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Abstract

This thesis presents the preliminary structural design and analysis of the
Green Raven UAV, a blended-wing-body (BWB) platform developed by
KTH Royal Institute of Technology to test a hybrid hydrogen fuel cell
and battery propulsion system. In response to the aerospace industry’s
increasing emphasis on energy efficiency and sustainable technology, the
Green Raven aims to provide a viable foundation for future configurations
of commercial wide-body aircraft. The primary design objectives are to
develop a modular, lightweight structure that facilitates transport, ensures
structural integrity under operational loads, and complies with regulatory
weight constraints for UAV certification.

Sammanfattning

Denna avhandling presenterar den preliminara dimensioneringen och ana-
lysen av Green Raven UAV, en blended-wing-body (BWB)-plattform ut-
vecklad pa KTH for att testa ett hybridsystem med vatgasbrénslecell och
batteridriven framdrivning. For att mota flygindustrins 6kande fokus pa
energieffektivitet och hallbar teknik syftar Green Raven till att lagga en
genomforbar grund for framtida konfigurationer av kommersiella bred-
kroppsflygplan. De primara designmalen ar att utveckla en modulér, latt
struktur som underlattar transport, sédkerstaller strukturell integritet under
operativa belastningar och uppfyller regelverket avseende viktbegransningar
for UAV-certifiering.
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Chapter 1

Introduction

1.1 Context and Motivation

The aerospace industry is in a state of constant innovation, driven by the need to
improve energy efficiency and mitigate the environmental impact due to greenhouse
gas emissions and noise pollution associated with conventional propulsion systems.
In response, starting from the 1980s, the concept of "More Electric Aircraft" (MEA)
emerged, where all non-propulsive systems are progressively replaced by electrical
systems. With the aim of achieving net-zero goals in aviation, the concept of "All
Electric Aircraft" was subsequently developed based on the principles of the MEA,
in which not only the traditional hydraulic, pneumatic, and mechanical systems
but also the propulsion systems are powered by hydrogen fuel cells and advanced
battery systems, thereby significantly reducing the environmental impact.
Simultaneously, Unmanned Aerial Vehicles (UAVs) have gained popularity due
to their versatility in a wide range of fields, including surveillance, environmental
monitoring, logistics, and emergency response. One of the most advanced configu-
rations for UAVs and future commercial aircraft is the Blended-Wing-Body (BWB)
design, which, unlike the traditional architecture, integrates the fuselage and wings
into a unified structure, significantly improving aerodynamic efficiency. Several
studies, such as the one conducted by Iwanizki et al. [1], have indeed demonstrated
that Blended Wing Body concepts are among the most promising configurations,
offering a reduction in fuel consumption of approximately 10% over traditional
"tube-and-wing" designs, marking a significant advancement in sustainable aviation.
Positioned at the forefront of this movement is the Green Raven project [2],
a UAV platform developed at KTH Royal Institute of Technology, conceived as
an experimental testbed for integrating a hybrid hydrogen fuel cell and battery
propulsion system. This innovative UAV serves as a prototype, not only for the
operational testing of hybrid systems but also as a potential model for future
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Introduction

wide-body commercial transport aircraft.

1.2 Thesis Objective and Design Constraints

This thesis aims to develop the preliminary structural design of the Green Raven
UAV, ensuring it is lightweight yet capable of withstanding the aerodynamic loads
experienced by the aircraft under the most demanding flight conditions, while
adhering to the project’s requirements.

Designed for a target endurance of 1 hour at a cruise altitude of 500 meters,
the UAV is intended to operate primarily from paved runways. In compliance
with EU C3C4 UAV certification standards, the aircraft’s maximum takeoff mass
(MTOM) is limited to 25 kg. The previously conducted weight estimates of the
onboard systems dictate that the structural weight must not exceed 15 kg, thus
requiring careful consideration in the selection of lightweight materials and the
implementation of efficient structural solutions.

The Green Raven’s configuration shown in figure 1.1 employs a Blended-Wing-
Body (BWB) design in a tailless format characterized by a wingspan of 4 m, a
centerline chord length of 1.7 m, an outboard chord of 0.25 m at the wingtip and a
wing sweep angle of 30°.

