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Conceptual Design of a NEW Recovery System for Small Fixed-Wing UAVs
Enhancing UAV Recovery for Maritime Rescue Operations.
Abdulsamed Ahmed Mohamed
Department of Industrial and Materials Science
Chalmers University of Technology

Abstract
Unmanned Aerial Vehicles (UAVs) are becoming an important part of modern res-
cue operations where quick access to information can save lives. Small fixed-wing
UAVs help the Swedish Sea Rescue Society (SSRS) gain situational awareness, but
recovering these UAVs after a mission comes with challenges. Today, they land on
water, which works though it slows down urgent missions. Retrieval can also be
difficult in bad weather, and occasionally the UAVs are lost or damaged. The goal
of this thesis is to develop a new land-based recovery system to safely catch SSRS’s
small fixed-wing UAVs without adding extra components to the fixed-wing UAV.
To achieve this, the thesis begins by introducing the problem and reviewing existing
recovery methods (from hooks and nets to more advanced control-based approaches)
before detailing how concepts were generated, compared, and refined through a
structured design process. The final concept combines a precise XY alignment sub-
system, inspired by the motion control in 3D printers, with a mechanical capture
subsystem that captures the UAV without damaging it. Based on kinematic sim-
ulation and subsystem-level evaluations, the recovery system is capable of working
in practice and offers a clear path towards physical prototyping. The thesis ends by
outlining the next steps needed to bring this recovery system closer to real-world
testing and future use in SSRS rescue missions.

Keywords: Recovery System, Maritime Rescue, Fixed-wing UAV, Conceptual De-
sign, Alignment subsystem, capture subsystems.
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1
Introduction

This chapter provides an overview of the thesis project, including the background of
the problem and the organizations involved. The aim and research questions are also
presented and explained to provide an understanding of the problem and purpose
of the thesis, which focuses on developing a fixed-wing UAV recovery system for
maritime reconnaissance UAVs.

1.1 Background

Unmanned Aerial Vehicles (UAVs) are being used more rapidly since they can handle
tasks that would otherwise be risky or difficult for people. For instance, Unmanned
Aerial Vehicles (UAVs) are increasingly being used in disaster response to provide
real-time information about the environment and ongoing conditions [1]. Compared
to rotary-wing UAVs, fixed-wing UAVs are widely valued for their long-range capa-
bility and energy efficiency [2].

One organization in Sweden that utilizes these UAVs is the Swedish Sea Rescue
Society (SSRS), which uses them to improve its response time and gain a better
overview during rescue missions. (SSRS) is a non-profit organization dedicated to
saving lives at sea all around Sweden’s coasts and inland waters [3]. They also have
more than 70 rescue stations and rely on volunteers who respond to over a thousand
emergencies every year.

1.2 Current fixed-wing UAV

Today, SSRS uses custom-built launch pads for the takeoff of its small fixed-wing
drones stationed along its coastal stations [3] as shown in figure 1.1. The current
fixed-wing UAV used by SSRS is lightweight, with a wingspan of 0.9 m and a total
weight of approximately 1 kg, which makes it suitable for quick deployment in rescue
operations. It has a flight endurance of up to 120 minutes when fully charged and
is launched using a custom-built launch pad.

1



1. Introduction

Figure 1.1: SSRS small fixed-wing UAV

The current UAV in focus has the following specifications, as shown in the table 1.1:

Table 1.1: SSRS’s small fixed-wing UAV specs

Specification Value

Wingspan 0.9 m
Weight 1 kg
Maximum flight time approx. 120 min
Cruising speed approx. 25 km/h
Launch method custom launchpad
Landing method Water landing

1.3 Problem description
As for the landing, their small fixed-wing drones currently belly land on coastal
waters, then they are manually picked up by a person on a boat. Figure 1.2 shows
a drone that has belly landed on water. Though the water landing works, it can
cause delays during urgent missions where every second matters. At the same time,

2



1. Introduction

locating and retrieving the UAV on open water can be difficult and time-consuming,
especially in rough sea conditions or low visibility. There is also a risk of the UAV
drifting away and sustaining damage from waves. For these reasons, there is a need
for a safer and faster land-based recovery solution that allows SSRS to retrieve the
UAV quickly and that can be used at coastal rescue stations where space is limited
and traditional landing methods are impractical.

Figure 1.2: Belly landing in water similar to the SSRS method [4]

1.4 Aim
This thesis aims to develop and design a UAV recovery system capable of safely
catching small fixed-wing UAVs without damaging them. The system is intended
to preserve the structural integrity of the drones while eliminating the need for
traditional runways or controlled crash landings.

1.5 Research questions
To fulfill the aim of this thesis, the following research questions will be explored and
answered:

• What are the existing methods for UAV recovery, and what are their
limitations?

• What mechanical principles and systems can be applied to safely
catch and retrieve fixed-wing drones without causing damage?

3



1. Introduction

• How can the system be designed to allow easy and efficient removal
of the UAV after capture, with minimal manual handling?

• How can the capture system be tailored to suit the size and struc-
tural characteristics of small fixed-wing drones?

1.6 Objectives
To answer the research questions, several specific objectives were defined. These in-
clude defining the functional, structural, and operational requirements for a recovery
system capable of safely capturing small fixed-wing UAVs, along with determining
the mechanical principles and design criteria needed to ensure non-destructive cap-
ture under typical flight and environmental conditions.

The work also involves developing a conceptual design tailored to the structural
and aerodynamic characteristics of small fixed-wing drones, and finally formulating
recommendations for future development, including potential implementation and
experimental validation.

1.7 Purpose
The purpose of this thesis is to help SSRS improve how they can recover their fixed-
wing UAV after a mission. Developing a concept for a land-based recovery system
will enable the UAV to return quickly, be ready for the next task sooner, and reduce
the chances of damage or loss. In addition, developing this UAV recovery system
will minimize UAV maintenance, since the drone won’t require water landings. In
this way, the thesis aims to contribute to making UAVs more reliable and efficient
for SSRS.

1.8 Scope and Delimitations
The focus of this thesis will be the mechanical design of the drone-recovery system,
with signal control and other non-mechanical aspects to follow after its completion.
This drone-recovery system will be designed for small fixed-wing UAVs weighing
approximately 1 kg and with a wingspan of 1 to 1.5 meters. The system will not be
designed to catch multi-rotor drones. The system is also not intended for anti-drone
use, such as capturing unauthorized drones in flight. This is because the UAV needs
to guide itself towards the catcher either by being manually controlled or flying on
autopilot.

Another limitation of the project is the constrained time frame. As the thesis is
expected to be completed within 20 weeks, this restricts the extent and depth of
design exploration that can be undertaken. Moreover, the thesis is also constrained

4



1. Introduction

by budget limitations, since SSRS is a member-supported organization that values
cost-effective and practical solutions. Therefore, the design is expected to remain
simple and cost-effective, using components that are easy to source, assemble, and
maintain.

1.9 Report overview
This thesis report describes the work carried out to design a fixed-wing UAV recov-
ery system for maritime reconnaissance UAVs. It begins by briefly discussing why
this type of recovery solution is needed and the challenges of the current solution.
The theoretical background is then presented to support the engineering decisions
made later on. Following this, the methodology describes how the design process
was done and how different design ideas were generated, compared, and narrowed
down during the concept development process.

The results chapter of the report presents the final concept and how it was verified.
This includes the FMEA analysis, kinematic simulations, and structural analysis to
evaluate the performance and safety of the recovery system. Finally, the thesis ends
with a discussion of the key outcomes and suggestions for future improvements to
further develop the fixed-wing UAV recovery system beyond this thesis project.

5





2
Theory

This chapter outlines the theoretical foundations for a fixed-wing UAV recovery
system. It covers the flight dynamics that influence recovery, the mechanical princi-
ples for safe capture, and the positioning required for accurate alignment. Finally,
it presents the critical onboard sensors that support autonomous guidance in the
recovery phase.

2.1 Fixed-wing UAV flight dynamics
A fixed-wing UAV follows six-degree-of-freedom (6-DOF) flight dynamics, with three
translational motions (forward, sideways, vertical) and three rotational motions (roll,
pitch, yaw) [5]. This means that the flight path of a fixed-wing UAV is controlled by
aerodynamic forces(lift and drag), gravity, and pilot control inputs. Mathematically,
this can be described using Newton’s laws, where forces such as lift, drag, thrust,
and gravity determine its linear motion.

m
dV
dt

= Faero + Fthrust + Fgravity (2.1)

The rotational motion around the three axes is controlled by aerodynamic and con-
trol moments acting on the UAV.

