,
the mass breakdown revealed that the tail mass reduced in the six-pizza configuration compared to
five. This reduction was a result of a lower centre of gravity range achieved by a more symmetric
pizza arrangement.

184

—e— Wing Span: 2.5 m —e— Max Payload Capacity: 5 pizzas
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Figure 13.3: Sensitivity of wing span Figure 13.4: Sensitivity of maximum payload capacity

Next, the effect of changing the mission sequence was analysed in Figure 13.5. As expected, a longer
mission results in an additional customer leg increases the mass by approximately 0.6kg. Finally,
Figure 13.6 reveals that a slight reduction in the cruise altitude does not affect the MTOW of the
drone. This is a strange result and shows the limitations of the transition modelling, as the transition
model assumes a constant time of transition. This means that the energy estimate does not adjust
based on a lower cruise altitude, revealing a key limitation in the model.
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Figure 13.5: Sensitivity of mission sequence Figure 13.6: Sensitivity of cruise altitude

The sensitivity analysis reveals that the design iteration framework exhibits behaviour as expected in
most cases, serving as a preliminary system-level verification. However, more extensive verification
and subsequent validation are needed to identify limitations of the model.
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13.2. Configuration & Architecture

After the integration of the design, the finalised configuration and architecture of the BezZORger can
be presented. This includes the external configuration, presented in Subsection 13.2.1, the internal
layout presented in Subsection 13.2.2, and the electrical architecture displayed in Subsection 13.2.3.

13.2.1. External Configuration

In this subsection, the 3D model of the BezORger is presented in order to showcase the external
configuration of the components. Figure 13.7 displays the general configuration of the drone: four
vertical propellers placed at a 3° angle relative to the drone (level with the ground), and a fifth
horizontal propeller positioned in the rear of the fuselage. All propellers are surrounded by propeller
guards for safety.

The fuselage contains two separate payload bays, with the rear one open for visualisation purposes.
Each one can hold up to three pizza boxes. At the nose of the drone lies the main navigation camera,
the Ultraleap IR-stereo camera. On top of the fuselage, close to the nose, the communication antenna
is located.

In Figure 13.8, the emphasis is placed on the rear of the fuselage. The V-tail is placed on top of the
tapering body, at the end of the fuselage, ending where the rear propeller is placed. On each side of
the drone, one of the several Waveshare stereo cameras is placed for perception.

Figure 13.8: External layout configuration focusing on
Figure 13.7: External layout configuration the aft of the fuselage

Figure 13.9 showcases the drone with its wings folded. They fold at an angle of 95° with respect to
the fuselage, ensuring that the footprint of the drone is reduced during landing. In this model, the
wing folding mechanism is not yet present, but it will be finalised in the complete detailed design of
the BezORger.

Figure 13.9: External layout showing folded wing

13.2.2. Internal Layout

This subsection describes the internal layout of the drone, displaying all the internal components in
more detail. In Figure 13.10, a lateral perspective shows the cross-section of the drone. The bulk
of the fuselage volume is taken up by both payload bays. Each pile of pizzas is supported by four
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rail supports on each corner, which connect to the insulation material (light grey). The nose and tail
sections are reserved for the electronic components and batteries.

On the front, the small (blue) rectangle is the Time of Flight sensor (Grove VL53L0X). On its left
lies the Raspberry Pi (green) with the NAVIO2 shield (grey) on top of it. In orange are the batteries,
two of them placed on the front and the remaining two in the back.

Finally, Figure 13.11 displays a top view of the cut drone. It is possible to view the full size of the
batteries and payload, as well as where the propellers connect to the fuselage.

Figure 13.10: Internal layout of the front at an angle Figure 13.11: Internal layout from a top perspective

13.2.3. Electrical Architecture

The electrical components of BezORger were divided into high-voltage (HV) or low-voltage (LV)
depending on their operating voltage (27 V and 5V respectively). Based on function, the components
were divided into four categories:

o Power (HV): Battery pack, battery management system, and power distribution board
o Propulsion (HV): Electronic Speed Controllers (ESCs) and motors
« Controllers (LV): Navio2 shield on Raspberry Pi

o Sensors & antennae (LV): All sensors and perception equipment along with the antenna(e)

Figure 13.12 shows the layout of each block along with an overview of how clusters of components
interact with each other. The voltage regulator separates the HV and the LV sides of the electrical
architecture. The dotted lines show transfer of information through electrical signals but not trans-
mission of electrical power. For the sake of clarity, closed circuits have not been shown; the focus
was to portray the flow of power from source to sink. In addition, every component shares a common
electrical ground, provided through the wiring harness and Power Distribution Board (PDB). The
drone frame is not used as a ground path.
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Figure 13.12: Electrical block diagram (grounding & neutral lines not shown)

13.3. Communication & Data Handling

The following section describes the way in which the DronebezORgd handles communication and data
handling. Specifically, Subsection 13.3.1 describes the data handling of DronebezORgd and Subsec-
tion 13.3.2 depicts the interfaces between all hardware and software components on the BezORger
and the ground station, and how they communicate.