Figure 1.1: Green Raven’s external geometry

Among the project requirements is the need to create a structure that can be
disassembled into three primary components, the two wings and the fuselage, to
facilitate easy transport and reassembly. Additionally, the structural components
must be designed for straightforward construction, allowing for fabrication in a
laboratory setting with minimal complexity and must be compatible with the
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Introduction

predefined placement of key systems within the fuselage such as the hydrogen tank,
fuel cells, and auxiliary battery, ensuring that the load-bearing components do not
interfere with the installation of such systems.

A unique challenge in this design phase is the limited information available on
the weight and placement of some systems, including engines and landing gear,
which are yet to be finalized. Therefore, the fuselage design must incorporate a
level of flexibility that allows for future modifications and system integrations as
specific details become available. Rather than providing a fully detailed design,
this thesis focuses on developing a preliminary structure that can be easily adapted
in later stages of the Green Raven’s design.

The aerodynamic characteristics of the Green Raven, detailed in the appendix,
were determined through an in-depth analysis conducted by the team led by
Professor Raffaello Mariani and results served as the basis for determining the load
conditions to which the structure is subjected.

Given these constraints, the structural integrity of the design is paramount, as
the structure must reliably withstand operational loads without risk of failure.



Chapter 2
Conceptual Design

In this chapter, the elements characterizing the internal structure of the Green
Raven will be described and specifically, the reasons that led to the choice of these
components and the definition of their geometry will be examined.

2.1 Wing Design

Aeronautical structures are usually classified as truss, shell or reinforced semi-
monocoque structures. Truss structures are often used in the fuselage, while wings
are usually composed of either shell or semi-monocoque shell structures. In shell
structures, the outer skin serves as the primary structural element, responsible
for absorbing all loads and transferring them to the fuselage. In semi-monocoque
structures, however, the skin transfers aerodynamic lift and drag loads to the spar
through the ribs. The spar then absorbs bending and torsional loads, allowing the
outer skin to be significantly lighter. This approach is currently the most widely
used in the aeronautical industry, as it provides the optimal design for lightweight
structures. For this reason, the structural design of the Green Raven is based on a
reinforced semi-monocoque structure.

2.1.1 Wing Spar

The spar is one of the most critical components of the wing structure, as it bears
all the aerodynamic loads applied to the wing. For this project, a single spar design
was selected, located at 30 % of the aerodynamic chord. Since aerodynamic loads
cause both bending and torsion in the wing, the spar experiences shear stresses
as well as normal stresses due to the bending moment. Typically, aeronautical
spars are composed by a web, which handles the shear forces, and flanges, which,
due to their separation, greatly enhance bending strength and absorb the normal
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Conceptual Design

