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ABSTRACT
The present study concerns the design of an optimal structure, made of composite 

materials, for an Unmanned Aerial Vehicle (UAV), as well as its manufacturing.

This document shows the most important steps in the decision of which is the 

most proper structure for the UAV. This project starts studying the flight envelope of the 

prototype with XFLR5®, then using Matlab® the first structure is obtained to begin the 

analysis with the FEM. Finally, through a finite element element mesh with GiD® and Mat-

lab®, the structure will be optimized. 

RESUMEN
El presente estudio trata de diseñar la estructura óptima para un UAV, elaborada 

mediante materiales compuestos, para su posterior fabricación.

Este documento explica cuales han sido los pasos más importantes para decidir 

la estructura más adecuada para el UAV. El proyecto comienza estudiando el dominio de 

vuelos con XFLR5®, después mediante Matlab® se obtendrá una primera estructura para 

comenzar los análisis de elementos finitos y por último mediante FEM, mallando con 

GiD® y analizando con Matlab®, esta estructura se optimizará.
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CHAPTER 1 

1.
INTRODUCTION 



INTRODUCTION 

1.1. AIM OF THE TFG

The main goal of this study is to design the optimal structure for a UAV’s wing. 

This airplane is an ambitious project of UPC Venturi, which is an aeronautic research 

group of ESEIAAT. The aircraft will be powered by hydrogen fuel cells, allowing to in-

crease significantly its autonomy. 

The aim of the H2LIFT project is to prove the feasibility of hydrogen fuel cells, 

as a suitable and reliable propulsion system for small UAVs in commercial ap-

plications. Hydrogen fuel cells provide a higher energy density compared to lithium 

batteries, hence allowing a larger endurance. 

The whole project tries to develop new technologies and permits the students 

to apply the theoretical knowledge they have acquired. Additionally, in details, this 

study attempt to supply the lack of information in composites and analysis of these 

materials in my career.

1.2. SCOPE OF THE TFG

To achieve this goal, some processes have to be necessarily done.

Firstly, it is required to analyze the information generated from previous, simi-

lar structural analyses. It is advisable to collect information on the materials, possible 

structures and the method for the analysis.

Secondly, the different codes are developed and run: a preliminary code to 

obtain a first dimensioning of the structure, to get the properties of the fiber and the 

stress and strains of the structure.

Finally, to ensure the improvement is necessary to be compared with experi-

mental methods and other structures. 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INTRODUCTION 

1.3. REQUIREMENTS OF THE TFG

1.3.1. TECHNICAL REQUIREMENTS

To increase the autonomy: High efficiency

The fuel cell is potentially heavy, so a light weight structure is necessary to not 

increase the MTOW (Maximum take-off weight).

1.3.2. LEGAL REQUIREMENTS

In Spain, there is not a well-defined regulation for drones. Nowadays, the 

government is in the process to complete it. 

The “Real Decreto-Ley 8/2014 (4/07/2014)” regulates the operating regime of 

radio-controlled aircraft of less than 150 kg and the rules for its exploitation.

This regulation has been enacted into law in the “BOE 18/2014 (17/11/2014)”. 

This temporary rule explains the different air jobs that can be placed and was com-

pleted with the “Ley 48/1960 (21/07/2015).”

Following all these official documents, the MTOW has been fixed lower than 

25 kg, which is subjected to a less stringent regulation. This allows to do a broad 

range of possible works, and the achievement of licenses will be easier and cheaper. 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INTRODUCTION 

1.4. STATE OF THE ART

1.4.1. UAVS

An unmanned aerial vehicle (UAV) is an aircraft which is driven by a pilot or a 

navigation system, however without the necessity of a human crew on board, thanks 

to an electronically well-designed architecture that combines sensors, GPS, servo-

mechanisms and a CPU. Also, it could include elements such as the ground control 

stations, data links, and other related support equipment.

The term drone, more widely used by the public, derives from the motor sound 

of an old military unmanned aircraft, which was similar to a male bee. The term met 

strong oppositions from aviation professionals and government regulators due to their 

association with military applications.

Similar definitions could be Unmanned Aircraft Vehicle System (UAVS), Re-

motely Piloted Aerial Vehicle (RPAV) and Remotely Piloted Aircraft System (RPAS). 

Many similar nouns are in use as well. The original denomination was unclear, for this 

reason in the US, RPAS has emerged as a fear result of their utilization inside the 

cities, to emphasize the remote control. On the other hand in EU, are RPAS called the 

ones used for civil applications [1].

Even if our aircraft has civilian applications, we used to call it UAV because it 

is the most common name. 

The use of unmanned aircraft is growing rapidly and significantly. The key ad-

vantage of these type of systems is the possibility to reduce cost respect to the use of 

a helicopter and are not going to put in danger human lives.

However the autonomy is limited for the electric and gasoline-powered UAV, 

these last ones aren’t reliable, and they are responsible for high emissions due to the 

necessity of a precise fuel/air mixture, which means more fuel that the stoichiometric 

operating point.
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INTRODUCTION 

There are many types of UAV; a usual classification is shown at figure 

(1.4.1.1.).

�

FIGURE 1.4.1.1. - UAV CLASSIFICATION 

There are a wide variety of civil applications, but we are focusing at Forests 

fire-fighting, Search and rescue, Crop inspectional and Topography with 3D mapping.

For these reasons our prototype is a fixed-wing aircraft (plane) with these tar-

get specs:

TABLE 1.4.1.1. - TARGET SPECS

Wingspan 3 m

MTOW 7 kg

Wingload 45 g/dm2

Cruise Speed 50-60 Km/h

Top Speed 100 Km/h

Exclusive Payload for Visual Systems 1 kg
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INTRODUCTION 

1.4.2. COMPOSITES MATERIALS

The advent of the technology leads manufacturers to fabricate aircraft compo-

nents using composite materials. There are many advantages provided by these 

types of materials. 