I
dω

dt
+ ω × (Iω) = Maero + Mcontrol. (2.2)

When a UAV is flying normally, the wings generate lift (L) to counteract its weight
(W ), while the propeller provides thrust (T ) to overcome drag (D). Lift and drag
are affected by the speed at which the UAV is flying, the air density, and the wing
size of the UAV, as shown in the figure 2.1. Thus, lift and drag can be described in
terms of the lift coefficient and drag coefficient, which are defined as follows.

CD = 2FD

ρV 2A
(2.3)

CL = 2FL

ρV 2A
(2.4)

For the landing approach, fixed-wing UAVs either reduce power or fly with the engine
off. This allows them to glide naturally. When gliding, the lift of the wings holds the
weight of the UAV, while the drag resists its forward motion. Therefore, the UAV

7



2. Theory

Figure 2.1: Wing geometry showing lift and drag

flies forward and down simultaneously, following a glide slope [6]. The steepness of
this slope, called the glide angle γ, depends on the ratio of lift to drag.

tan γ = D

L
(2.5)

Furthermore, another aspect of flight dynamics worth mentioning is the cruising
speed of small fixed-wing UAVs weighing around 1 kg, which is 12–20 m/s, with
about 15m/s being a common nominal value [7]. However, this speed can vary de-
pending on the structural design, the materials used for the body frame, and even
the onboard avionics. For SSRS’s 1 Kg fixed-wing UAV, the cruising speed is 25
m/s. The stall speed of small 1 kg fixed-wing UAVs is typically between 8 and 12
m/s, which can be affected by the airfoil and wing area of the UAV according to
[8]. While SSRS’s small fixed-wing UAV, which is the main focus of this thesis, has
a recorded stall speed of 8 m/s.

2.1.1 Aerodynamic recovery principles
To capture a UAV safely in flight, it is important to understand its aerodynamic
forces, i.e., lift and drag, described above. During recovery, the UAV slows down,
and the lift force drops quickly, which makes its flight control surfaces less effec-
tive and harder to maneuver [9]. Hence, a controllable flight requires a minimum
speed (Vstall), which can be derived from the lift equation when the wing reaches its
maximum lift coefficient (CL,max) as shown below.

Vstall =
√

2FL

ρACL,max
(2.6)

Therefore, it is paramount to avoid the stall speed during recovery and maintain a
safety margin of 1.1–1.3 Vstall during recovery just like a conventional aircraft[10].

8



2. Theory

2.1.2 Effect of Wind on Recovery
UAVs are affected by wind in the same way as conventional planes are every day.
During landing approaches, headwinds and tailwinds are the two types of wind that
have the most effect on fixed-wing UAVs. For instance, a headwind reduces ground
speed for a given airspeed, allowing a slower approach over ground [11]. This can
aid UAV capture, while a tailwind does the opposite, increasing ground speed and
required capture distance.

Moreover, crosswinds can cause lateral drift, and the UAV must crab during recovery
(yaw into the wind) to remain on course and avoid both sideslip angle and lateral
aerodynamic forces.[12].

2.2 Mechanical principles for safe UAV capture

To safely catch a fixed-wing UAV in flight, the momentum and kinetic energy of the
UAV must be absorbed or transferred by the mechanical recovery system to prevent
structural damage to the UAV. This can be done in the following ways;

2.2.1 Kinetic Energy Absorption
In an aircraft landing system, the landing gear is designed to absorb horizontal and
vertical loads during touchdown to prevent structural damage [13]. The same prin-
ciple of kinetic energy dissipation applies when a fixed-wing UAV is caught by a
recovery system; otherwise, energy is released suddenly on impact, generating large
forces on the airframe, which can cause damage to the components and the frame.

To dissipate kinetic energy away from the UAV, the current recovery systems de-
scribed in chapter 3 use the following approaches,

• In net-based recovery systems, nets are designed to flex and absorb energy
rather than just halting the UAV abruptly [14]. This prevents the UAV from
slamming to an immediate halt, and the kinetic energy is converted into the
motion of the net movement and then dissipated. The result is a gentle capture,
after which the UAV can be unharmed in the net.

• Hook-based recovery systems dissipate kinetic energy by converting it into
rotational energy. This is done after the fixed-wing UAV’s weighted hook
latches onto the suspended cable, causing the UAV to swing downward around
the cable like a pendulum [15].

2.2.2 Momentum and Impulse in UAV Recovery
In physics, impulse is defined as the change in momentum of an object, and it
equals the force applied multiplied by the duration of its application. Stopping
a UAV requires an impulse equal in magnitude to the UAV’s momentum at the
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moment it is captured.

Momentum (p) = m · v (mass times velocity) (2.7)
Impulse (J) = F · ∆t (average force times time interval)

(2.8)
Impulse-Momentum Theorem J = ∆p ⇒ F · ∆t = m · ∆v (2.9)

Therefore, if a recovery system brings down a fixed-wing UAV in a very short time,
then ∆t will be small while F becomes extremely large as shown in the equation,
and vice versa.

F = m · ∆v

∆t
(2.10)

One recovery method where impulse is distributed over time to reduce force is the
use of parachutes for fixed-wing UAVs <empty citation> In this UAV recovery
method, the UAV descends gradually instead of coming to a sudden stop. By the
time the UAV reaches the ground, its velocity is nearly zero. Whereas, in the net
recovery method, the net does more than just catch the UAV, but it also absorbs
and redistributes the impulse [14].

2.3 UAV Positioning for capture
To successfully capture a fixed-wing UAV in flight, accurate sensing is needed for the
UAV’s coordination with the catching system. Currently, the SSRS uses barometric
altimeters on board its 1kg fixed-wing UAV, which the recovery system will use to
get reliable altitude data, such as distance to the ground of the UAV. They also rely
on the Global Navigation Satellite System (GNSS), standard GPS, for positional
information and navigation during rescue missions. In addition, the UAV’s onboard
camera provides situational awareness during rescue operations, serving as an eye
in the sky which can be upgraded to detect the recovery system.

However, a standard GPS provides only a meter-level accuracy, and in good weather
conditions this may be 2–3 m [16]. When there is interference or a poor signal, er-
rors can increase up to 10 m, which is insufficient for UAV capture as the exact
position of the drone will be off. To overcome this problem, real-time kinematic
(RTK) GPS augmentation is suggested to provide centimeter-level accuracy [16],
[15]. For a UAV recovery system to succeed, integrating such a high-precision GPS
is essential to ensure reliable guidance during the capture of the UAV.

2.4 Critical Sensors for Successful UAV Recovery

2.4.1 Tracking Vision camera
Integrating an onboard camera that can track visual markers on the UAV recovery
system can enable the fixed-wing UAV to detect and align with the system. This
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has already been done using vision-based net detection, and it has been shown to
help fixed-wing UAVs guide themselves in for an autonomous recovery [17]. A vision
camera can also be mounted on the recovery system to estimate the position of the
incoming UAV. For instance, outdoor video data analysis has been shown to reliably
estimate the UAV’s attitude and altitude with mean errors below 1° and 1 meter
[18].

2.4.2 Infrared (IR) beacons
In low visibility conditions, especially in coastal areas where the recovery system
will be stationed, it is crucial that the UAV can still be recovered, regardless of
the weather conditions. Thus, infrared tracking systems, which have been shown
to guide fixed-wing UAVs accurately during landing, even when GPS signals can be
integrated into the UAV and the recovery system [19].

2.4.3 LiDAR
Scanning LiDAR can directly measure the range and bearing of the UAV [20]. By
integrating this LiDAR into the recovery system, the UAV’s distance and closing
speed can be monitored more accurately, helping the recovery process stay smooth
and controlled.
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3
Methodology

This chapter outlines the overall approach used in the development of the UAV
recovery system. The methodology follows a structured engineering design process,
supported by research, stakeholder input, simulation, and iterative evaluation.

3.1 Literature Search
A literature search was carried out to build a solid foundation for understanding
existing recovery methods for fixed-wing UAVs and to identify areas where improve-
ments are needed, especially in maritime environments. This involved examining
academic journals, articles, and industry publications related to recovery methods
for fixed-wing UAVs. The search was conducted through Google Scholar, using
phrases such as “fixed-wing UAV recovery systems,” “drone catching mechanisms,”
“autonomous UAV landing,” “marine UAV operations,” and “UAV retrieval design.”
These keywords were selected to capture a broad range of existing solutions and tech-
nological developments.
This helped reveal the main challenges of recovering UAVs in marine environments,
which guided the design focus and later stages of concept development in this thesis.
Some of the recovery methods that were explored included hook-based, net-based,
bio-inspired, and control-based systems.