loads from bending moments. To achieve the lightest possible structure, a closed
cross-section spar was selected, as beams with such a design provide considerable
torsional stiffness. Consequently, since the spar alone provides the necessary
torsional rigidity for the wing, the skin no longer functions as a primary structural
component. Instead, it merely transfers aerodynamic loads to the ribs, allowing
for a significant reduction in its weight. Furthermore, due to the wing’s taper, the
height of a constant cross-section spar would be constrained by the maximum airfoil
thickness at the wingtip. As a result, at the wing root, where normal stresses from
bending moments are usually highest, the reduced section height would diminish
bending stiffness, leading to greater wing deformation. Additionally, this would
increase the normal stresses on the caps for a given width. The most appropriate
solution, therefore, is to use a spar with a thin-walled, closed rectangular cross-
section to enhance torsional stiffness, and with a height that decreases linearly
from the root to the tip to increase bending stiffness. It is important to note that,
although the wing’s external geometry does not have a constant taper ratio, a
linearly tapered spar was chosen. Constructing a rectangular cross-section beam
with a variable taper ratio along its length would be significantly more complex,
especially for an element made of composite materials. Therefore, a trade-off
was made between optimizing the spar’s geometric characteristics to enhance its
mechanical properties and reducing the complexity of construction. The spar’s
geometric characteristics are primarily dictated by the UAV’s overall design. The
maximum allowable height of the spar section along its span is constrained by
the wing profile’s thickness and curvature. For the ribs to remain continuous,
the spar height must be less than the thickness of the airfoil at each section.
Additionally, due to the airfoil’s curvature, the spar’s maximum width also affects
its maximum height. These geometric factors directly impact the spar’s stiffness
characteristics. Increasing the width of the spar enhances its bending stiffness,
which reduces compressive stress on the flanges. Meanwhile, increasing the spar’s
height influences both bending and shear stiffness. A larger cross-sectional area
also boosts the spar’s torsional stiffness, providing greater overall rigidity. The
design takes into account that the spar’s bending stiffness is proportional to the
square of its height and linearly proportional to its width, as outlined in section
5. Therefore, maximizing the distance between the two flanges was prioritized.
This approach not only improves the bending stiffness but also optimizes the
transmission of shear loads from the ribs to the spar. Another possible approach
is to proceed with an optimization of the spar. Given the material properties,
applied loads, and boundary conditions, an iterative optimization process could
be employed. Starting with initial values for the spar’s width, tip and root height,
as well as the thickness of the webs and flanges, structural analysis could be
conducted to determine stress distribution within the spar. This would allow for
adjustments to the spar’s geometry to achieve the required structural stiffness
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while minimizing the overall weight. However, since the design relies on composite
laminates, where both the thickness and mechanical properties depend on the
stacking sequence, a full structural optimization is beyond the scope of this project.
As long as weight constraints are met, it was decided to establish the spar’s width
and height based on structural and geometric considerations, without performing
an exhaustive optimization. Following this, an initial stacking sequence will be
defined for both the webs and flanges. Through structural analysis, the spar’s
capability to withstand applied loads will be assessed. If the analysis reveals that
the structure does not meet the required stiffness, a new stacking sequence will be
developed, iterating as necessary until the spar meets the required performance
criteria. The geometric characteristics of the wing spar, are detailed in table 2.1.

Length ~ Width Tip height Root height
1920 mm 20 mm 10 mm 70 mm

Table 2.1: Wing spar geometry

2.1.2 Wing Ribs

The ribs, in addition to maintaining the aerodynamic profile and preserving per-
formance, can also bear concentrated loads from the presence of engine nacelles,
landing gear, or transfer aecrodynamic loads from the control surfaces. In traditional
aircraft, the wings house fuel tanks to increase the available volume for payload
within the fuselage and utilize the fuel weight to partially counteract the wing’s lift
load. Thus, the ribs also serve to compartmentalize the fuel tanks. However, in the
case of the Green Raven, which is powered by a hydrogen fuel cell hybrid system
with all systems housed within the fuselage, the ribs primarily serve to transfer
reaction loads from the control surfaces to the spar, in addition to their shaping
function. For this reason, it is beneficial to position a rib at each end of the control
surfaces. Additionally, since the control surfaces rotate around a rod (as will be
described in section 2.4) that is prone to bending deformation due to aerodynamic
loads, a rib has been added at the midpoint of each control surface to minimize
this effect. However, these ribs must be rounded near the leading edge to allow the
control surfaces to rotate around the rod. This also helps reduce deformation of
the skin, as decreasing the spacing between ribs reduces the size of each skin panel,
thereby limiting the overall deformation of the aerodynamic profile. Finally, it is,
of course, necessary to add ribs at the wing root and tip.

Once defined the number and location of ribs required to properly transfer
aerodynamic loads and concentrated loads from the control surfaces to the spar,
it is essential to to establish how they will be connected to the skin and the spar.
One of the most commonly employed solutions is to design ribs with flanges, which
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would increase the contact surface with both the skin and the spar, thereby allowing
the various elements to be securely fastened together. However, since composite
materials were chosen to reduce structural weight, this solution would complicate
the manufacturing process of the ribs, making it less suitable for this application.
Another approach could involve the use of L-shaped joints. While this would
significantly lighten the structure, it would also require the production of many
joints and complicate the assembly process. Therefore, a less conventional solution
in the aeronautical field has been chosen: using sandwich panels for the construction
of the ribs. This choice offers two main advantages: first, it significantly increases
the contact surface between the skin and the ribs, as well as between the ribs
and the spar. This allows not only for bonding the components together but also
for expanding the surface area through which loads are transmitted to the spar,
thereby preventing the development of point loads on the ribs, which could lead to
structural failure.