For example, they have been utilized to solve technological problems for a 

long time, but it was only in the 60s when these materials start capturing the attention 

of industries with the introduction of polymeric-based composites. 

Composites have the potential to replace the widely use of steel and alu-

minum, and also with better performance.

In the figure (1.4.3.1.) is shown the progress in the percentage of materials 

substitution in the aircraft and, in the figure (1.4.3.2.), their performance respect other 

materials.

�

FIGURE 1.4.2.1. - AIRCRAFT COMPOSITE CONTENT OVER TIME EXTRACTED FROM [2]
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INTRODUCTION 

�

FIGURE 1.4.2.2. - COMPARISON OF DIFFERENT MATERIALS [3]

The central part of composites are made of two elements, the structure called 

fiber, and the basis, which is known as the matrix. The fiber is the component which 

improves the mechanicals properties of the material, and the matrix is the responsible 

to transmit the stresses along the fiber.

The orientation and the number of fibers determine the resistance of the com-

posites. 

The laminates are composites for different layers of materials. These materi-

als strategies often have the disadvantage of the delamination, which will be exposed 

in the paragraph {2.2.1.2.}. 

Specific Stiffness [kN·m/kg] Specific Strength [km2 / s2]
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INTRODUCTION 

1.4.3. STRUCTURE

Our team has previously developed and calculated composite structures of 

balsa and plywood ribs combined with carbon fiber tubes, figure (1.4.2.1.). When we 

participated in the ACC competition, we could see that the best teams had built the 

whole structure only using carbon fiber, as shown at figure (1.4.2.2.).

During the competition, we observed that we had problems with the structure, 

because its lightness and flexibility allowed too much movement. As a consequence, 

the wing twist was of considerable magnitude and helps to create aeroelastic effects.

�

FIGURE 1.4.3.1. - LAST YEAR STRUCTURE

�

FIGURE 1.4.3.2. - WINNER OF THE ACC
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INTRODUCTION 

Consulting multiple sources such as other aero modelers [4], UAVs compa-

nies [5] and handbooks of structures [6], it has been realized that a torsion box could 

be a satisfactory solution. To achieve this goal is necessary to have a structural skin 

which encloses the torsion box. It would be required to do some proves and analysis 

to assure that the structure is not oversized.

With this configuration, we are going to reduce the necessity of ribs. Now the 

skin maintains the shape, while the ribs are used to limit the buckling of the skin and 

link the different parts of the wing.

At figure (1.4.2.3.) is shown the type of structure that this project wants to 

study.

�

�

FIGURE 1.4.3.3. - NEW CONCEPT
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INTRODUCTION 

1.4.4. FINITE ELEMENT METHOD

The finite element method is a procedure to obtain a numerical approximation 

to the solution of boundary value problems (BVP), which are set of differential equa-

tions whose solution is subject to certain boundary conditions.

Given � , � , � ,  find �  such that:

� ,      in �

� ,  on �
� ,  on �

where �

This is the strong form of the problem.

(1.4.4.1.)

Now we define a space � , of trial functions, as the space of continuos func-

tions of � , whose derivative is piecewise continuos and bounded on � . We shall 

require these trials or possible solutions �  to satisfy the boundary condition �

on � .

The second collection of functions �  is called the variations (or test 

functions). This collection is very similar to the trial solutions, except that we require 

the homogeneous counterpart of the boundary condition. That is, we require �  to 

satisfy �  on � .

Now we take the product of the equation that we want to solve with the test 

function and integrate over the domain:

�                             (1.4.4.2.)

With some mathematical steps and employing the Divergence Theorem, the 

weak form of the BVP can be stated as follows:

fi :Ω→ ! ui :Γu
i → ! t i :Γσ

i → ! ui :Ω→ !

∂σ ij

∂x j
+ fi = 0 Ω

ui = u
i Γu

i

σ ijn j = t
i Γσ

i

σ ij = Cijklε kl

S

Ω Ω

ui ui = u
i

Γu
i

V

vi

vi = 0 Γσ
i

vi
∂σ ij

∂x j
+ fi

⎛

⎝⎜
⎞

⎠⎟Ω
∫ dΩ = 0
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INTRODUCTION 

Given � , � , find � such that:

� �

(1.4.4.3.)

The equation (1.4.4.3.) is called the variational equation or the equation of vir-

tual works. The weak and strong (exact) solutions are identical. Indeed, there is a 

Variational BVP corresponding to every BVP, and vice versa.

It is important to remember that the trial solutions must satisfy the displace-

ment boundary conditions. Doing this is essential, so these boundary conditions are 

often defined as essentials.  The other boundary conditions emanate naturally from 

the weak form, so trial solutions need not be constructed to satisfy them. Therefore, 

these boundary conditions are called natural.

In finite element implementations, symmetric second-order tensors are often 

written as column matrices. We will call this and any other conversion of higher-order 

tensors to column matrices Voigt notation.

�   (1.4.4.4.)