3.2 Market Analysis
The market analysis was conducted to understand how the UAV recovery system
would operate and to ensure that the design aligns with real user needs and practical
conditions. Following Ulrich and Eppinger’s framework, this phase helped connect
technical development with user and market understanding.

The analysis focused on the Swedish Sea Rescue Society (SSRS) as the main user
and included both internal and external perspectives through SWOT and PEST
analyses. The SWOT analysis highlighted SSRS’s strengths while identifying weak-
nesses like limited budgets and the absence of integrated UAV recovery systems.
The PEST analysis provided insight into external factors, including strong national
support for maritime safety, regulatory challenges for UAV use, and growing access
to compact sensors and autonomous control systems.
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In addition, the market for UAV recovery systems was explored across three main
segments: maritime search and rescue, defense, and remote surveying. However, this
thesis focuses only on maritime operations using small fixed-wing UAVs of around 1
kg, where reliable and quick recovery can make a direct impact on mission efficiency
and safety. Together, these insights established the practical foundation and design
direction for the system developed in this thesis.

3.2.1 Benchmarking
Benchmarking was then done to compare existing UAV recovery systems and learn
from their designs. This task was carried out by searching online through Google
Scholar, industry reports, and product websites to find examples of recovery systems
already in use, such as net-based, hook-based, and automated landing mechanisms.
These systems were compared in terms of reliability, ease of use, cost, and suitability
for small fixed-wing drones. This comparison made it easier to identify what works
well and where improvements are needed.

3.2.2 Patent search
A patent search was carried out to avoid infringing on existing designs and to learn
from them, and understand which concepts are already protected by patents. This
was done using online databases like Google Patents, Espacenet, and the WIPO
(World Intellectual Property Organization) database. Search phrases such as “UAV
recovery system,” “drone catching mechanism,” “autonomous UAV retrieval,” and
“fixed-wing UAV recovery” were used. The results showed that most existing patents
focus on larger drones or land-based recovery methods, with very few addressing
small fixed-wing UAVs used in rescue operations.

3.3 Concept Development
The concept development phase followed the structured product development pro-
cess described by Ulrich and Eppinger [21], where ideas are generated, analyzed,
and refined into a feasible design concept.

Requirement specification began by identifying user needs and translating them into
functional requirements that could guide the design and evaluation process through-
out the thesis project. It was also a way to define what the UAV recovery system
should achieve and to make sure the design meets the user’s needs. This was followed
by brainstorming ideas on how each requirement could be solved, which were then
later combined. This was later followed by combining them into different solutions
through a structured concept generation method like the morphological matrix, with
the help of Morpheus software, which generates a combination of different concepts.

In addition, an elimination matrix was created where the unfeasible concepts are
eliminated. The remaining concepts are then compared among themselves in Pugh
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matrices with a set of criteria and later 3D-printed. Each concept was then eval-
uated in the Kesselring matrix based on performance, feasibility, simplicity, and
compatibility with SSRS’s operational needs. The evaluation process involved rat-
ing the concepts on a quantitative scale from 1 to 5, where higher values indicate
better performance relative to the criterion, and the concept with the highest rank
was identified to be the most promising.

3.4 Downstream Processes
After the concept development, the work continued with more detailed design activ-
ities. The selected recovery concept was modeled in CAD using Autodesk Inventor
software, and several verification processes were carried out. For instance;

• FMEA was performed to identify and reduce potential failure modes early in
the design.

• Material selection was done to ensure that the structure remained lightweight
and cost-effective for SSRS operations.

• structural and kinematic dynamic simulations were conducted to verify that
the system could withstand operational loads and function smoothly during
the recovery process.
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4
Review on existing recovery

methods

This chapter presents the literature review of existing recovery methods for fixed-
wing UAVs.

4.1 Fixed-Wing UAV Recovery Methods
The main recovery methods found in the literature search are summarized in this
section.

4.1.1 Hook-Based Recovery Mechanisms
In a hook-based recovery mechanism, the fixed-wing drone is guided to catch a sus-
pended cable using a weighted hook line, which rapidly decelerates and stalls the
UAV in mid-air, after which the drone is retrieved [15]. This recovery method can
be done in two ways. For instance, the suspended cable can be made to be horizon-
tal with respect to the ground. [15] demonstrated this by suspending the cable in
the air with two autonomous multirotor drones, each of which adjusted its position
according to the drone’s path. Their results showed that a fixed-wing UAV could
be recovered using this method with a miss margin of 1-2.1 m, since the incoming
UAV’s position was not 100% accurate.

Moreover, a recovery system developed by Zipline International Inc. [23] uses the
same principle as a horizontally suspended cable described above to recover its
drones in Rwanda after making deliveries. It is supported by two flexible rods that
extend the length of the cable, which are mounted on two stationary poles. In both
methods, the hook suspension is based on pendulum mechanics, as the swinging
motion of the hook allows it to be caught by the suspended cable. Meanwhile,
spring-dampers attached to the suspended cable facilitate energy absorption. The
figures 4.1 below illustrate the working principle of these two methods.

The suspended line can also be set vertically while supported at both ends. In
this way, the same principle described above applies, with the difference that the
weighted hook is mounted at the tip of one of the wings of the fixed-wing drone.
An example of this method, shown in figure 4.2, is developed by Insitu, which is
a subsidiary of Boeing, to recover small fixed-wing UAVs in midair [24]. It is used
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Figure 4.1: Zipline’s hook-based recovery method [22]

mainly in maritime operations, especially on ship decks for military operations.

Figure 4.2: Insitu’s hook-based recovery method [24]
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Although the hook-based recovery mechanisms described above are efficient and
accurate in fixed-wing UAV recoveries, they come with some drawbacks that open
the door to improvements. For example, the weighted hook adds extra weight
to the fixed-wing UAV, which in turn affects its performance and efficiency. The
frame of the drone must also withstand the sudden jerk when the cable is caught,
meaning that the hook must have a reinforced attachment point. These extra weight
structures can reduce the drone’s flight endurance. [15] found that the hook-based
mechanism relies on precise timing and GPS-based navigation, and in maritime
operations, these can be affected by signal loss and wind disturbance, which can
limit the recovery success.

4.1.2 Net-Based Recovery Systems
In a net-based recovery system, it means that a fixed-wing UAV is guided to fly
into a tensioned net that absorbs its kinetic energy upon impact [14]. The net
can be mounted either on a moving vehicle or suspended between two poles or two
multi-rotor drones. For example, [25] developed an autonomous recovery method of
suspending a net under two multirotor UAVs that were able to intercept an incoming
fixed-wing UAV flying on a preset path. The fixed-wing UAV body was equipped
with small hooks that get attached to the net on impact. This method was carried
out at sea, and the UAV was transported to the ship afterward. However, the net-
based recovery system has some drawbacks that open room for future improvements,
such as if the hooks on the fixed drone loosen, it could fall into the sea and get lost or
be destroyed. Also, the method requires Real-time kinematic GPS for precise nav-
igation solutions, and in case of signal loss at sea, the UAV could never be recovered.

Figure 4.3: Net-based recovery method using two multirotor UAVs [25]

On the other hand, [26], which specializes in UAV recovery nets, has developed a
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ground-based net that is held on both ends. The net folds at an angle after the
UAV impact to prevent it from falling to the ground. It’s a simple method that only
requires the drone to be guided onto the net’s position, and the UAV is recovered
easily as shown in the figure4.4 However, retrieving the UAV from the net can
be a demanding process since the UAV propeller gets entangled in the net, hence
requiring careful removal, both to protect the UAV and the net at the same time.

Figure 4.4: Embention ground net-based recovery method [26]

4.1.3 Bio-Inspired Landing Mechanisms
To overcome the need for a landing infrastructure for fixed-wing UAVs, [27] took
inspiration from the way birds perch and grasp objects when landing to develop a
landing gear similar to a bird’s legs. The figure 4.5 shows the bio-inspired landing

Figure 4.5: Bio-inspired landing gear [27]
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gear. These landing gears allow the fixed-wing UAV to land without a runway
on uneven surfaces and unfamiliar areas. Despite this novel innovation, the bio-
inspired landing mechanism or gear is very complex in terms of its control system,
which means that they are still far from a common deployment. The extra legs
also add extra weight to the UAV and interfere with the aerodynamics of the UAV
during flight.