Secondly, since sandwich panels are composed of two thin layers with high
mechanical properties and a lightweight core designed to maintain the separation
between the layers, they are highly resistant to bending. Although the ribs are not
subjected to out-of-plane concentrated or distributed loads, this property helps
to increase the overall stiffness of the wing, simplifying the assembly process and
preventing the ribs from breaking during the transport and assembly phases of
the UAV. The additional weight from the core between the two panels can be
minimized by limiting the core’s thickness and selecting a material with low density.
This approach achieves a good balance between structural stiffness and component
weight.

In aircraft design, ribs that do not serve structural functions, such as those to
which engine nacelles are attached, and are not subject to high loads, are often
designed with lightening holes. These holes reduce the weight of the structure while
also allowing for the passage of electrical systems that power the control surfaces.
For this reason, it was decided to design the ribs, with the exception of those at
the root and the tip, to include three lightening holes, as shown in figure 2.1. The
root rib was not designed with holes for the passage of electrical systems, as such
holes must logically align with those in the fuselage structure. However, given
the need to modify the fuselage in subsequent design phases, where the placement
of the systems will be defined in greater detail, it is not feasible at this stage to
design holes in the structure that might conflict with future design developments.
This design choice effectively reduces the weight of the ribs in less load-intensive
areas, optimizing the overall mass distribution while maintaining the structural
integrity in the most critical areas around the holes necessary for the insertion of
the spar and the cylindrical beams (which will be discussed in section 2.3). The
ribs distribution along the wing spar is shown in figure ?7?.
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Figure 2.1: Lightening holes in the wing ribs

Given the large dimensions of the ribs near the root of the wing, a "false spar"
was added to the structure, as shown in figure 2.2. Although this component is not
designed to bear the primary aerodynamic loads, it enhances the overall stiffness
and stability of the structure and interconnects the ribs, preventing excessive
deformations of the panels due to out-of-plane loads.

Figure 2.2: Main wing structure

2.1.3 Skin

The design of the UAV skin is a fundamental aspect of the overall structural
performance of the aircraft. The primary role of the skin in this project is to
transfer aerodynamic loads to the ribs, a design choice enabled by the structural
configuration of the wing spar. Since the spar, as reported in section 2.1.1, is
designed to absorb all bending and torsional loads, the skin does not serve as
a structural component. This non-structural role allows for significant weight
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reduction, enabling the selection of materials optimized for lightweight and cost-
efficiency rather than structural strength.

Based on these considerations, a polymer film produced by Oratex was chosen
for the UAV skin. Polymeric film skins are increasingly utilized in aircraft design
due to their significant advantages in weight reduction and ease of maintenance. A
prime example of this application can be seen in ultralight aircraft, notably the
Belite Ultralight. This aircraft leverages the lightweight and durable characteristics
of Oratex to meet stringent weight requirements while enhancing performance and
efficiency.

Oratex polymer film emerged as the ideal material due to its combination
of lightweight properties, ease of application, and cost-effectiveness. The film’s
lightweight nature is particularly important for the UAV, as reducing the skin’s
weight directly enhances the aircraft’s flight performance.

Another advantage of Oratex is its excellent durability. This polymer film is
resistant to UV radiation and moisture, ensuring long-term performance even under
harsh operating conditions.

The ease of application is a further reason for selecting Oratex. Unlike traditional
skin materials that require adhesives, joints, or complex installation processes,
Oratex can be heat-shrunk to fit directly over the frame of the UAV. This not only
simplifies the manufacturing process but also reduces labor costs and the potential
for errors during application. This design choice represents a strategic shift from
conventional aircraft skin designs, where the skin often plays a structural role,
prioritizing durability, ease of application, and lightweight properties.