13.3.1. Data Handling

During delivery, the drone will have to maintain data communication between internal and external
sources in order to perform properly. This communication and data flow is described in Figure 13.13.
First, the customers and restaurants communicate with the ground station through the business’s
app, which manages orders and restaurant updates, while the ground station sends updates on the
status of the delivery. Next, the ground station sends to the main data receiver inside the flight
controller of the drone the delivery data, such as the ideal path and mission planning, and if necessary,
manual control instructions in case of emergencies. The drone returns to ground control with its
position and telemetry data. From the external environment, a number of sensors measure data for
3D mapping, obstacle avoidance, and ground tracking, which are needed by the flight controller to
determine the real flight path. The drone also communicates with the thermal sensors for the payload
box in order to update the customer about the freshness of the pizza. Internally, the flight controller
uses the obtained data, sends it to the computer interface for processing, then sends instructions to
the propulsion system for the required RPM of each propeller for the path planning, and also sends
instructions to activate the LED strips and Buzzer in case of a failure emergency, in order to alert the
people around the drone.
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Figure 13.13: Data handling block diagram

13.3.2. Hardware-Software Interface

To get a better overview of the interaction between hardware and software, both onboard BezORger
as well as with the ground station, a hardware-software block diagram was made, presented in Fig-
ure 13.14. The diagram helps visualise the interdependencies between different hardware and software
components and presents an overall flow of communication both within the drone as well as with the
ground control station (the depot).
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Figure 13.14: Hardware-software block diagram
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Design Overview

The overview of the design of both the BezORger and the operations of DronebezORgd is presented
in this chapter. A summary of the most important design parameters, as well as the mass, cost, and
power breakdown, is presented in Section 14.1. Then, in Section 14.2, an overview of the compliance
with requirements is shown, with justifications of all unverified requirements. Finally, Section 14.3
details the efforts made to make the design and operations sustainable.

14.1. Design Summary

A summary of the final design is presented in this section. Subsection 14.1.1 showcases the final design
parameters collected from all subsystems. Then, Subsection 14.1.2 presents a mass breakdown and
Subsection 14.1.3 presents a cost breakdown of all components of the drone. Finally, Subsection 14.1.4
presents a breakdown of the power consumption of the drone.

14.1.1. Final Design Parameters

After the design iteration, the parameters from all subsystems can be compiled and summarised. This
compilation can be seen in Table 14.1

Table 14.1: Summary of aircraft parameters and components

Parameter Values Units Parameter Values Units
MTOW 13.29 kg Airfoil NACA 6412 -
OEW 10.06 kg Root chord 0.63 m
" Max load factor 3.68 - Tip chord 0.25 m
~
é Structural mass 5.16 kg Dihedral 1.00 °
% Payload mass 3.00 kg o | Sweep c/4 0.00 °
=
% Fuselage length 1.80 m = Wing area 1.33 m?
=
= .
= Avionics  (sensor) 0.88 ke Span 3.00 m
mass
Number - of - pizzas 3x2 . MAC 0.47 m
carried
Cruise speed 14 m/s X1EMAC 0.92 m
Airfoil NACA0012 - Number of vertical 4 -
propellers
Root chord 0.27 m Number of horizon- 1 -
tal propellers
=
— | Tip chord 0.14 m § Number of blades 4 -
E@ E per propeller
> | Dihedral 0.00 ° & | Blade airfoil Clark Y -

115
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V-tail angle 31.21 ° Vertlcal propeller 0.40 m
diameter
Tail area 0.17 m? HOI‘lZOIl't al Las 0.44 m
peller diameter
Span 0.407 m Vertical duct diam- 0.43 m
eter
MAC 0.2035 m Horizontal duct di- 0.46 m
ameter
Max revolution
XLEMAC 1.45 m Speed 628.32 rad/s
YL.EMAC 0.28 m Max vertical thrust 56.4 N
Optimal depot lati- | [51.996446, o Max horizontal 56.4 N
% tude and longitude 4.352530] thrust '
]
45 Number of drones 15 ) Battery total capac- 0.47 Wh
) for max profit ity
o
@) X . -
Number of drones 10 ) Battery max volt 30.8 v
for max ROI age
14.1.2. Mass Breakdown

In the mass breakdown, the mass of each component and assembly of the drone is presented in Table 14.2.