4.1.4 Control-based Recovery Approaches
In a control-based recovery approach, the UAV’s flight control is reconfigured to
enable it to perform complex maneuvers and land safely either on land or via aerial
docking [28]. This is done with the help of advanced guidance such as infrared
cameras, control algorithms, and navigation systems. The aerial docking system
shown in Figure 4.6 was developed by DARPA and Aurora Life Sciences in the USA
[29]. It is a sidearm and consists of a hook on top of a fixed-wing UAV, which
is captured midair by a retractable rail-mounted capture system, which gradually
decelerates along the rail until it comes to a stop.

Figure 4.6: DARPA aerial docking UAV recovery system [29]

Furthermore, deep stall landing is also a control-based recovery method where the
UAV enters a sustained stall to counteract gravity and drops almost vertically at
low speed [30]. In some landing stalls, morphing wings are used to provide extra
control to manage the speed, sink rate, and attitude under different conditions [31].
This allows the UAV to land accurately even in small or challenging areas.
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Market Analysis

This chapter outlines how the Swedish Sea Rescue Society (SSRS) positions itself
within the market for UAV recovery systems. The analysis is based on a combination
of methods, including SWOT and PEST analysis, benchmarking against industry
actors, and a review of relevant patents.

5.1 Swedish Sea Rescue Society (SSRS)
The Swedish Sea Rescue Society (SSRS) is a non-profit organization dedicated to
saving lives at sea [32]. SSRS operates a wide network of rescue stations along Swe-
den’s coast and inland waters, ensuring that help is always close when an emergency
occurs. The organization combines human dedication with advanced rescue tech-
nology, continually innovating in rescue equipment. In this thesis project, SSRS is
collaborating to develop a fixed-wing UAV recovery system that supports its goal of
making sea rescue operations safer and more efficient.

5.1.1 SWOT analysis of SSRS
A SWOT analysis was carried out to understand SSRS’s strengths, challenges, and
overall operating environment as shown in figure 5.1. The analysis shows that SSRS
benefits from experienced volunteers and a strong rescue network but faces some
limitations in technology and resources. It also points to clear opportunities for using
UAVs to make rescue missions faster and safer, while highlighting the challenges
faced, like tough weather conditions and UAV flight regulations. Overall, the SWOT
analysis reveals that there is a need for a simple and reliable UAV recovery system
to help SSRS carry out its rescue missions more efficiently.

5.1.2 PEST analysis of SSRS
To understand the external factors that could affect the use of UAV recovery sys-
tems within SSRS operations, a PEST analysis was carried out as illustrated in
Figure 5.2. From a political perspective, there is strong national support for mar-
itime safety, but on the other hand, UAV regulations in Sweden and in the EU limit
flight zones and autonomous drone use at sea, which affect the development of the
UAV recovery system. At the same time, collaboration with other Baltic Sea rescue
organizations could open opportunities for shared UAV recovery systems.
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Figure 5.1: SWOT analysis of the Swedish Sea Rescue Society (SSRS).

Figure 5.2: PEST analysis of the Swedish Sea Rescue Society (SSRS).
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Economically, SSRS relies on donations, which means that any fixed-wing UAV re-
covery system needs to be affordable and easy to maintain.

On a social level, SSRS enjoys strong public trust and community involvement,
and people are generally supportive of new technologies that can save lives or im-
prove rescue times. While from a technological perspective, compact sensors and
autonomous systems are becoming more accessible, making UAV use more feasible.
However, recovery technology for marine environments is still developing and must
be well integrated with existing navigation and communication systems.

5.2 Market segments
The market for fixed-wing UAV recovery systems is mainly divided into three ar-
eas where safe and efficient recovery is especially important: maritime search and
rescue, defense, and remote surveying. However, the system developed in this the-
sis is specifically tailored for maritime operations and small fixed-wing UAVs, and
therefore does not target defense applications.

5.2.1 Maritime Search & Rescue
In maritime operations, UAVs are increasingly used to support search and rescue
missions by providing situational awareness by identifying distressed vessels to assess
the situation before the rescue arrives, and also determining their exact position.
The Swedish Sea Rescue Society (SSRS), for example, relies on reliable UAV de-
ployment to improve response time and safety during rescue missions [32]. At the
moment, UAVs used by SSRS usually land on water, which can take valuable time
during critical, life-or-death situations. With the proposed recovery system, the
UAV will be able to return directly to the base and be recovered safely with mini-
mal human involvement, making the whole rescue process faster and more efficient.

5.2.2 Defense
In defense applications, UAVs are used for reconnaissance, surveillance, and tactical
support. The ability to safely retrieve UAVs without the need for runways or large
landing zones provides a significant operational advantage, particularly in confined
or mobile environments such as naval vessels. However, there are already some
effective UAV recovery methods used in defense operations, such as [29]. But the
system developed in this thesis is not intended for that purpose since it is specifically
designed for small fixed-wing UAVs weighing around 1 kg.

5.2.3 Remote Surveying
In remote surveying operations, such as coastal monitoring, infrastructure inspec-
tion, mining, and environmental data collection, they often take place in difficult-
to-access or hazardous areas and require fixed-wing UAVs [33],[34]. This market
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segment would benefit from a fixed-wing UAV recovery system that offers a practi-
cal solution for ensuring UAV retrieval in these environments. This not only reduces
operational risks but also supports continuous data collection and improved system
reliability across various industries. On the other hand, this may be affected by the
size of the UAV used and what kind of regulations exist in these areas.

5.3 Benchmarking
The market landscape for fixed-wing UAV recovery systems reflects a diversity of
approaches tailored to different operational needs as described above. But for this
thesis, the main focus is on how the civilian sectors have driven the development of
recovery methods. Thus, these recovery methods are assessed based on their degree
of autonomy, infrastructure requirements, landing precision, and cost-effectiveness.
For instance;

Embention, a Spanish company that specializes in UAV systems, has developed a
net recovery system called RN86 for fixed-wing UAV recovery [26]. The RN86 is
a frame-mounted net, and the UAVs are guided to it for interception during land-
ing. This net recovery system(RN86) can handle drones weighing up to 40 kg with
stall speeds of around 25 m/s. The RN86 is mobile and designed for deployment in
remote or maritime environments where traditional landing infrastructure is unavail-
able. Its success rate depends on precise UAV alignment, and it favors fixed-wing
UAVs with rear-mounted propellers to avoid damage upon capture.

Manta Air in Israel is a company that develops autonomous recovery systems for
UAVs, such as a Parachute Launching System (PLS) that uses a mechanical spring
mechanism to deploy the parachute canopy [35]. The PLS can be triggered at low
altitudes and is designed for rapid emergency deployment and for normal landings.
The system first deploys the parachute, followed by the inflation of an airbag be-
neath the fuselage before impact. As a result, there will be a reduced risk of damage
to the drone. However, the effectiveness of this system depends on having enough
altitude for both the parachute and the airbag to function. Overall, Manta Air’s
solution offers a fully autonomous recovery method and provides layered protection
to the UAV during landings and emergencies.

In addition, Target Arm in the U.S. offers a recovery solution for fixed-wing UAVs
that features bars that extend from above and below inside an enclosure to gently
but securely catch the UAV [36]. It’s designed to work both on stationary platforms
and on moving trucks or boats, giving deployment flexibility. Nevertheless, its suc-
cess rate depends on proper alignment to ensure a clean capture.

Similarly, the Shenyang Institute of Automation (SIA), under the Chinese Academy
of Sciences, has developed an automated recovery system for small and medium
fixed-wing UAVs [37]. The system integrates real-time guidance with a flexible
arresting mechanism, allowing precise runway-free landings in constrained environ-
ments such as ship decks.
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Overall, the benchmarking shows that existing civilian fixed-wing UAV recovery
systems offer a range of solutions. For instance, the systems provide autonomy
and eliminate the need for runways. They often rely on precise alignment, sufficient
altitude, or controlled environments to operate effectively. These limitations indicate
a gap for recovery methods that are simpler, more reliable, and better suited to small
fixed-wing UAVs operating in constrained or unpredictable conditions.

5.4 Patent search
To explore potential solutions and avoid infringement on existing technologies for
UAV recovery systems, an extensive patent search was conducted using Google
Patents and Espacenet databases. The goal was to identify innovative design mech-
anisms for the safe, automated recovery of fixed-wing UAVs and to draw inspiration
from these patents. This resulted in patents described below, which were found to
be most inspiring and relevant. For instance;

A kind of fixed-wing unmanned plane safe recovery device
This recovery system uses an inflatable airbag runway with both energy-absorbing
and sloped sections [38]. The system also has an adjustable bracket to control the
landing angle, as shown in Figure 5.3.