�                 (1.4.4.5.)

fi :Ω→ ! t i :Γσ
i → ! ui ∈S

∇sv⎡⎣ ⎤⎦ij Cijkl
Ω
∫ ∇su⎡⎣ ⎤⎦ij dΩ = vi t

i

Γσ
i
∫ dΓ + vi fi dΩ

Ω
∫

i=1

3

∑ ∀vi ∈V

σ =

σ x τ xy τ xz

τ xy σ y τ yz

τ xz τ yz σ z

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

=

σ x

σ y

σ z

τ yz

τ xz

τ xy

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

ε = ∇su⎡⎣ ⎤⎦ =

ε x 0,5γ xy 0,5γ xz

0,5γ xy ε y 0,5γ yz

0,5γ xz 0,5γ yz ε z

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

=

ε x
ε y
ε z
γ yz

γ xz

γ xy

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
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INTRODUCTION 

�     (1.4.4.6.)

The compliance matrix has the follow forms depend the type of material:

�

FIGURE 2.2.1. - COMPLIANCE MATRIX FORM EXTRACTED FROM [7]

�      (1.4.4.7.)

�            (1.4.4.8.)

�    (1.4.4.9.)

Given � , � , find � such that:

�

(1.4.4.10.)

∇s =

∂
∂x

0 0

0 ∂
∂y

0

0 0 ∂
∂z

0 ∂
∂z

∂
∂y

∂
∂z

0 ∂
∂x

∂
∂y

∂
∂x

0

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

a(v,u) := ∇svTC ∇S

Ω
∫ u dΩ

v, f := vi fi
Ω
∫ dΩ

v,t
Γσ
:= vi t

i

Γσ
i
∫ dΓ

i=1

3

∑

fi :Ω→ ! t i :Γσ
i → ! ui ∈S

a(v,u) = v, f + v,t
Γσ
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INTRODUCTION 

Now, we are going to discretize the domain �  into elements, each element 

has his displacement:

�         (1.4.4.11.)

where N is the shape functions with the properties of: NA(XA)=δAB.

Also we define a symmetric gradient of displacement within element:

�      (1.4.4.12).

where Be is the matrix of the symmetric gradient of the shape functions of the 

element e.

Similar expression may be derived for the test functions:

 �          (1.4.4.13.)

The boolean connectivity matrix: �                                 (1.4.4.14.)

In the global vector of nodal variatons: �   (1.4.4.15.)

Now the first term of the equation (1.4.4.10) is:

�    

�             (1.4.4.16.)

�   

The global stiffness matrix K (NxN):

�       (1.4.4.17.)

The vector F has two contributions in the right-hand of the equation (1.4.4.10), 

the body forces Fb and the boundary tractions vectors Ft.

�   

�    (1.4.4.18.)

Ω

ue = Nede

∇sue = (∇sN e )de ⇒∇sue = Bede

∇sve = Bece

de = Led

ce = Lec

a(vh ,uh ) = ∇svh
T

C ∇S

Ω
∫ uh dΩ = ∇sveTC ∇S

Ωe
∫ ue dΩ

e=1

nel

∑

= ce
T

e=1

nel

∑ BeTCBe dΩ
Ωe
∫

⎛

⎝⎜
⎞

⎠⎟
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The global Force body vector Fb (Nx1):

�      (1.4.4.19.)

The Ft is computed by the point loads and the distributed load. The point 

forces are added at the correspondent degree of freedom:

�     

�  (1.4.4.20.)

The global Force body vector Fb (N x 1):

�       (1.4.4.21.)

Sum all the contribution we have the equation:

�     (1.4.4.22.)

If we separate into constrained degrees of freedom and unconstrained, we 

could write the last equation as:

�     (1.4.4.23.)

We have two equations, if we take de first one and solving for dl we obtained:

�       (1.4.4.24.)

This is the matrix expression for the equilibrium equation.

Notice, once we have the displacements, we could calculate the Reaction 

forces with the second equation:

�         (1.4.4.25.) 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CHAPTER 2 

2.
DEVELOPMENT 



DEVELOPMENT 

2.1. APPROACH AND CONCEPT 

After this preliminary study and known what it is used for similar aircraft, a ba-

sic structure has been created as a first approach. a basic structure has been created 

as  a first approach. . For the building of this structure, first of all, we need to know the 

materials properties and something more about the composites. Only then, we can 

start calculating the stresses.

2.1.1. MATERIALS1

Materials are selected according to two key points. Firstly, mechanical proper-

ties, and secondly, price. Carbon-fiber composites are rather expensive and, for this 

reason, we were forced to seek the collaboration of manufacturing companies to pro-

vide us with "free" material. For example, it might be optimal to use two types of fiber, 

depending on the area of the structure, but this option would highly increase the 

project cost. In fact, considering the price of the carbon fiber and that the first one has 

been present us by one of our sponsors, it would be easy to understand that buying a 

second one would be very expensive.

The main materials are carbon fiber and epoxy resin. Also Rohacell® is nec-

essary. This product is a structural foam which permits the manufacturing of sandwich 

structures with super-light cores that resist to extremely high shear and pressure.

Finally Epoxy glue is used to joint the different parts.

� � � �
FIGURE 2.1.1.1. - MATERIALS: FIBER, EPOXY AND ROHACELL® 

 All the mechanical properties are in ANNEX {1.1 - 1.3}1
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2.1.2. PRELIMINARY CODE2

Above all, an essential code is developed. The hypothesis is too restrictive but 

is going to be very helpful for having a first ideal structure to begin with the FEM. It is 

also going to be integrated into a bigger Matlab® code with other departments of the 

team, like aerodynamic and propulsion, for optimizing every part of the aircraft.

The goal of this code is to minimize the weight, guaranteeing structural in-

tegrity and performance. To simplify this analysis, several assumptions were made 

regarding the layout.

The inputs of the program are the geometry of the wing and structure, the 

properties of the materials and a .txt file extract from XFLR5® with the aerodynamics 

data.