2.2 Main Fuselage Design

The fuselage is the central structure of the UAV, housing critical systems such as
the hydrogen tank, batteries, fuel cells, avionics and propulsion systems. Given
the concentration of these heavy components, the fuselage must withstand signifi-
cant concentrated loads arising from their weights, as well as aerodynamic loads
transferred from the wings. The design is complicated by the fact that, at this
stage, only preliminary estimates have been made regarding the sizing of certain
systems, such as the engines and landing gear. Regarding the landing gear, it has
not yet been determined whether it will be retractable or fixed. A retractable
landing gear would reduce overall aerodynamic drag, thus improving the aerody-
namic performance of the UAV. However, it requires a mechanism for retraction,
which increases the overall weight and requires adequate space within the UAV to
accommodate it when retracted. Furthermore, regarding the engines, it has not
yet been definitively decided whether there will be two or three. Nor has their
exact placement been determined to ensure good aerodynamic performance without
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interfering with other systems. While the final placement of these components will
depend on aerodynamic, structural, and spatial considerations, it is yet unclear
whether these systems will be integrated within the fuselage or the wings. As a
result, the design of a fully detailed fuselage structure falls outside the scope of
this project, given the current phase of development. Recognizing the uncertainties
associated with component positioning, a flexible design approach was adopted for
the fuselage structure. This approach prioritizes modularity, allowing for adjust-
ments in subsequent design phases once the exact requirements and placements
of the systems are defined. The aim is to ensure that the fuselage structure can
accommodate any design modifications that may arise as the UAV’s development
progresses. This preliminary fuselage design focuses on meeting the requirements
posed by the systems whose positions have already been determined, namely the
hydrogen tank, batteries, and fuel cells. The placement of this components within
the fuselage was driven by their respective sizes and requirements on the UAV’s
overall stability. Due to the large size of both the hydrogen tank and the fuel cells,
these components must be positioned at the location of maximum airfoil thickness,
achieved by sectioning the fuselage along the plane of symmetry. Consequently, to
ensure the UAV’s stability, the extra batteries need to be placed near the nose of the
aircraft. These systems, depicted in Figure 2.3, establish the primary constraints
for the current phase of the fuselage design.

Hydrogen
Storage Tank

-------

Figure 2.3: Placement of systems in the fuselage
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However, further refinement of their placement will be required as additional
systems are specified and integrated into the UAV.

While the design of the wing is fairly standardized across many aircraft solutions,
the fuselage design is far more dependent on several factors. These include the
type of payload, fuselage geometry, and the distribution of concentrated loads,
along with considerations for minimizing structural weight. In traditional aircraft
architecture, the fuselage is usually composed of a few key structural components:

o Formers (or Frames): These elements are essential for maintaining the fuse-
lage’s shape. There are two types: shaping formers, which help retain the
external contour of the fuselage, and load-bearing frames, which are reinforced
to handle concentrated loads, such as those from landing gear attachments or
wing connections.

» Longerons and Stringers: These longitudinal elements provide the fuselage
with adequate bending stiffness, stabilize the skin panels and distribute stresses
throughout the structure.

o Bulkheads: These reinforced structures are necessary in pressurized aircraft
to withstand cabin pressurization forces.

However, in the case of this UAV, which does not require pressurization, bulkheads
are unnecessary. Additionally, the design features of this UAV, specifically, the
blended wing-body geometry, the choice of composite materials, and the need for a
simplified manufacturing process, make a traditional fuselage design less suitable.
For these reasons, and particularly due to the blended wing body geometry, it was
decided to proceed with the conceptual design of the fuselage by considering it as
an extension of the wing and consequently, the decision was made to use ribs as
the longitudinal structural elements. The fuselage design incorporates two ribs
located at the separation planes between the fuselage and the wings. These ribs are
tasked with absorbing the aerodynamic loads from the skin and the control surfaces
integrated into the fuselage. Additionally, two primary load-bearing panels are
positioned 10 centimeters away from the UAV’s plane of symmetry. These panels
are the most critical structural elements within the fuselage. They are engineered
not only to absorb the aerodynamic loads from the skin but also to handle the loads
transferred from the external ribs, the concentrated loads from the wings, and the
weights of the onboard systems. Similarly, traditional formers in the fuselage have
been substituted with transverse sandwich panels. These panels not only link the
fuselage ribs preventing relative translation, but also channel aerodynamic loads
from the external ribs to the primary load-bearing panels. In this way, all the loads
acting on the fuselage are effectively transferred to the two primary load-carrying
ribs. As a result, to balance these concentrated loads, the aerodynamic forces
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from the wings will also need to be transferred to the two load-carrying ribs. This
approach ensures that both the concentrated system weights and the aerodynamic
loads are effectively managed by these primary structural elements. The base
structure of the fuselage is shown in figure 2.4.