Table 14.2: Mass breakdown

Component Mass [kg] Component Mass [kg]
Battery 2.4 Motor 1.95
Propeller 0.25 Delivery mechanism 2.35
Folding mechanism 0.38 Landing gear 0.07
Sensors 0.30 Wing structure 1.80
Fuselage structure 0.56 Tail structure 0.39
Payload 3.0

14.1.3. Cost breakdown

In the cost breakdown, each component of the drone has been attributed a monetary value. The
components have been ordered into the 4 main departments they come from. The price showcased
is the cost of the component per drone, while also adding how much manufacturing costs add up on
average for manufacturing the drone. Both the components and assembly costs are going to be high
at the beginning of production, but are expected to go down as production scale increases and the
business starts purchasing components in bulk.

Table 14.3: Cost breakdown

Component Cost [€] Component Cost [€]

@ Wing 200 g | Batteries 824
] o=

g Fuselage 150 < | Motors 250
g Landing gear 50 ? Propellers 100
9| Tail 50 -

n 1 -

£ | Flight controller 312 g | Wingspan reduc 78
g = tion mechanism

2 =

< a¥
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14.1.4. Power breakdown

The power breakdown explores the power consumption of the drone during its mission. Through
analysis, it has been observed that the propulsion system uses more than 90% of the full available
power, while the rest is distributed between the internal data handling and communication systems

inside the drone.

14.2. Compliance

Once the final design is established, the compliance of each requirement can be assessed to ensure
DronebezORgd’s adherence to design goals. The compliance of each system requirement can be seen in
Table 14.4. The requirements which have not yet been tested or implemented, as well as requirements
which are found to be non-compliant, will be explained below.

Table 14.4: Requirement Compliance Overview (Compliance: compliance level, v': compliant, x: not compliant, [(J:
not yet tested, @: not yet implemented)

Requirement Compliance Requirement Compliance Requirement Compliance
RQ-01-01-01 v RQ-01-01-02 v RQ-01-01-03 O
RQ-01-02-01 v RQ-01-02-02 v RQ-01-02-03 v
RQ-01-02-04 v RQ-01-02-05 v RQ-01-03-01 v
RQ-01-03-02 v RQ-01-03-03 v RQ-01-03-04 v
RQ-01-04-02 v RQ-01-04-03 v RQ-01-04-06 v
RQ-01-04-07 v RQ-01-04-08 v RQ-01-04-09 v
RQ-01-05-01 v RQ-01-05-02 v RQ-01-05-03 v
RQ-01-05-04 v RQ-01-05-06 v RQ-01-05-08 v
RQ-01-05-10 v RQ-01-05-11 v RQ-01-05-12 v
RQ-01-05-13 v RQ-01-05-15 v RQ-02-01-01 %)
RQ-02-01-03 v RQ-02-01-04 v RQ-02-02-01 v
RQ-02-02-02 v RQ-02-02-03 v RQ-02-03-02 v
RQ-02-03-03 v RQ-02-03-04 v RQ-03-01-01 v
RQ-03-01-02 v RQ-03-02-01 v RQ-03-02-02 v
RQ-03-03-01 v RQ-03-03-02 O RQ-03-04-01 O
RQ-03-04-02 O RQ-04-01-01 v RQ-04-01-02 v
RQ-04-02-01 v RQ-06-01-01 v RQ-06-01-02 v
RQ-06-02-01 v RQ-06-02-02 v RQ-07-01-02 v
RQ-08-01-01 @ RQ-08-01-02 @ RQ-08-02-01 %)
RQ-09-01-01 v RQ-09-01-03 v RQ-09-02-01 v
RQ-09-02-02 v RQ-09-02-03 v RQ-09-02-04 @
RQ-09-03-01 @ RQ-09-03-02 v RQ-10-01-01 v
RQ-10-02-02 v RQ-10-03-01 v RQ-10-03-02 v
RQ-12-03-01 v RQ-13-01-01 v RQ-13-01-02 v
RQ-13-01-03 v RQ-13-02-01 v RQ-13-02-02 v
RQ-13-02-03 v RQ-14-01-01 v RQ-14-01-02 v
RQ-14-02-01 v RQ-14-02-02 v RQ-14-03-01 v
RQ-14-03-02 v RQ-14-04-01 v RQ-14-04-02 v
RQ-14-04-03 v
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Untested Requirements

« Every requirement is verified: RQ-01-01-03
This cannot be compliant until all other requirements are implemented and verified.

e Accident rates: RQ-03-04-01, RQ-03-04-02
Long-term accident rates cannot be verified with the limited verification time and budget.

e Delay rates: RQ-03-03-02
Long-term delay rates can also not be verified until operations begin and sufficient statistics can
be collected.

Unimplemented Requirements

e Path planning updates with weather changes: RQ-02-01-01
Due to time constraints, real-time path planning updates have not been implemented.

e User interface requirements: RQ-08-01-01, RQ-08-01-02, RQ-08-02-01, RQ-09-02-04
The user interface has not yet been designed and therefore cannot be verified.

e No drone grouping: RQ-09-03-01
This requirement was originally intended to increase the perceived safety of the system. The
obstacle avoidance systems, however, are deemed to be sufficient to allow for safe operations, so
this was not explicitly implemented.