XFLR5® is an investigating tool for airfoils, wings, and planes operating at low 

Reynolds Numbers, with an XFoil’s Direct and Inverse analysis and a Wing design 

and study based on the Vortex Method, and on a 3D Panel Method.

�

FIGURE 2.1.2.1. - XFLR5® PROGRAM 

 Code and .txt data in ANNEX {2.1-2.10}2
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�

FIGURE 2.1.2.2. - XFLR5® PROGRAM GRAPHS

The aerodynamic data obtained is during a horizontal and steady flight, while 

when the plane turns the aerodynamic forces are increased with the load factor. 

The load factor is defined as the ratio of an aircraft to its weight and represent 

s the measure of the stress to which the structure of the plane is subjected.

�    (2.1.2.1.)

�

FIGURE 2.1.2.3. - LOAD FACTOR EXPLANATION

n = L
W
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During a typical turn, a plane reaches a rotation about 20º or 40º. A bigger an-

gle is not only unsafely for the structure, but it also brings the airfoils to stall and the 

plane to lose the lift produced, consequently, fall.

Dimensioning the plane for load factor = 4 allows the possibility, in an emer-

gency situation, of turning the airplane suddenly and sharply. Furthermore, a higher 

angle permits the plane to rotate faster. Having this load factor could have been very 

useful in the last competition, and probably we would have reached a higher score.

�

FIGURE 2.1.2.4. - LOAD FACTOR AND ANGLE RELATION [8]

To carry out the structural analysis, it is first necessary to calculate the ho-

mogenized properties of the carbon fiber composite. In this preliminary design stage, 

we shall use the expression derived from the elementary  "rule of mixtures". Later on, 

at section {2.2.2.1.} a more accurate method, namely, the computational homogeniza-

tion approach, will be employed to tackle such calculations.

The equations of the rule of mixture read:

�        (2.1.2.2.)

�         (2.1.2.3.)

�         (2.1.2.4.)

�        (2.1.2.5.)

E1 and E2 denote the longitudinal and transversal Young's Moduli, re-

spectively, G12 is the shear modulus, and ν12 the Poisson's ration (the subscripts "f" 

and "m" refers to the fiber and the matrix). 

E1 = EfVf + EmVm

E2 =
Ef Em

EfVm + EmVf

G12 =
GfGm

GfVm +GmVf

υ12 =υ fVf +υmVm
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This equations are very useful, but when there are laminates it is necessary to 

add properties in different directions so we need the relations in global coordinates.

The relationship between stress and strain is defined by the generalized 

Hooke’s law, with 81 components. Invoking symmetry the number of constant is re-

duced to 36.

�    (2.1.2.6.)

where σ is the Cauchy stress matrix, C the Compliance matrix , and ε the in-

finitesimal strain matrix

�   (2.1.2.7.)

being:

�   (2.1.2.8.)

Simplifying for a material whose effective properties are isotropic in one of 

its planes (UD Fiber) the matrix S becomes: 

� (2.1.2.9.)

Adding the hypothesis that one dimension (z) is very thick respect to the oth-

ers the situation is plane stress, hence;

�

(2.1.2.10.)

σ ij = Cijkl ⋅ε kl

ε ij = Sijkl ⋅σ kl
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and its inverse:

�    (2.1.2.11.)

and this equation also is fullfied at global coordinates;

�    (2.1.2.12.)

where:

� (2.1.2.13.)

and θ is the angle of the layer.

�           (2.1.2.14.)

Finally our homogenized properties are:

�          (2.1.2.15.)

where n the number of layers.

It is to be noted that, in the composite under study, there are two plies of wo-

ven fiber/matrix fabric, and each of these plies are modeled as two layers forming 0 

and 90 degrees.
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⎟
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⎟
⎟

ε11
ε22
γ 12

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

σ x

σ y

τ xy

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟

=

Q11 Q12 0

Q12 0 0

0 0 Q66

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

ε x
ε y
γ xy

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟

Q11 =Q11 cos
4θ + 2(Q12 + 2Q66 )sen

2θ cos2θ +Q22sen
4θ

Q12 = (Q11 −Q22 − 2Q66 )sen
2θ cos2θ +Q12 (sen

4θ + cos4θ )
Q22 =Q11sen

4θ + 2(Q12 + 2Q66 )sen
2θ cos2θ +Q22 cos
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It is also important to emphasize that the symmetry of the layers renders 

the laminate free of coupling between bending and extension, a fact that greatly 

simplifies the prediction of its mechanical behavior. Likewise, the laminate is bal-

anced, i.e., there is no coupling between tension shear stresses; this also makes  

the whole analysis simpler.

Four types of analysis have been considered; bending moment, caused by 

normal stress at the beam, shear of the core beam, buckling of the skin and a maxi-

mum angle of torsion of the wing.

For the test, the structure is simplified; in figure (2.1.2.5.), the real airfoil with 

the sandwich beams is shown, core in blue and fiber in yellow, and finally, in red the 

skin of the airfoil.

           �
FIGURE 2.1.2.5. - REAL STRUCTURE

In the bending analysis, the horizontal position of the beams can be neglect-

ed. Also, the skin of the airfoil was studied as an ellipse whose semimajor axis is the 

chord, and the semiminor axis is the maximum thickness of the airfoil. This hypothe-

sis has been taken to work with the main axis of inertia.

�

FIGURE 2.1.2.6. - BENDING SIMPLIFICATION

The bending stresses were calculated using simple beam theory.

�   (2.1.2.15.)σ cr =
My ⋅n
Iy

z
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where σcr is the critical stress of one point , Mz the moment at the same point, 

n the load factor, Iy the inertia respect to y axis of the section and z the coordinate.