Figure 5.3: A kind of fixed-wing unmanned plane safe recovery device[38]

Strength: The inflatable runway cushions the landing.
Weakness: It takes time and space to set up.

Automatic recovery and transfer system for fixed-wing UAV
Another patented fixed-wing UAV recovery system, shown in Figure 5.4, consists
of the following components: an arresting unit, vertical rails for adjusting position,
and transfer and conveying systems that work together to capture, move, and store
the UAV. The alignment rail, in concept 698, was inspired by this patent, allowing
it to align the catching system with the UAV’s trajectory.
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Figure 5.4: Automatic recovery and transfer system for fixed-wing UAV [39]

Strength: By automatically capturing and storing UAVs, it minimizes manual
intervention.
Weakness: The system is quite complex, which can make it more expensive
and harder to maintain.

Fixed-wing UAV interception and recovery system
This system consists of a base that supports a central rod. Three rods extend from
the upper and lower ends of the rod. And between these rods, there is a tensioned
rope positioned to catch incoming fixed-wing drones, as shown in figure 5.5. The
applicant of the patent claims it is movable and modular, allowing for flexible ar-
rangement and easy deployment in different locations [40].

Figure 5.5: Fixed-wing UAV interception and recovery system [40]

Strength: It is easy to set up, so it can be moved and deployed anywhere.
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Weakness: Requires precise alignment to capture the UAV accurately.

Magnetic recovery systems and magnetic docking mechanisms for fixed-
wing unmanned aerial vehicles
This recovery system in figure 5.6 uses magnetic steel plates attached to the UAV,
and a corresponding magnet is mounted on a moving vehicle [41]. During recovery,
the magnetic attraction helps align and lock the UAV into position on the docking
frame.

Figure 5.6: Magnetic recovery systems and magnetic docking mechanisms [41]

Strength: There is no physical stress on the UAV, since it is a contact-free
docking.
Weakness: Since the magnets can be affected by distance and vibration, both
magnets need to have equal strength.
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Unmanned Aerial Vehicle Launching and Recovery Device
The system in figure 5.7 is designed to launch and recover small fixed-wing UAVs
and consists of a rotating arm, a supporting frame, and a recovery station [42]. It
also has a pair of upper and lower jaws that open and close to hold the UAV after
capture. To absorb impact shocks and protect the drone, the system has a flexible
strip in between the jaws. Furthermore, the system features an attitude adjustment
mechanism on the lower jaw that aligns with the UAV before recovery.

Figure 5.7: Unmanned aerial vehicle launching and recovery device [42]

Strength: The jaws provide a secure grip and reduce the risk of damage with
the help of the flexible strip.
Weakness: The adjustment mechanism only adjusts height but not lateral
position, so if the UAV’s approach trajectory is slightly off, the UAV capture
may not be reliable.
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This chapter describes the process of developing and evaluating different fixed-wing
UAV recovery system concepts, from understanding stakeholder needs to selecting
the final concept design.

6.1 Stakeholders
The stakeholders involved in the development of the fixed-wing UAV recovery system
were divided into different categories based on their level of interaction with the UAV
recovery system as shown in table 6.7. The primary users are the UAV operators
who handle the drone during rescue operations. The secondary users are the crew
members responsible for setting up, resetting, and maintaining the system. While,
the tertiary users, including the rescue crew and nearby individuals, are indirectly
affected by the safety and effectiveness of the system.
Additionally, external stakeholders, including maritime authorities and donor mem-
bers, influence the use of such a system through regulations. Finally, the customers
are represented by the SSRS management, who oversee the system’s development,
implementation and long-term use. By identifying all these stakeholders in this
way, it was meant to help the design process consider all relevant perspectives of
those who use, maintain, or are affected by the system, hence a more reliable and
user-centered solution.

Table 6.1: Stakeholders

Category Stakeholders

Primary users UAV operators
Secondary users Crew responsible for setting up, resetting, and

maintaining the system
Tertiary users Rescue crew and neighbors

External stakeholders
• Maritime authorities (e.g., Transportstyrelsen,

the coast guard)
• Donor members

Customers SSRS management
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6.2 Customer needs analysis
After analyzing the needs of the stakeholders, a customer needs list was put
together, which contains what the customers need and desire in an organized and
prioritized layout as shown in table 6.2. Some of the main needs of SSRS/customer
include:
For SSRS, reliability and precision are paramount. They seek UAV recovery
systems that consistently perform with accuracy, ensuring confidence during drone
retrieval. To minimize costs, simplicity in setup and minimal maintenance are
essential to them. Safety is another fundamental need since SSRS operates within
populated areas, so the recovery system must be able to recover drones without
compromising the well-being of nearby individuals, and at the same time it should
be lightweight

In addition, SSRS requires minimal manual intervention, though it is not a necessity
for the organisation, as it reduces operational costs. Furthermore, minimizing
modifications to the UAV frame is desirable, but SSRS prefers a solution that can
integrate seamlessly with its existing 1Kg fixed-wing UAV without adding extra
weight to it.

These needs provide a clear understanding of customer expectations and will guide
the development of requirements in the subsequent design phase of the thesis.

Table 6.2: Customer Needs List
No. Need Necessity/Desirable

1 Reliable and precise Necessity
2 Minimal manual intervention Desirable
3 Simple to set up, reset, and minimal maintenance Necessity
4 Safe drone recovery without compromising the

safety of nearby individuals
Necessity

5 Complies with maritime UAV regulations and
safety standards

Necessity

6 Modern and innovative Desirable
7 Lightweight and affordable Necessity
8 Improves UAV mission’s outcomes Necessity
9 Minimal modifications to UAV frame Desirable
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6.3 Requirement specification

The requirement specification in Figure 6.1 was developed after evaluating the needs
of SSRS. The requirements are divided into demands, denoted as “D,” or wishes,
denoted as “W”. To assess the level of importance of each requirement, a quan-
titative scale was used with "5" representing the highest level of importance and
"1" representing the lowest. The requirements of the fixed-wing UAV recovery sys-
tem have been updated throughout the thesis project since the target values were
changed as more knowledge was gained. Thus, a verification method was added for
each requirement using its corresponding verification method, and the result is to
be compared with a reference value or method.

Figure 6.1: Requirement specification

6.4 Functional Analysis

The functional analysis was carried out to understand how the fixed-wing UAV
recovery system works and how its main functions connect to each other. This step
helps identify what goes into the system and what comes out, as well as how energy,
motion, and control signals move through the different parts of the system. By
mapping this out early, it becomes easier to design and organize the subsystems
later in the process and to make sure everything works together.
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6.4.1 Black Box
A black box model was created to give a simple overview of the UAV recovery system
without going into its internal details. The main purpose of this is to show how the
system interacts with its surroundings and to define the limits of what is included
in the design. The inputs and outputs make it easy to visualize how the system
as a whole operates, as shown in the table 6.2. The main inputs are the in-flight
fixed-wing UAV and the energy required to power the recovery mechanism. While,
the outputs include a captured UAV and flight data that can be used to analyze
and improve system performance.

Figure 6.2: Blackbox

In addition, the black box also provides a clear picture of the system’s overall func-
tion before diving into the internal details. Therefore, the black box serves as a
foundation for the next step, the functional flow model, which explains how the
internal functions work together to achieve a smooth and reliable UAV recovery.

6.4.2 Functional flow model
To understand how the fixed-wing UAV recovery system works, a functional flow
model was created to explain step by step how the different parts of the system in-
teract to detect, align with, and capture a UAV in flight, as illustrated in figure 6.3.
The UAV recovery process starts when the system detects an incoming fixed-wing
UAV that is on autopilot within 50-100 meters range using sensors and onboard
communication. Once the UAV is detected, its flight path is tracked and analyzed
so that the system can predict its movement by taking into account the wind speed,
the speed of the fixed wing UAV and altitude.

The next step is to validate the UAV’s trajectory to make sure the flight path is
suitable for capture. During this stage, the recovery system activates the alignment
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subsystems and adjusts the position of the catching subsystem for capture. This is
done continuously as the UAV approaches which helps the system stay synchronized
with the UAV’s motion and reduce the chances of a failed attempt.

On the other hand, if the capture is about to fail, the recovery system communicates
with on onboard communication of the UAV to abort its trajectory, and the autopi-
lot does another trial, and the system automatically rechecks the trajectory and
attempts another recovery. After a successful capture, the UAV is safely transferred
for inspection or storage so it can be reused.