Non-compliant Requirements

While there remain requirements which are not verified or implemented, there are currently no non-
compliant requirements. DronebezORgd is therefore seen as designed to specifications.

14.3. Sustainable Development Strategy

For a startup like DronebezORgd, introducing a novel form of last-mile food delivery with the BezORger
drone, sustainability is not just a societal expectation but also a business-critical concern. Three main
aspects of sustainability were considered throughout the project:

e Environmental — focusing on energy efficiency, material circularity, and minimisation of waste;
e Social — emphasising noise impact, public perception, and operational safety;

e Financial — ensuring the design is cost-effective, reaches breakeven, and supports long-term
economic viability.

These sustainability dimensions are relevant not only for the technical design of the drone, but also
for the overall strategy and business model of DronebezORgd. Therefore, sustainability has been
embedded across the entire lifecycle of the BezORger system. This includes all six lifecycle phases
defined earlier in the functional analysis: Design, Manufacturing, Assembly, Integration and
Testing (AIT), Operations, Maintenance and Repair (MRO), and End-of-Life (EOL).

Sustainability was a key factor even during early concept selection, where it contributed significantly to
the decision to adopt a fixed-wing eVTOL configuration (Section 4.1). Concrete design decisions within
each subsystem were made considering the sustainability over the six lifecycle phases of the drone
BezORger and the DronebezORgd business. Several requirements were also phrased regarding the
three aspects of sustainability in Section 2.3, including, for example, noise limits, material recyclability,
and financial break-even point.

Table 14.5 summarises the sustainability contributions of key design decisions across different sub-
systems, elaborated in their respective chapters. Table 14.6 provides a complementary overview of
sustainability considerations structured by lifecycle phase, illustrating how sustainability was consid-
ered comprehensively from Design to End-of-Life.
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Table 14.5: Subsystem-level sustainability considerations

Department Key design decisions Sustainability impact
Aerodynamics | Airframe designed for high lift-to- | Reduced cruise power requirement lowers en-
drag ratio ergy usage
Control & Use of tails for passive stability; stat- | Less energy-intensive control; increased op-
Stability ically stable layout; safe landing | erational safety and service life; lower mate-

possible with one engine; vertical
thrusters only used for maneuvering
(no control surfaces)

rial usage; simpler assembly; reduced cruise-
phase energy waste

Propulsion &
Powertrain

Quasi-optimised propeller design;
circular ducts around propellers; off-
the-shelf motor and battery selec-
tion

Reduced power consumption by propulsion
subsystem; reduced noise emissions; in-
creased safety, especially during landing and
take-off in public spaces; increased propulsive
efficiency due to ducts; economically sustain-
able manufacturing due to off-the-shelf com-
ponents

Performance &

Wing-powered cruise, transition

Reduce energy consumption; Avoid over-

Design phase energy modelling; Minimize | designed drone
Integration mass in design iteration
Payload Passive  insulation instead of | Lower energy use; improved trust and user ex-
Handling & heaters; separate compartments; | perience; recyclable and easily manufactured
Sensors off-the-shelf  actuators; folding | parts; minimal waste; avoids custom produc-

wings; 3D-printed ABS structure;
use of commercial sensors

tion chains; improves reparability and sourc-
ing

Structure &

Modular design; symmetric wing

Simplified repairability; lower spare inven-

Materials folding parts; no custom moulds re- | tory; extended drone lifespan; scalable to fu-
quired ture payload variants
Operations Mission/path planning minimizes | Lower energy and noise footprint; minimal

flight time and hover duration;
avoids sensitive/noisy areas; opti-
mised drone and depot use

unused capacity; improved social acceptance
and operational cost-efficiency

Business & HR

Union-compliant wages; rejection of
low-efficiency orders

Ensures fair labor practices; supports long-
term economic sustainability while reducing
energy and material waste

Table 14.6: Sustainability across the system lifecycle

Phase Environmental Social Financial
Design High lift-to-drag ratio; | Fail-safe layout improves | Design-for-reuse; simpli-
modularity; off-the-shelf | public trust; intuitive | fied parts; minimized ac-
components; energy- | payload interface; re- | tuator count; off-the-shelf
saving tail configuration | duced material use via | availability
design
Manufacturing | Additive manufacturing | Wing folding reduces | Low upfront cost due to
(FDM) minimizes waste; | physical footprint in | no moulds; identical L/R
recyclable ABS; no spe- | shared spaces parts reduce inventory
cial tooling
Assembly, Efficient, minimal mate- | Manual payload system | Quick integration re-
Integration & | rial use; no redundant | is familiar and trusted; | duces labour /testing
Testing electronics needed due to | wing locks improve safety | time; modular layout
passive mechanisms perception simplifies QA
Operations Optimised routing min- | Noise-sensitive flight | Lower energy = lower
imises energy; minimal | paths; avoids schools, | cost per delivery; drone
hover time; no active pay- | hospitals, dense areas; | allocation avoids overca-

load heating

reduces road traffic

pacity; optimised depot
location
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Maintenance &
Repair (MRO)