In the shear analysis, only the core of the beam supports this stress.

� (2.1.2.16.)

where τcrit is the shear stress , L the aerodynamic lift and A the cross-area of 

the core.

The buckling allowable stresses were computed using sheet buckling equa-

tions. 

�   (2.1.2.17.)

where E is the Young modulus, t the thickness of the fiber and b is shown in 

the following figure and being kc:

� (2.1.2.18.)

�

FIGURE 2.1.2.7. - DIMENSIONS A AND B

τ crit =
L ⋅n
A

σ cr =
π 2 ⋅ kc ⋅E
12 ⋅(1−υ 2 )

t
b

⎛
⎝⎜

⎞
⎠⎟
2

kc = min(k)

for _(m = 1:10)

k(m) = m
φ
+ φ
m

⎛
⎝⎜

⎞
⎠⎟

2

φ = a /b
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In the torsion analysis, three sections of a muticell airfoil are considered. The first 

area is an ellipse, the second a rectangle, and the last one a triangle. The cambered is 

neglected.

�

FIGURE 2.1.2.8. - TORSION SIMPLIFICATION

The torsion of a multi-cell cross section was applied and the equations are:

� (2.1.2.19.)

� (2.1.2.20.)

�

(2.1.2.21.)

� (2.1.2.22.)

T is the torque supported by this section, An are the enclosed area, qn are the 

internal flow shear, Sn the flow area and t is the thickness of the skin while b the one 

of the core.

�      (2.1.2.23.)

So we can develop a system of 4 equations and four unknowns. 

The design variables included the skin thickness, the beam thickness of the 

core and the fiber thickness of the beams. Also, the position of the beam had 

changed.

The minimum width for the core was 5 mm and for the fiber 0,1 mm (thick of 

one layer).

The forces were multiplied by the load factor 4 and also a security factor of 1.5 

was implemented.

T = 2 ⋅A1 ⋅q1 + 2 ⋅A2 ⋅q2 + 2 ⋅A3 ⋅q3

θ1 =
1
2 ⋅A1
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⎛

⎝⎜
⎞

⎠⎟
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1

2 ⋅A2
⋅ S2 ⋅q12
Gfiber ⋅2t fiber

+ S3 ⋅q2
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+ S4 ⋅q23
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+ S6 ⋅q12
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+ S6 ⋅q23
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⎛

⎝⎜
⎞

⎠⎟

θ3 =
1

2 ⋅A3
⋅ S4 ⋅q23
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+ S5 ⋅q3
Gskin ⋅ tskin

+ S6 ⋅q23
Gcore ⋅bcore

⎛

⎝⎜
⎞

⎠⎟

θ1 = θ2 = θ3
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The final constraint came from the desire to limit the twist of the wing. This 

value was determined as the optimal twist for the cruise condition, as discussed with 

the aerodynamic department.

The script then sums the weight of each optimized cross-section and adds the 

burden of the ribs to calculate the total weight of the wing. The rib weight was esti-

mated by computing the weight of a typical rib configuration for the average chord of 

the wing.  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2.1.3. FIRST DIMENSIONING3

With the Matlab® code, the first sizes of the structures have been obtained 

and now is possible to develop the FEM study. This code has many simplifications, as 

it has been said, but we obtain satisfactory results in less than 40 seconds.

This code delivered the expected results, changing the positions of the 

beams, it modifies the torsion box and the twist of the wing. In the previous occasions 

we had some problems with the flexibility of the wing, so now we want as less turn as 

possible. For each configuration the necessary thickness of the skin changes and 

also we cannot forget that the weight is important.

Looking the graphs of the annex, we decided a compromise solution for the 

problem, once that brings the lightest configuration and the most restrained twist.

The optimal results (less twist and less weight) are:

Thickness of the core of each beam: 8 mm

Number of layers in the beam: 3

Number of layer in the skin: 3

Position of chord of the beams: 40% and 60 %

The total weight of the structure of the wing is 1,2373 kg and, adding the ad-

hesive weight, the final weight would be lighter than 1,5 kg. This result at a first view 

is very satisfactory. In fact, our last wing weighed the same, but the load the wing can 

carry was the half. Furthermore, is probably that with the FEM, we can obtain a more 

accurate result and a lighter wing. 

 Graphs in ANNEX {2.12.}3

  
REPORT                 37



DEVELOPMENT 

2.2. FINITE ELEMENT METHOD ANALYSIS

2.2.1. COMPOSITE MATERIAL STUDY

2.2.1.1. PROPERTIES

To analyze the stresses of the structure, it necessary a large amount of differ-

ent and successive analysis. First, we use a computational homogenization finite 

element code.

Now, in contrast with the simplified analysis, the material is going to be stud-

ied as Anisotropic. With the Anisotropic Elasticity Equation and the properties of Fiber 

and Matrix (Epoxy resin), we obtain the properties of the lamina or ply. After that, we 

are going to calculate the laminate and finally the structure.

To obtain the properties of the laminate, the fundamental structure of the 

composite, two hypothesis had to be considered:

- The laminated is continuous

- The behavior is linear and elastic.

The micro-mechanical analysis with the finite element method is used to esti-

mate the properties of the composite, knowing the properties of the matrix and fiber 

for separate.

The hypothesis applied to the fiber are: Homogeneous, linear elastic, regularly 

spaced,perfectly aligned and uniform length, while, for the matrix: Homogenous, lin-

ear elastic and isotropic.

Also, the fiber and matrix interface are assumed to be perfect, with no voids or 

disbands.

To calculate the Young modulus, the Poisson ratio and the shear modulus, it 

will be necessary to make some steps.