Figure 6.3: Functional Flow Model

6.5 Concept Generation

6.5.1 Free idea generation
During the initial idea generation, a brainstorming session was conducted for every
function of the UAV recovery system. For example, how the system should detect
the fixed UAV in flight, how the system can align with the incoming fixed-wing
UAV, how to capture it, and how to avoid damaging it. The brainstorming also
included what happens to the UAV after capture and how it is retrieved from the
system later, either for storage or to be put back in operation. The sub-solutions
developed during this brainstorming process are presented in Appendix A.1.

6.5.2 Morphological matrix
The ideas obtained from the patent search, together with the identified sub-solutions
from the free idea generation, were combined using a software tool called Morpheus,
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which generates possible combinations of the sub-solutions for all ideas. Initially, the
software produced 1,064 possible concepts for the UAV recovery systems. However,
a limitation was discovered because the software did not account for incompatibil-
ities, nor did it filter out solutions that were either too costly or unfeasible. But
these solutions were filtered out using built-in features like thematic strategy and
pragmatic strategy, as shown in Figure 6.4, which reduced the number of concepts
to 48 and later reduced to 28 feasible concepts. These concepts were later compiled
into a concept catalog, which is presented in Appendix B.1.

Figure 6.4: Morphological matrix

6.6 Concept Evaluation

6.6.1 Elimination matrix
In concept selection, an elimination matrix facilitates a structured approach by me-
thodically eliminating solutions that cannot meet the requirements ref [43]. Based
on the requirement specification, elimination criteria were developed for the elimi-
nation matrix in Appendix C.1. These criteria include the following.

• The system can reliably capture a fixed-wing UAV in flight.
• It can hold the UAV in place after capture.
• Protect the fixed-wing UAV from impact.
• Allows for precise positioning/alignment with the incoming fixed-wing UAV.
• Meets the weight requirement of less than 50 kg.
• The system fulfills the company’s requirements on post-capture.
• Allows for positional offset capture of ± 1 meter.
• Feasible to design, build, and test using available resources

These criteria were applied across all the concepts to ensure a transparent and
objective process of narrowing down the concepts from 28 to 6. Moreover, concepts
689 and 689 were similar and incorporated into concept 685. The other concepts
that didn’t meet the set criteria were deemed unsuitable and eliminated.
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6.6.2 Concept Screening
To compare the remaining four concepts, ensure fair comparisons, and minimize bias,
quick prototyping was carried out in which each concept was sketched, 3D-modelled,
and 3D-printed, as shown in the Appendix D.1.
Afterwards, three Pugh matrices were created. In each Pugh matrix, relative scores
of "better than"(+), "same as"(0), or "worse than"(-) are used for comparing each
criterion of every concept against a chosen reference concept. Once all the concepts
were rated, the sum for each concept was entered in the matrix’s lower rows based
on "better than," "same as," and "worse than" the reference concept.

6.6.2.1 Pugh Matrix 1

For the first Pugh matrix in table 6.3, the reference concept was Concept 685. This
concept could capture a fixed-wing drone moving at 10 m/s, respond quickly, and
be reset for reuse. After comparing this concept with the others, all the alternatives
showed positive net values. This meant that the reference concept’s performance
was not favorable compared to the rest. The main reason for this was the way it
handled impacts and how well it integrated with the motion system.

Table 6.3: Pugh matrix 1

6.6.2.2 Pugh Matrix 2

In the second Pugh matrix, the best-performing concept from the previous round,
Concept 685, was again set as the reference, as shown in table 6.4. The same
evaluation criteria were used to compare it with the other concepts. The results
showed that Concept 685 continued to perform well, while Concept 698 and Concept
700 had lower net values. This meant that Concept 685 was still the most suitable
option and should be taken forward for further development.
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Table 6.4: Pugh matrix 2

6.6.2.3 Pugh Matrix 3

To refine the screening further, a third Pugh matrix was made with Concept 698 as
the reference concept, as shown in Table 6.5. This concept was chosen because it
performed similarly to the previous reference concept. After comparing the alterna-
tives, Concept 692 had the highest net value, while Concept 685 and Concept 700
performed slightly worse. This showed that Concept 692 was the most promising
option after all three screening rounds.

Table 6.5: Pugh matrix 3
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6.6.3 Concept selection

To further develop the concepts and do a more detailed comparison was consid-
ered time-consuming at this stage of the thesis project. Therefore, the Kesselring
Matrix shown in table 6.6 was used to select the best-performing concept from the
remaining four concepts by weighing the criteria. The Kesselring matrix compares
each concept against an ideal concept rather than using an existing concept as a
reference, like in the Pugh matrix.

Moreover, each criterion was first assigned a weight according to its relative impor-
tance, and the weights were then normalized so their sum equals one, ensuring a fair
comparison. The concepts were then rated on a quantitative scale from 1 to 5, where
higher values indicate better performance relative to the criterion. These scores were
multiplied by the corresponding normalized weights. The weighted scores were then
summed to give a total value for each concept, which was further normalized against
the ideal. Based on this evaluation, Concept 692 ranked highest, followed by Con-
cept 700, Concept 685, and Concept 698. Therefore, concept 692 was selected as
the best choice and developed further, as described in the following section.

Table 6.6: Kesselring Matrix

6.7 Further development of the selected concept

While working on Concept 692, one challenge that came up was how to align the
concept accurately with the UAV’s trajectory. The concept itself worked well in
principle, but the struggle was how to position the concept precisely before the
drone arrived to overcome the positional offset of the UAV caused by the GPS.
During the quick prototyping sessions, it was observed that a 3D printer achieves
high precision through coordinated motion along two axes. This observation inspired
the development of an XY motion system.
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Figure 6.5: XY motion alignment subsystem

This XY motion system allows the catching subsystem (concept 692) to move in
both horizontal and vertical directions. In this way, the catching subsystem could
be adjusted in real-time to align more accurately with the UAV flight path. With
this improvement, the recovery system can handle positional errors.
The XY motion (alignment subsystem) is operated by two motors that drive two
motor pulleys and 6 idle pulleys that guide the motion belt [44]. The motion de-
pends on how the motors rotate together. As shown in figure 6.5, when both motors
rotate clockwise, the catching subsystem moves right, and when they rotate coun-
terclockwise, it moves left. If they rotate in opposite directions, the system moves
up or down depending on the combination.

Table 6.7: Direction of motion based on motor rotation.

Motor 1 Motor 2 Result

Clockwise Clockwise Right
Counterclockwise Counterclockwise Left
Clockwise Counterclockwise Up
Counterclockwise Clockwise Down
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7.1 System design

After further developing concept 692 of the UAV recovery system, the architecture of
each subsystem was developed. Each subsystem in this concept can stand alone and
can be designed and tested separately. As described before, the detection subsystem
will not be designed in this thesis project, but will take into account how it affects
the alignment and capture subsystems. Figure 7.1 shows how these subsystems and
their components interact within the overall system.

Figure 7.1: Detailed Concept Flow Diagram
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7.1.1 Detection Subsystem

The detection subsystem detects and calculates the trajectory of incoming fixed-
wing UAVs in real time, and it then provides the trajectory data, such as velocity
and position provides it to the alignment subsystem. To carry out these functions,
the logical functions of a detecting subsystem after a quick research are an embedded
PC that processes the flight path data together. The embedded PC relies on inputs
from a combination of a camera and radar/infrared sensors that detect and track
the drone’s position as described in 2.4.

7.1.2 Alignment Subsystem

The alignment subsystem ensures that the capture subsystem is in the correct posi-
tion to catch the fixed-wing UAV. This subsystem relies on the trajectory data from
the detection subsystem, which is translated into alignment motion. This motion
is generated by a motion controller, which initiates command signals and transmits
them via a communication interface in the detection subsystem. These signals drive
two stepper motors, which provide precise and controllable movement to the belt
driving the capture subsystem horizontally (X) and vertically (Y). In addition, the
direction of movement depends on how the two motors rotate, as shown in Figure
6.5.

7.1.3 Capture Subsystem

The capture subsystem is responsible for physically engaging with the UAV. Its
operation involves three coordinated functions: actuation, gripping, and impact ab-
sorption. A Stepper motor drives the four arms, which open and close in response
to the entry of the fixed-wing UAV. Once contact is made, suction cups powered by
a vacuum pump hold the UAV securely in place. To reduce the risk of structural
damage during capture, a foam pad is integrated to absorb the impact and deceler-
ate the UAV.

Furthermore, the modular nature of the design allows each subsystem to be devel-
oped and tested independently before integration. This approach not only enhances
robustness but also facilitates future adaptation of the system to different UAV sizes
or mission requirements.