Recyclable and replace-
able parts; no toxic sub-

Fewer failure points = im-
proved safety; transpar-

3D-printing  of
shared parts

Local
spares;

stances; minimal spares | ent parts reduce tamper- | across drones; reduced
needed ing risk logistics chain
End-of-Life Recyclable plastics; com- | Safe decommissioning; no | Extended lifespan by
ponent reusability; mno | public nuisance or risk on | modular upgrades; no
hazardous waste disposal special disposal infras-

tructure required
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Manufacturing & Maintenance

This chapter outlines the manufacturing strategy and operational reliability framework for the Be-
zORger delivery drone. Section 15.1 describes the complete production workflow, from component
manufacturing to assembly processes, while also addressing scalable manufacturing approaches for po-
tential future expansion due to the successful outcome of the project. The analysis extends to quality
control measures and production optimisation to ensure commercial viability.

On the other hand, Section 15.2 describes how RAMS (Reliability, Availability, Maintainability, and
Safety) principles are incorporated throughout the product lifecycle to meet operational requirements.
This systematic approach verifies critical performance parameters, from structural integrity to main-
tenance protocols, creating a framework that supports the drone’s transition from prototype testing
to certified mass production while ensuring operational safety and reliability.

15.1. Production Plan

This section outlines the manufacturing strategy for the BezORger delivery drone, explaining the
processes required from sketching and modelling the drone to scaling production. The plan estab-
lishes a structured workflow that identifies both sequential and parallel production stages, optimising
efficiency while maintaining quality standards.

The production plan is separated into three main parts: firstly, Subsection 15.1.1 highlights the process
of obtaining all subcomponents of the drone, including make-or-buy decisions for critical components.
Furthermore, Subsection 15.1.2 describes the assembling processes for each of the structural subgroups,
as well as the integration of all subgroups to arrive at the final drone as the product. Finally, Subsec-
tion 15.1.3 explains the possible ways of scaling the current single drone production plan to fulfil future
requirements, given a successful outcome of the project. This structured approach provides manufac-
turing flexibility while ensuring consistent output quality across all production stages. Figure 15.1
shows the high-level flowchart of production for a single drone.

3.0
1.0 o

8.0

Quality &

Manufacture fuselage group . i
components functional testing
PREP
Preparing for 40 7.0
drone production = Integrate wing
Assemble tail group to fuselage
group
2.0 6.0 :
Purchase Inte?rafte talll
components group to fuselage
5.0
Assemble wing

group

Figure 15.1: Overall production flowchart

15.1.1. Component Manufacturing & Purchasing

The production process begins with preparation activities to decrease the time needed to recheck items
in the following phases, as seen in Figure 15.2. This phase involves making CAD models and technical
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drawings, verifying the complete Bill of Materials, and calibrating all necessary production equip-
ment. Quality control protocols are established while material suppliers are selected after comparison.
The phase concludes with ordering the needed material for production, creating the foundation for
subsequent manufacturing stages.

PREP
Preparing for
drone production
PREP.1 PREP.4 8.0
Confirm CAD Establish quality Quality &
models and control standards "| functional testing
drawings
PREP.2 PREP.5 PREP6
Confirm Bill of Find material orﬁ;';:ff:rd
Materials (BOM) suppliers production
PREP.3 10
'::g:sr:;rye Manufacture
equipment components

Figure 15.2: Preparation phase flowchart

The component manufacturing phase covers the fabrication of all structural airframe components
through different production lines, as seen in Figure 15.3. The fuselage, wings, and tail sections
are manufactured as primary load-bearing structures separately, while flight-critical elements like
propeller blades and landing gear shall undergo precision machining. Simultaneously, the payload
delivery mechanism is fabricated to meet the dimensional requirements since it has to fit inside the
fuselage. All components progress to subgroup assembly after passing individual quality inspections.

1.0
Manufacture
components
3.0
Assemble
fuselage group
1.1 1.4
Manufacture Manufacture
>
fuselage propeller blade
4.0
Assemble tail
1.2 1.5 group
|| Manufact . Manufacture
anufacture wing payload
mechanism
1.3 16 5.0
- Assemble wing
> Manufacture tail Manufacture group
landing gear

Figure 15.3: Manufacturing component flowchart

The component purchasing phase is presented in Figure 15.4. Some avionics and propulsion subcom-
ponents are sourced from qualified suppliers to provide performance consistency. The purchasing list
includes navigation components, power systems, and control hardware. Lighting systems for oper-
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ational compliance are also purchased items. All components undergo incoming quality assurance
before being released for fuselage, tail, and wing subgroup integration.