Firstly, an RVE or a “unit cell” has to be created. Its volume has to be small 

enough so it can approximately be regarded as a point at the coarse-scale level.
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The fiber has the architecture shown at figure (2.2.1.1.1.)

�

FIGURE 2.2.1.1.1. - FIBER ARCHITECTURE WOVEN EXTRACTED FROM [9]

The type of RVE that we have to make, due to the characteristic of our fiber, 

defined as a plain weave textile reinforced composite fiber, must have a specific 

geometry as recommended by sources as [10]:

�
FIGURE 2.2.1.1.2. - RVE DEFINITION EXTRACTED FROM [10]

The manufacturer of the fiber also gives us the dimensions of the RVE. How-

ever, according to the manufacturer recommendations, the RVE can be modeled as 

two unidirectional [0/90º] layers, with loss of performance around 99.92 %  

�  

FIGURE 2.2.1.1.3. - RVE DIMENSION EXTRACTED FROM [11]

�

FIGURE 2.2.1.1.4. - RVE SIMPLIFICATION
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In this case, the program used is SolidWorks® and the unit cell is confirmed by 

two perpendicular groups of filaments. The size is relative, what is really crucial is to 

maintain the proportion in volume of fiber and epoxy.

�

FIGURE 2.2.1.1.5. - SOLIDWORKS® RVE

The parallelepiped is then exported as .iges file, and imported into a commer-

cial finite element PRE and POST-processor (GiD®) . It is important to highlight that, 

in the Matlab® code, to obtain different directions for the filaments, they have to be 

defined as different materials. The clarification of elements is shown in figure 

(2.2.1.1.6.).

�  

FIGURE 2.2.1.1.6. - APPLY MATERIALS IN GID® TO THE RVE

It should be mentioned that, due to the periodicity of the boundary conditions 

to be applied over the RVE, the mesh is to be semistructured, with equal height for 

the elements of opposite faces.

  
REPORT                 40



DEVELOPMENT 

A division into 12 elements and a size of 3 has been chosen. Concerning the 

quality of the employed mesh, it should be mentioned that GID creates small, distort-

ed elements at the interface between fiber and matrix. In the FE results, such distort-

ed elements are likely to give rise to spurious stress concentration. To improve the 

quality of the mesh at this region, it would be necessary to uniformly decrease the 

size of the mesh to levels that will render the overall analysis prohibitive (at least with 

the available computational resources). However, the goal of the analysis of the RVE 

is, given a macroscopic strain, compute the corresponding macroscopic stress. 

Hence, the variable of interest is the macroscopic stress (the volume average of the 

stress field ), and spurious stress at small elements will not undermine the quality of 

the results. In summary, such stress concentrations can be safely ignored.  

�

FIGURE 2.2.1.1.7. - MESH IN GID® THE RVE

Finally, this mesh is exported in .msh (mesh GiD®) to be compatible with Mat-

lab®. There, we will define the properties of the RVE and run the FEM code.

The Matlab® code is prepared to show in the command windows the modules 

calculated. It will also save the matrix of compliance of the properties that we need for 

testing the structure, and it will finally create two files with all the results that GiD® 

needs, to open and shows the post processes.
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The results for the mixture of our fiber with epoxy are:

�

To explain what the Matlab® code do, it is better to import the results to GiD® 

and directly visualize the displacements.

In the figure (2.2.1.1.8.) is represented the original RVE while in the 

(2.2.1.1.9.) the deformed. This nodal displacement of the deformed mesh can be di-

vided into two categories: the homogeneous displacement, figure (2.2.1.1.10.), and 

the fluctuations, figure (2.2.1.1.11.).

�

FIGURE 2.2.1.1.8. - ORIGINAL RVE

Young modulus=
E x  = 76741.7865
Ey  = 76741.6087        [MPa]
Ez  = 8734.1753

⎧

⎨
⎪

⎩
⎪

Poisson ratios =

νxy  = 0.026765
νxz  = 0.036446
νyx  = 0.026765
νyz  = 0.036449                 
νzx  = 0.32023
νzy  = 0.32025

⎧

⎨

⎪
⎪
⎪⎪

⎩

⎪
⎪
⎪
⎪

Shear moduli = 
Gyz  = 2187.3674
Gxz  = 2187.1439        [MPa]
Gxy  = 3484.7092

⎧

⎨
⎪

⎩
⎪
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�

FIGURE 2.2.1.1.9. - DEFORMED IN ANALYSIS COMPOSITE HOMOGENIZATION

The analysis does a decomposition of the displacements. There is a term 

which represents the movements that would have been observed if the material were 

homogenous, while the other, the fluctuations, is the deviation due to the presence of 

heterogeneities (fibers).

The condition of periodicity is very important in this analysis; this means that 

the heterogeneous microstructure is periodic in each direction. These conditions are 

applied to enforce the repeating nature of the RVE.

�

FIGURE 2.2.1.1.10. - HOMOGENOUS DISPLACEMENTS 

The RVE has been tested and elongated in each direction with a boundary 

condition of zero relative displacements to the faces of the parallelepiped.
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For this reason, the structure of the mesh was critical; the code seeks paral-

lels nodes on opposite sides, and, if the mesh is wrong, the problem does not have a 

solution.

�

FIGURE 2.2.1.1.11. - DISPLACEMENTS FLUCTUATIONS

In reality, the periodicity of the RVE is true in two directions but is not in z, the 

direction perpendicular to both fibers. This direction is a finite repetition. For this rea-

son, the results could be a little higher than the real ones. A comparison between the 

properties of the fiber with this FEM code and an experimental method is exposed in 

Annex {4.1.}.