7.2 System cad models

This section presents the detailed CAD models developed for the system. The mod-
els were created in Autodesk Inventor to visualize the recovery system’s architecture
and verify that the geometry and functionality align with the selected concept.
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Figure 7.2: Assembly of the recovery system and the capture subsystem in its
default position
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Figure 7.3: Assembly of the catching subsystem

Figure 7.4: subassembly of the linear rail and idle pulley holder
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Figure 7.5: Assembly of the recovery system with a captured fixed-wing UAV

Figure 7.6: A closeup of one of the pulleys and the belt
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Figure 7.7: subassembly of the base and one of the motors

7.3 Verification

7.3.1 FMEA
The Design Failure Mode and Effects Analysis (DFMEA) shown in Appendix E.1
was conducted to address potential risks in the UAV catching system that could
occur during operation. The analysis was performed after the design phase, once all
major components had been modeled in CAD.

This DFMEA highlights:
• the failure modes of each component of the alignment and the catching sub-

systems,
• their possible causes and effects on system performance,
• the likelihood and severity of each failure,
• and the corresponding Risk Priority Number (RPN) used to prioritize correc-

tive actions.
The RPN is calculated by multiplying the severity (S), occurrence (O), and detection
(D) ratings, which helped identify where improvements were most needed in the
design.
For example, the motors had the highest RPN of 108 due to inconsistent tuning
that could lead to position errors during acceleration. Therefore, component testing
during assembly was recommended. The motor pulleys also had a high RPN of
90 due to belt edge wear, which could result in instant position loss. This will be
managed through regular maintenance. The belt had an RPN of 80 due to low
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tension or high acceleration that could cause incorrect positioning of the catching
subsystem. To overcome this problem, regular maintenance was recommended to
ensure stable belt behavior.
Other components showed moderate risk levels. The linear rail had an RPN of 48,
which will be reduced by component testing during assembly. Similarly, the sliding
blocks also had an RPN of 48, and adding dust seals will help prevent stick–slip
issues from debris. The mounting plate and catching arms had RPN values of 40,
addressed through regular maintenance and redesign of thin sections, respectively,
to prevent deformation or misalignment. The frame had a lower RPN value of 24,
which can be reduced further by strengthening through bracing.

7.3.2 Materials selection
The material selection for the UAV recovery system is shown in the BOM Appendix
F.1 after the components have been identified and 3D modeled during the design
phase. Every component had to meet the requirements, such as being lightweight
and manufacturable.
The selection process focused on materials that offered the best balance between
strength, weight, and manufacturability. The frame is made from Aluminum 6061-
T6 T-slot profiles due to their high stiffness-to-weight ratio and corrosion resistance,
making them ideal for structural support. The mounting plate is also made from
Aluminum 7075-T6, which provides higher strength and impact resistance since it
holds the catching subsystem.

The linear rails and sliding blocks are aftermarket components made from hardened
bearing steel, ensuring low friction and high precision for smooth motion. The mo-
tor and idler pulleys, along with the pulley holders, are also machined from 6061-T6
aluminum. Meanwhile, the belt is made from polyurethane, known for its flexibility,
low wear rate, and excellent resistance to tension loss. The arms and the linkarms
are also made from 7075-T6 aluminum. The suction cup vacuum uses a silicone cup
and an ABS plastic housing.

Through this careful material selection, the total system weight requirement was
successfully fulfilled, resulting in an approximate overall weight of 36.5 kg.

7.3.3 Structural Analysis

7.3.3.1 Structural Analysis of the mounting plate

In the UAV recovery system, the belt carries most of the load and drives the over-
all motion of the system. The mounting plate that holds the catching subsystem
experiences the highest stress when moving in the XY direction since it is attached
to the belt. To study its performance, a quick structural analysis was performed
on this component, as shown in the figure 7.8. Based on the results of the FEA
analysis, the mounting plate can support the weight of the catching subsystem.
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Figure 7.8: FEA analysis of the mounting plate

7.3.3.2 Structural Analysis of the Catching Arm

The suction cups and suction base with a small suction pump are mounted onto the
catching arm of the catching subsystem. Therefore, it needs to be strong enough
to support the drone’s weight during capture and the suction components while
staying stable and precise. To verify if the arm can handle these forces safely, a quick
structural analysis of one arm was performed, and the results obtained are shown in
Figure 7.9. The maximum stresses were well below the material limit of Aluminium
by a factor of 15, and displacement stayed extremely small. So structurally, the
catching arm is safe, even during higher speed captures.
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Figure 7.9: FEA analysis of the catching arm

7.4 Dynamic Modeling Theory for UAV Recovery

The dynamic model presented in this section describes how the alignment subsystem
generates motion, how the catching subsystem responds, and how the entire system
accelerates to align and catch an incoming fixed-wing UAV flying at up to 15 m/s.

7.4.1 Kinematic Modeling
The alignment subsystem converts motor rotation into movement of the catching
subsystem. The subsystem uses eight pulleys, but only the two motor pulleys actu-
ally change the belt length. The rest are just idlers that guide the belt around the
frame. This means the catching subsystem motion is determined entirely by how
much belt the motors pull in or let out.

By rotating both motors at the bottom synchronously, motion along x is produced,
and motion along y is produced by rotating them counterclockwise. For instance;

• Let the position of the catching subsystem be defined by its Cartesian coordi-
nates (x, y).

• Let the two motors that drive the alignment subsystem, and their shaft angles
are denoted by ϕ1 and ϕ2.

• Let the radius of the motor pulley be denoted by r.
. Hence, the geometric relationship between motor rotation and catching subsystem
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position is:

x = r

2(ϕ1 + ϕ2), (7.1)

y = r

2(ϕ1 − ϕ2). (7.2)

By differentiating the above expressions, the catching subsystem velocity is given
as:

ẋ = r

2(ω1 + ω2) (7.3)

ẏ = r

2(ω1 − ω2) (7.4)

The angular velocity can be calculated from the speed n rpm of the motors.

ω = 2πn

60 (7.5)

Since the catching subsystem is driven by the tension in the belt, created by the
motor torques, and its own weight, which is also subjected to gravity.

Fx = τ1 + τ2

r
, (7.6)

Fy = τ1 − τ2

r
− Mg, (7.7)

where (7.8)

τ = P

ω
. (7.9)

7.4.2 Catching Subsystem Dynamics
Assuming the subsystem as a rigid body and neglecting rotor inertia for simplifica-
tion, and by applying Newton’s second law, the dynamics of the catching subsystem
is as follows;

Mẍ = τ1 + τ2

r
= Fx, (7.10)

Mÿ = τ1 − τ2

r
− Mg = Fy. (7.11)

In instances when both mothers are either rotating clockwise or anticlockwise to-
gether, they produce the same torque, which simplifies the equations to;

ax = 2τ

rM
. (7.12)

ay = −g (7.13)

<
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Discussion

This chapter discusses the performance of the fixed-wing UAV recovery system con-
cept by reflecting on the design process, highlighting the implications of the concept
and future research.

8.1 Evaluation Against Research Questions

8.1.1 Research question 1
The first research question concerns how small fixed-wing UAVs are currently recov-
ered and their limitations. From the literature review, it is clear that the current
methods used today all come with trade-offs that limit their practicality. For exam-
ple, the hook and cable-based recovery methods require extra components on the
fixed-wing UAV, which adds weight and drag. Nets are simple, but they often dam-
age propellers, which makes them not the best option. Bio-inspired mechanisms are
too complex for small, lightweight fixed-wing UAVs. Control-based recovery mech-
anisms require high-end sensors and algorithms that are expensive and not always
reliable in wind or poor visibility.

These findings showed that current recovery methods do not fully meet the needs
of small fixed-wing UAVs without adding weight, complexity, or risk of damage.
Hence, this gap motivated the development of the concept in this thesis, which
offers a lightweight, low-cost, and mechanically simple recovery method that can
safely capture a UAV without damaging or requiring any modifications.

8.1.2 Research question 2
The second research question examined mechanical principles and systems applied to
catch and retrieve fixed-wing UAVs safely. This question was answered by develop-
ing a concept based on mechanical principles like momentum conservation, impulse
control, and energy dissipation. The suction cup grippers in the catching subsys-
tem and the foam cushion pad increase the duration of deceleration by deforming
slightly when the UAV makes contact, which reduces the peak impact force acting
on the UAV. The X-Y motion mechanism also ensures that the catching subsystem
is aligned with the fixed-wing UAV’s trajectory, hence minimizing the relative ve-
locity at the moment of contact.
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However, the performance of these mechanical principles in the design has not been
verified in a full dynamic simulation. This was because the dynamic simulation
environment in Autodesk Inventor could not support the level of contact modelling in
the designed concept. While the kinematic simulation successfully verified that the
X–Y motion mechanism can align the catching subsystem with the UAV’s trajectory,
confirming that the recovery system can minimize the relative velocity at the moment
of contact.