2.0
Purchase
components
2.1 24 2.7
Purchase GPS A MRS Purchase
components computing 3.0
I module Assemble
fuselage group
2.2 2.5
Purchase visual Purchase control
N (I 4.0
sensors module
Assemble tail
group
2.3 2.6
Purchase AT
> batteries — Purchas‘(:e| Illghtlng L 5.0
module Assemble wing
group

Figure 15.4: Purchasing component flowchart

15.1.2. Assembly Process

The fuselage assembly presented in Figure 15.5 begins with primary structure integration before
installing propulsion systems, which consist of vertical and horizontal propellers, followed by the pay-
load delivery mechanism. Concurrently, the tail group shown in Figure 15.6 was constructed through
sequential assembly of root/tip components, aluminium skin panels, and structural members, culmi-
nating in stability verification. Simultaneously, wing assembly in Figure 15.7 progresses through rib
assembly, skin assembly, and spar integration, with particular attention to the folding mechanism’s
reliability. All subgroups undergo structural validation before final integration.

3.6
3.0 a3 Routing of wires
Assemble ;
fuselage group Inst.allatlon of the
vertical propellers
34 3.7 6.0
3.1 Installation of the —>| Structural test Inte?;aft:s:alg geroup
Assemble wing horizontal propeller 9
main structure
3.5 3.8 7.0
3.2 Installation of Thermal testing of Integrate wing group
. —> payload delivery —> payload delivery
Integration of mechanism mechanism to fuselage
subsystems

Figure 15.5: Fuselage assembly flowchart
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4.2 4.4
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Assemble wing
group
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Wing root & tip
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5.2

‘> Skin assembly

53
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Figure 15.6: Tail assembly flowchart
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Figure 15.7: Wing assembly flowchart

6.0
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to fuselage

7.0

Integrate wing
group to fuselage

After the parallel assembly of the three groups, the tail group is connected with the fuselage, as
demonstrated in Figure 15.8, starting by aligning the two structural components and attaching the
fasteners, followed by dynamic vibration and static load testing. Next, wing integration, as depicted
in Figure 15.9, employs a similar procedure, with an extra step of checking the wiring logistics due to
the presence of subsystems, symmetry tests, folding mechanism tests, and structural stability checks
are needed to make sure no failure is present. Both integration phases feed into comprehensive quality
testing, confirming all systems meet operational specifications before final certification. The parallel

integration approach reduces assembly time while maintaining certain tolerances.

6.0

Integrate tail group
to fuselage

6.3

Vibration

response test

6.1

Alignment of the
N
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6.2
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Figure 15.8: Tail-fuselage integration flowchart

Quality testing
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7.0 7.4
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7.1 7.3 folding Quality testing

! Position the wing Wiring logistic
7.6

Structural
stability check

Figure 15.9: Wing-fuselage integration flowchart

Finally, quality control, as depicted in Figure 15.10, assesses the assembled drone from operational
simulations. Vibration testing replicates flight loads, while subsystem checks verify avionics response
times. An automated mission test executes takeoff/landing cycles with payload drops. Final sign-off
requires no critical failures on all electrical and functional criteria before the drone is deployed for the
mission.

8.3
8.0 Analogous
Quality & mission test
functional testing
84 8.6
2 Electronic

. Final sign-off
—> Vibration test devices check

8.2 8.5

Integrated
functional test

Subsystem
functional test

Figure 15.10: Quality control flowchart

15.1.3. Scaling Production

The BezORger’s current design enables efficient scaling through parallel production lines and standard-
ised components. Key subsystems will transition to dedicated workstations, supported by a continu-
ous, steady supply chain of primary material and automated quality checks to maintain consistency
as volume grows.

Regional depots will stock critical spare parts for rapid maintenance, while phased deployment priori-
tises urban hubs first. Workforce training and logistics networks will scale along with the increase in
production, guaranteeing reliability standards are maintained during expansion. Feedback from early
operations will guide iterative refinements to both manufacturing and delivery processes.

15.2. RAMS Assessment

The RAMS framework, consisting of reliability, availability, maintainability, and safety, has been
applied to evaluate the BezORger drone’s operational robustness and readiness for real-world deploy-
ment. This section outlines the relevant design features and strategies associated with each RAMS
component.

Firstly, the reliability features of the drone shall be discussed in detail in Subsection 15.2.1, followed by
the description of the availability of the drone under the given mission profile operating environment
in Subsection 15.2.2. Moreover, the frequency, as well as the procedure for maintaining the drone
before and after daily operation, shall be discussed in Subsection 15.2.3, eventually arriving at the
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explanation of the significance and importance of safety features in Subsection 15.2.4.