2.2.1.2. FAILURE CRITERIA

The subject of the failure criteria has multiple types of approaches, but today it 

is still an important research topic. There are many signs of progress, but there is still 

not a criteria universally accepted by designers as adequate for every condition.

A fiber-reinforced composite may failure by fiber buckling, fiber breakage, ma-

trix cracking, delimitation or a combination of these factors:

- Local fiber buckling reduces the compressive stiffness but not necessar-

ily leads to immediate failure, because the matrix supports the fibers.

- Breakage of fibers is associated with a traction load when the fiber are 

embedded in a matrix. The matrix acts as a bridge about the break and trans-

mits the load across the gap.
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- Matrix cracking does not result in ultimate failure of a laminate. None-

theless, matrix cracks have many detrimental effects as initiating delamination.

- Delamination is a separation of adjacent layers, as a consequence re-

duces the bending stiffness and strength.

Depending on the type of failure, there is a confidence level of the theories of 

collapse. For example, a Leakage, Delamination or Buckling is tough to determinate, 

while, on the other hand, a final catastrophic failure is possible to determine.

There are two types of failure criteria: polynomials and associated to the kind 

of failure.

Although none of this method is perfect, in the next figure it is shown the typi-

cal usage of the criteria.

�

FIGURE 2.2.1.2.1. - PERCENTAGE OF USE DIFFERENT FAILURE METHODS [12]

The first three are compared in the envelope at figure (2.2.1.2.2.). The more 

conseRVEtive is the maximum stress criteria, which means that, maybe, the higher 

solicitation that we obtained is smaller than the real one. For this study, it is correct to 

assume this criterion.

Maximum Strain Maximum Stress Tsai-Hill Tsai-Wu All Others
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�

FIGURE 2.2.1.2.2. - COMPARISON CRITERIA EXTRACTED FROM [13]

The experimental assignments proved that Tsai-Hill is one of the most accu-

rate. Thai-Hill is an extension of the Von Mises failure criterion and assumes that the 

failure strength in the principal direction is known.

Due to the complexity of the models and the lack of a general method we de-

cided to use one of the most simple. It is supposed not to take into account interac-

tions between stresses/strains acting on a lamina. This fact typically leads to errors in 

the strength predictions when multiaxial states of stress occur in a structure.

The Maximum Stress criterion considers that the composite fails when the 

stress exceeds the respective allowable one.

Three different conditions of failure are considered:

 -Fibre: � or �

-Matrix:� or �

-Shear: �

being , , the principal stresses, T traction and C compression.

σ 1 ≥σ 1T
u σ 1 ≥σ 1C

u

σ 2 ≥σ 2T
u σ 2 ≥σ 2C

u

σ 12 ≥σ 12
u

σ 1 σ 2 σ 12
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2.2.2. STRUCTURE

With the aim of optimizing the whole structure, we shall start with a simplex 

and easier structure to increase later the complexity grade, to have sufficient time to 

understand completely the behavior of the composite. For the analysis, the process 

will be similar to the one used for the FEM properties {2.2.1.1.}:

A. The geometry is created with SolidWorks® and exported to .iges file.

B. This file is imported into GiD®; the materials are selected and meshed.

C. The mesh is exported to the Matlab® Code. Here, it is necessary to edit the 

materials and boundary conditions (essentials and naturals). We run the code, 

and it generates a post processes GiD® file.

D. Back to GiD® with the post processed, we analyze the results.

2.2.2.1. MESHING PROBLEMS

When we start manipulating more than one layer in the structure, a really 

huge problem was found, which delayed and limited the project. At the step B, we 

cannot continue because the mesh quality was insufficient.

Two parameters to qualify the standard of the mesh are the smoothness and 

the aspect ratio the element. The change in size should be gradual (or better smooth) 

and the aspect ratio (longest edge length to shortest) has to be nearby one.

�

FIGURE 2.2.2.1.1. - QUALITY MESH
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The fiber is so thin in comparison to the core that the number of elements is 

reduced, and the result is at the figure (2.2.1.2.). It is possible to observe that in the 

mesh there are large jumps and a high aspect ratio for some elements, which pro-

duce results with no physical sense at the moment of the analysis. The solution would 

be to increase the number of elements, but, due to the limited power of the computer, 

it results to be impossible to realize.

�

FIGURE 2.2.2.1.2. - MESH LOW QUALITY

To fix this problem first of all we analyze the properties of the combination dif-

ferent layers separated and obtained the properties. So we will have the properties 

for example for a 3 layers of 0/45/0 and now at GiD instead of drawing three layers 

with different materials and different angle we draw one layer thicker. After we assign 

to this layer the properties of three. In this way we solve the mesh problems. For this 

reason the next step will be compare with experimental analysis.

2.2.2.2. FIRST STRUCTURE ANALYSIS

The first structure will be a unique beam of 500 mm of length (this measure is 

half root of the aircraft), the core measures are 31 mm of height and 12 mm of width 

while three layers of fiber had to be placed. A representation of the dimensions could 
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be consulted at figure (3.2.1.) of the Annex. On the other hand, the applied stresses 

will be similar to the aerodynamics ones, torsion and bending moments.

To simulate the bending, show at figure (2.2.2.3.), the purple nodes are re-

strained at the three directions and, to the blue ones which are located at the medium 

y, a force is applied in the Z direction. In the torsion analysis, figure (2.2.2.4.), the re-

strained nodes have the same color and the forces produce a torque in the other ex-

treme of the beam.