8.1.3 Research question 3
The third research question focused on how the system could be designed to allow
easy and efficient removal of the UAV after capture. This requirement was essential
for SSRS, and it has been fulfilled in the developed concept with the suction ripper of
the catching subsystem. Suction grippers automatically release the fixed-wing UAV
once pressure equalizes, providing a quick, safe removal. In addition, the open frame
structure of the catching subsystem offers clear operator access, unlike net-based
systems, which require manual untangling and handling. Therefore, the developed
concept significantly reduces turnaround time and risk of accidental damage.

8.1.4 Research question 4
The fourth research question also examines how the recovery system can be tailored
to the size and structural characteristics of small fixed-wing UAVs. The catching
subsystem in the designed recovery system concept can be used for UAVs with a
wingspan between 0.8 and 1.5 m. It is optimized to hold the UAV once caught using
the geometry of the arms and the spacing of the suction cup grippers.

Thus, all four research questions were addressed throughout the thesis through sys-
tematic design, mechanical reasoning, and performance evaluation.

8.2 Limitations of the designed concept
The designed recovery system presents several limitations that highlight areas where
the design has not yet been fully validated. For example: The recovery system
concept relies on the X–Y motion mechanism to position the catching subsystem
accurately. The kinematic simulations revealed that the mechanism can align with
the UAV, although real-world effects like belt stretch, wind, and friction were not
included. These factors could influence positioning accuracy, thereby affecting the
reliability of the system.

The choice of lightweight materials in the concept design is debatable, since no pro-
totype was built to validate these material selections due to time constraints. As
a result, the maximum UAV size or speed the system can safely handle is unclear.
The concept design may perform well for the targeted 1 kg fixed-wing UAV, but it
might be more sensitive to variations than expected.
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The alignment and capture subsystems were designed in a simplified manner to keep
the design easy to manufacture and cost-effective. Since dynamic stress analysis was
not performed, it is difficult to determine where the stress points will be during the
dynamic capture event. As a result, it becomes uncertain how these parts will be-
have during UAV capture or at high-speed UAV approaches.

The coastal environment is subject to wild winds, so how headwinds affect ground
speed was not simulated, which affects the reliability of the recovery system. It
is also possible for a Fixed-wing UAV to drift due to crosswinds, which requires
the alignment system to make constant adjustments, increasing the wear on the
subsystem.

8.3 Reflection on the Design process
The design process in the thesis influenced the final concept in several ways. For
example, the requirements specifications developed from the customer needs were
largely based on input from SSRS, which meant the needs were not compared against
other companies, organizations, and UAV recovery standards. A broader investiga-
tion could have strengthened the foundation of the requirement specification.

During the concept selection phase, after the elimination matrix, similar concepts
were merged into one, resulting in four concepts that were carried forward to the
Pugh matrices. This led to more manageable concept screening, which also meant
certain features of those concepts were lost.

The recovery system verification process mainly focused on evaluating the complete
system rather than assessing the performance of each component. This could have
provided clearer insights and reduced uncertainty in the later stages of the design
process, which occurred during the dynamic simulation analysis. This was due to
the Autodesk Inventor dynamic simulation environment not being able to support it.
Another software called MSC Adams also supports this type of dynamic simulation.
However, the assembly became distorted once imported into the software due to the
number of interconnected parts, thereby making the dynamic simulation verification
unsuccessful.

8.4 Future development recommendation
The concept UAV recovery system developed in this thesis is in its initial conceptual
phase. It assumes precise and continuous tracking of the UAV since the detection
subsystem wasn’t part of this thesis. Therefore, exploring suitable sensor technolo-
gies and real-time UAV trajectory estimation methods would support bringing the
concept closer to an operational solution.

Further development of the fixed-wing UAV recovery concept should also focus on
validating the dynamic behaviour of the alignment subsystem. This should be car-
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ried out by using more advanced multi-body simulation environments that are ca-
pable of handling detailed contact interactions.

Moreover, future work should include building a full prototype of the fixed-wing
UAV recovery and conducting experimental trials to evaluate its reliability and ver-
ify the assumed motion of the alignment subsystem.

Furthermore, future work should include a detailed cost analysis to assess each pro-
posed material and manufacturing process in relation to SSRS’s budget constraints.
In addition, more FEA analysis on fatigue, durability, and alternative materials
would help define the operational limits of the recovery system as well as increase
its longevity.

Lastly, exploring the modularity of this UAV recovery concept could broaden its
applicability to different UAV sizes. The recovery system could be further devel-
oped by exploring add-ons such as an integrated charging interface that recharges
the UAV after its capture, thereby increasing its operational value.
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Conclusion

This thesis set out to design a mechanical system capable of safely recovering small
fixed-wing UAVs for SSRS. By following a systematic design process, a conceptual
fixed UAV recovery system was developed. The system consists of an X-Y alignment
subsystem and a catching subsystem.

As discussed in the previous chapter, the kinematic simulations confirmed that the
alignment subsystem can position the catching subsystem quickly and accurately.
This demonstrates the feasibility of the overall motion of the system, with the two
motor rotations reliably producing the required X–Y translation. However, this re-
mains conceptual and will need more detailed dynamic simulation analysis in future
work.

Overall, this thesis provides a solid foundation for a new approach to how fixed-
wing UAVs could be recovered. To move this concept closer to real-life application,
future development should include building prototypes and integrating sensors. To
conclude, this concept has the potential to become a practical and reliable method
for recovering fixed-wing UAVs from maritime environments.
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Idea generation

Figure A.1: Free idea generation
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B
Concept Catalog

Table B.1: Concept Catalog

Solution Number Combination

685 Robotic grippers , Docking system , Inflatable air cush-
ions like Airbacks upon impact , Integrate Vision-based
navigation system on to the UAV to detect the system ,
Docking pads or capture nets that move backward upon
impact

686 Robotic grippers , Docking system , Caushioned grip-
pers , Integrate Vision-based navigation system on to
the UAV to detect the system , Docking pads or cap-
ture nets that move backward upon impact

687 Robotic grippers , UAV Falls on to a Net , Inflatable
air cushions like Airbacks upon impact , Integrate Vi-
sionbased navigation system on to the UAV to detect
the system , Docking pads or capture nets that move
backward upon impact

688 Robotic grippers , UAV Falls on to a Net , Caushioned
grippers , Integrate Vision-based navigation system on
to the UAV to detect the system , Docking pads or cap-
ture nets that move backward upon impact

689 Robotic grippers , Magnetic pads , Inflatable air cush-
ions like Airbacks upon impact , Integrate Vision-based
navigation system on to the UAV to detect the system ,
Docking pads or capture nets that move backward upon
impact

Continued on next page
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B. Concept Catalog

Table B.1 – continued from previous page

Solution Number Combination

690 Robotic grippers , Magnetic pads , Caushioned grip-
pers , Integrate Vision-based navigation system on to
the UAV to detect the system , Docking pads or cap-
ture nets that move backward upon impact

691 Robotic grippers , Adhesive pads , Inflatable air cush-
ions like Airbacks upon impact , Integrate Vision-based
navigation system on to the UAV to detect the system ,
Docking pads or capture nets that move backward upon
impact

692 Robotic grippers , Adhesive pads , Caushioned grippers ,
Integrate Vision-based navigation system on to the UAV
to detect the system , Docking pads or capture nets that
move backward upon impact

693 Rail with arms , Docking system , Inflatable air cush-
ions like Airbacks upon impact , Integrate Vision-based
navigation system on to the UAV to detect the system ,
Docking pads or capture nets that move backward upon
impact

694 Rail with arms , Docking system , Caushioned grippers ,
Integrate Vision-based navigation system on to the UAV
to detect the system , Docking pads or capture nets that
move backward upon impact

695 Rail with arms , UAV Falls on to a Net , Inflatable air
cushions like Airbacks upon impact , Integrate Vision-
based navigation system on to the UAV to detect the
system , Docking pads or capture nets that move back-
ward upon impact

III
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Elimation Matrix

Table C.1: Elimation Matrix
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D. Concept sketches

D
Concept sketches

Figure D.1: Concept sketches
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Figure E.1: DFMEA
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BOM

Figure F.1: BOM
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