15.2.1. Reliability

The reliability feature in RAMS assessment refers to the ability to perform a specific function, fo-
cusing on maximising the undisturbed operational duration. A clear usage of this philosophy in this
drone design is the design for redundancy for all subsystems. For example, the propulsion system
is fault-tolerant; in the event of a motor failure, remaining units can sustain controlled flight and
return to the depot. Similarly, the electronic equipment onboard has one back-up sensor from each
functional group present so that operational continuity is maintained, preventing single-point failures
from compromising mission integrity.

Beyond redundancy, the drone demonstrates structural durability. The structural design employs
proven aerospace materials and geometries optimised for operational loads. Critical electronics are
housed in sealed, vibration-isolated compartments, reducing risk from moisture, impacts, and me-
chanical shock. Self-check routines monitor overall system health, providing early warnings for fault
detection.

This comprehensive approach to reliability guarantees the drone can consistently complete its delivery
missions without critical performance degradation.

15.2.2. Availability

The availability of the BezORger drone is ensured through quick-swap components and operational
planning. Modular battery and payload systems reduce turnaround times. Depot-based storage
of spare parts and standardised components supports efficient parallel maintenance. The drone is
weather-resistant for light precipitation, allowing extended operability. Predictive maintenance is
planned based on operational cycles and system diagnostics, with technician training covering routine
inspections and fault response to maximise uptime.

15.2.3. Maintainability

Maintainability has guided material selection, manufacturing, and assembly. The design supports
rapid part replacement using interchangeable components and depot-stocked spares. Maintenance
protocols prioritise minimal downtime: damaged components are replaced immediately and repaired
off-line. Standardisation simplifies logistics and enables consistent quality control, facilitating high-
frequency operations.

15.2.4. Safety

Lastly, safety is incorporated through redundant systems and predefined fail-safe responses. Critical
subsystems, including the wing-folding and payload mechanisms, have safety clearances and emergency
protocols. These include return-to-base functions, supervised descent, and mission abort logic. Struc-
tural features, such as shielding around vertical rotors, reduce user risk. Obstacle detection via sensors
and cameras, combined with conservative routing to avoid residential areas, enhances operational and
environmental safety. Risk management procedures, supervisory oversight, and system-level testing
ensure compliance with safety requirements across all mission phases.



16

Future Outlook

DronebezORgd envisions the conceptual subsystem design performed as part of the Design Synthesis
Exercise becoming a viable business model in the near future. The potential for improvement in
last-mile delivery in urban environments is vast, and DronebezORgd aims to demonstrate that, one
BezORger at a time. As such, this chapter outlines a detailed and structured plan to make this project
a reality, covering an overview of the project development in Section 16.1 and a detailed breakdown
and schedule in Section 16.2.

16.1. Project Development Overview

The project development plan covers the first four of the six identified phases of the project, as the
last two correspond to a single drone and not to the overall business plan.

e Design: The design phase starts with the DSE and includes a detailed subsystem design as the
next step, including rigorous V&V procedures. It concludes when a prototype has been designed
and tested successfully.

¢ Manufacturing: Manufacturing the drone fleet involves contacting potential facilities, procur-
ing materials and equipment, hiring and training personnel, producing the parts and sub-
assemblies, and performing documentation and quality control.

o Assembly, Integration, & Testing (AIT): The AIT phase involves integrating the compo-
nents and sub-assemblies produced and performing full-system tests, demonstrating a feasible
and viable design.

e Operations: The operations of the business entail acquiring capital, setting up a workspace,
ensuring compliance with legal regulations, branding and public outreach, recruitment of person-
nel, and ensuring everything runs smoothly. In the far future, scaling up the business operations
can be explored.

o Maintenance, Repair, & Overhaul (MRO): This phase corresponds to the MRO of a single
drone; as such, it is included in the Operations phase for the purposes of planning the project
development.

o End-of-Life (EOL): EOL, again, corresponds to the proper disposal and recycling of a single
drone; the business operations continue as usual.

To better structure the plan for building up a viable business based on DronebezORgd, the first four
phases were then divided into sub-phases as shown in Figure 16.1. This breakdown provides a clearer
overview of the sequential and parallel activities required to develop the system and the business
around it.
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Figure 16.1: Project development sub-phases

It should be noted that while the Design, Manufacturing, and AIT phases are quite sequential, the
tasks comprising the Operations phase will run in parallel to these phases. While the former three set
up the technical side of things, the latter sets up the organisational aspect.

16.2. Project Development Schedule

With a structured division of phases and sub-phases of the project, sub-tasks were identified for each
sub-phase. The effort needed in man-hours as well as the throughput time in calendar hours were
estimated for each, based on which, a Gantt chart was made to draft a big-picture timeline for the
project development. The Gantt chart, shown in Figure 16.2, also shows dependencies between tasks.

For the sake of practicality, the granularity of the identified tasks has been kept quite large (in the
order of months). Furthermore, estimates of the effort and throughput time have not been made for
phases that involve continuous and potentially never-ending tasks. Furthermore, buffer time has been
included for tasks that may involve significant delays and/or require a partial redesign.