Figure 2.4: Fuselage base structures

Once defined the basic structure of the fuselage, the framework responsible
for supporting the systems and transferring the loads due to their weight to the
primary load-bearing ribs was established. This structure consists of two panels
for each system, symmetrically arranged around the system’s center of gravity,
spanning between the two primary panels. These panels are designed to support
crucial components such as the hydrogen tank, fuel cells, and extra batteries and
to transfer the inertial loads to the primary load-bearing ribs. Additionally, two
longitudinal panels have been designed whose role is to transmit to the systems
the loads originating from the engines, directed along the longitudinal axis of the
UAV. The supporting framework is illustrated in figure 2.5, where elements in red
represent the extra battery, the fuel cells, and the hydrogen tank. The structure is
designed such that the systems are supported directly by the support framework,
which then transfer the concentrated loads to the primary load bearing ribs to
which loads from the external ribs are also transferred. Given this configuration, it
is beneficial to ensure that the loads generated by the wings are directed towards
the primary load-bearing panels as well. As a result, these panels serve as the key
structural components where all loads converge. The main structure of the fuselage
is shown in figure 2.6.
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Figure 2.5: Systems support framework

Figure 2.6: Main fuselage structure

Among the various design configurations considered for the fuselage, this solu-
tion was chosen since prioritizes both lightweight construction and the ability to
withstand concentrated loads from onboard systems. Additionally, this design is
straightforward to manufacture and assemble, with an emphasis on enabling easy
extraction and reinstallation of systems, which is crucial for operational flexibility
and maintenance. The structure was specifically designed to simplify produc-
tion, reducing both time and costs while maintaining a high level of reliability.
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This approach makes it well-suited for current project requirements while also
accommodating potential modifications as the design evolves. For this reason,
considering the potential need for further modifications in later design phases,
it was decided not to include lightening holes in the fuselage structure, as they
could conflict with future design iterations. Given that these panels are made
of composite materials, a practical choice for connecting them would be to use
L-shaped flanges at their intersections. This approach can facilitate an effective
load transfer. However, it could also lead to an excessive weight increase, as the
total number of flanges required would depend on the total number of panels within
the fuselage. Although using flanges to bond the panels would globally reinforce
the structure, the individual panels would still exhibit significant flexibility when
subjected to out-of-plane loads. For these reasons, the panels have been designed
as sandwich structures, similar to the approach taken for the wing ribs. While this
choice does increase the weight of the panels, it also provides the structure with
adequate stiffness, which is particularly advantageous during the construction and
assembly phases. Additionally, by selecting a core material with a lower density,
the weight penalty associated with opting for sandwich panels can be minimized.
Furthermore, selecting sandwich panels allows for a thickness that enables the
connection of components using the half-lap joints, a type of connection where two
panels intersect and partially overlap by removing material from each so that they
fit together flush. In this configuration, each panel is cut to half of its height at
the intersection, allowing them to slot into each other as shown in figure 2.7.

Figure 2.7: Half-lap joint

This design choice maintains the panels’ overall thickness and creates a smooth,
continuous surface on both sides of the joint. In this design, the newly created
contact surfaces from the material removal are used as bonding surfaces. Adhesive
is applied to these surfaces, securing the panels to one another and enabling efficient
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load transfer between them. Additionally, this method simplifies the assembly of
the UAV structure significantly. While the current design phase does not include a
fully detailed layout of the fuselage structure, it establishes a robust foundation
that can be refined as the UAV’s systems and requirements become more defined.
By focusing on a modular and flexible design, this preliminary structure ensures
that the fuselage can adapt to future design changes.

2.3 Wing-Fuselage Load Transfer Framework

The choice of the connection system for transferring loads from the wing to
the fuselage is critical for the structural design of the UAV. This is because all
aerodynamic loads distributed along the wing must be transferred to the fuselage
as concentrated loads. In traditional aircraft, the load from the wing’s spars is
transferred to the fuselage’s load-bearing frames through joints and bolts, which
effectively handle high shear, bending, and torsional loads. However, in the
case of the UAV being examined, this solution is not suitable since the design
necessitates that the entire UAV be easily disassembled and reassembled to facilitate
transportation. Additionally, the structure is made up of composite material