Some notable milestones that can be seen in the Gantt chart are as follows:
e Oct 2025: Acquire initial funding
e Dec 2025: Working and tested BezORger prototype
e« Mar 2026: Start manufacturing components & sub-assemblies
e Jun 2026: Finish manufacturing components & sub-assemblies, start assembly & integration
e Aug 2026: Finish assembly & integration, start full system-testing

e Jan 2027: Finish full system-testing, ready for initial business operations
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Figure 15.2: Project development Gantt chart (throughput time in working hours)
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Conclusion

The Design Synthesis Exercise (DSE) tasked Team DronebezORgd with the conceptual design of a
drone-based pizza delivery system, developed from first principles over a 10-week period. The result
of this effort is the BezORger — a fully electric, fixed-wing VTOL drone featuring a wing-folding
mechanism, modular payload delivery system, and a tailored operations architecture. The project
aimed to demonstrate the feasibility of delivering 200 pizzas in a single evening within a Delft-like
urban environment, with minimal environmental and operational impact.

The project was structured in four main phases: project planning, systems engineering foundation
(baseline), conceptual design selection, and preliminary subsystem design and integration. Each phase
built on the previous, culminating in a detailed and coherent design supported by simulation, analysis,
and iterative integration.

The final drone design incorporates several innovative features. The folding wing reduces the wingspan
from 3.0m to 1.6m, enabling operation in constrained urban landing zones without the need for
additional infrastructure. The payload handling system uses dual vertical stacks of independently
accessible compartments, optimised for thermal retention, hygiene, and secure transport. A hybrid
propulsion system, including vertical and horizontal rotors, supports both efficient cruise and stable
VTOL performance.

Subsystem-level development was guided by rigorous requirements. Computational Fluid Dynamics
(CFD) simulations were employed to optimise the wing planform and airfoil selection for lift efficiency.
Structural design was informed by both idealised modelling and finite element analysis (FEA), ensuring
strength under peak operational loads while minimising mass. A time-stepping energy simulation for
all flight phases, including transition dynamics, provided a refined estimate of mission energy demand.
Acoustic modelling confirmed that noise emissions remained within urban limits, supporting social
sustainability goals.

The operation of the fleet was a key point of focus. A mission planning and path planning framework
was implemented and tested on a simulated map of Delft, allowing evaluation of fleet size, depot
location, and profitability. The use of mixed-integer linear programming (MILP) and A* algorithms
enabled order assignment and route optimisation within defined constraints. This analysis demon-
strated that a 10-drone fleet with six-pizza payload capacity offered the optimal balance between
profitability and demand.

While challenges such as late-stage design inputs and subsystem integration complexity did arise,
they were mitigated through adaptable planning, effective communication, and robust framework
development. These experiences underscored the importance of systems thinking and interdisciplinary
collaboration in a complex engineering project.

DronebezORgd extended beyond the scope of a conventional aerospace design exercise. Treated as a
startup venture, the project included market analysis, financial modelling, and stakeholder identifica-
tion. Cost constraints influenced design decisions, and the financial model demonstrated the potential
for achieving break-even within five years under favourable regulatory and operational conditions.

Several future directions have been identified:

¢ Enhancement of Operational Algorithms: Further refinement of mission and path planning
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algorithms is necessary to enable scalability, real-time adaptability, and robustness across diverse
urban environments.

e Regulatory Pathways: At present, commercial deployment is not feasible under current reg-
ulatory conditions. As such, both airworthiness and airspace regulations need to be complied
with, with a potential need for lobbying for policy changes to allow for drone-based businesses.

e Prototype Development and Testing: Building and testing a prototype will be essential
to validate design assumptions, verify safety and performance targets, and refine subsystem
integration.

e System Scalability and User Interface: A fully operational version will require a robust con-
trol architecture, real-time communication systems, and a user-friendly interface for customers
and operators, alongside considerations of data privacy and cybersecurity.

Although theoretical, the DronebezORgd system presents a design that is technically grounded, op-
erationally feasible, and potentially scalable. The project demonstrates how an autonomous drone
delivery system can be structured to meet functional, environmental, and economic constraints in a
realistic urban context.

The DSE project also served as a comprehensive learning experience in engineering design, systems
integration, and project execution. In addition to deepening understanding of core aerospace disci-
plines, the project introduced aspects of entrepreneurship, mathematical optimisation, and real-world
constraints, offering valuable preparation for future work in both industry and academia.
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External Resources

A.1. GitHub

The code repository is hosted on GitHub and can be accessed here (URL:https://github.com/and
reasswaan/DSE-Group-18). All code for the project was saved there.

A.2. Al Appendix

AT was used with careful consideration in this project. It was used for generating the cover page,
grammar checks, and for LaTeX formatting and code debugging. Ethical use was kept in mind.
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