�

FIGURE 2.2.2.2.1. - BENDING TEST AT FEM

�

FIGURE 2.2.2.2.2. - TORSION TEST AT FEM

We compare the displacements of the experimental test with the FEM ones for 

the same forces and we obtained that the agreement between computed results and 
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experiment can be deemed satisfactory from an engineering points of view (the error 

is around 10%). The complete explanation of the results and the manufacturing of the 

beam could be consulted at Annex {3.2..}.

2.2.2.3. ITERATIONS

Once validated the model and, in order to understand how the fibers works, it 

has been undergone to 128 tests, half for the bending analysis and half for the torsion 

one.

Using the same beams’ characteristics of the experimental tests conducted 

previously, during each iteration we changed the direction of the layers of carbon 

fiber. For the bending case, the force applied is 546 N, to obtain a moment of 68250 

Nmm, usual during a flight. On the other hand, for the torsion, the forces applied cre-

ate a torsion of 1,332 Nm, which is also usual. 

At the following tables, the displacements are represented. In the rows, there 

are the directions of the fibers at the top and bottom of the beam, while in the col-

umns the direction of the lateral ones.

The first table shows the results of the bending tests, whereas at the second 

the torsions. The results are highlighted with the codification at figure (2.2.2.3.3.):

TABLE 2.2.2.3.1. - DISPLACEMENT AT BENDING TEST

mm 0/0/0 0/30/0 0/45/0 30/30/30 30/0/30 45/45/45 45/0/45 0/30/45

0/0/0 0,01672 0,01789 0,01877 0,03190 0,02180 0,03609 0,02351 0,02200

0/30/0 0,01776 0,02021 0,02111 0,03593 0,02450 0,04561 0,02632 0,02467

0/45/0 0,01704 0,02010 0,02104 0,03592 0,02441 0,04068 0,02627 0,02461

30/30/30 0,02659 0,03103 0,03208 0,03799 0,03791 0,06631 0,04008 0,03777

30/0/30 0,02001 0,02367 0,02464 0,04278 0,02870 0,04805 0,03060 0,02877

45/45/45 0,02696 0,03166 0,03274 0,06160 0,03892 0,06851 0,04111 0,03866

45/0/45 0,02005 0,02369 0,02469 0,04313 0,02881 0,04851 0,03080 0,02891

0/30/45 0,01951 0,02310 0,02409 0,04181 0,02805 0,04704 0,03001 0,02816

  
REPORT                 50



DEVELOPMENT 

TABLE 2.2.2.3.2. - TWIST AT TORSION TEST

�

FIGURE 2.2.2.3.1. - COLOR CODIFICATION OF TABLES

At first sight, it is possible to see that for a zero angle, namely the fiber are 

oriented in the direction of the bending moment, the results look better. In contrast for 

angles of 30 or 45 degrees, it helps at torsion. So we have to decide a solution of 

compromise, for example, it could be with the layers of 30/0/30 degrees at upper and 

bottom fibers, and 0/0/0 for the laterals.

Also we can determine that the angle for limiting the torque is useful at upper 

and bottom surfaces. On the other hand, by inspecting the results, we can conclude 

that controlling the properties on the lateral faces is crucial for limiting the bending 

moments.

According to the theory we are expecting that the fibers oriented to the stress 

had a better performance but, this analysis is also fundamental to prove that the most 

intuitive inclination for the fiber could not be the optimum one: in particular, the use of 

a layer direction of 45 degrees is not as good as the use of the one with 30 degrees, 

as we have demonstrated.

[º] 0/0/0 0/30/0 0/45/0 30/30/30 30/0/30 45/45/45 45/0/45 0/30/45

0/0/0 1,069 1,080 1,065 1,163 1,111 1,999 1,069 1,090

0/30/0 0,809 0,812 0,788 0,805 0,976 0,702 0,976 0,789

0/45/0 0,977 0,997 0,976 1,086 1,028 0,996 0,993 1,003

30/30/30 0,435 0,349 0,341 0,115 0,277 0,056 0,165 0,248

30/0/30 0,674 0,665 0,636 0,570 0,641 0,423 0,575 0,616

45/45/45 0,964 0,999 0,963 1,228 1,059 0,985 0,969 1,012

45/0/45 0,965 0,990 0,964 1,106 1,027 0,985 0,970 0,996

0/30/45 0,838 0,848 0,822 0,871 0,858 0,744 0,799 0,810
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Finally, we have to highlight that it may seem that the results are very similar, 

but we just analyzed only a portion of the wing and applying a not so big load factor. 

In a different case, these displacements would be increased, and it is crucial to have 

a rigid structure with low deformations.

In the following figures a  representation of the analysis developed is shown.

�

FIGURE 2.2.2.3.2. - EXAMPLE OF BENDING TEST: FACTOR 2

�

FIGURE 2.2.2.3.3. -EXAMPLE OF TORQUE TEST: FACTOR 20
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RESULTS 

3.1. FINAL STRUCTURE4

From the iterations, we learned that it was important for withstanding the 

bending moment that the fiber has an orientation of 0º. On the other hand, it is neces-

sary an angle of 30 degrees to close the torsion box, as seen before. For this reason, 

it has been decided to cover the beams with fiber oriented with their longitudinal di-

rection, while the skin with at least one layer at 30 degrees.

For simplification, the wing is going to be divided into 6 parts, but, obviously 

for their symmetry, we need only to study three of them. Each part measures 

544,9mm, one sixth of the wingspan.

�

FIGURE 3.1.1. - PARTS INTO WHICH THE STRUCTURE IS DIVIDED

In all of them, we analyzed the main structure, this means the torsion box. It 

would had been better test all the skin, however, it would increase highly the numbers 

of elements needed to build mesh and it generates more problems meshing due to 

the cambered. Furthermore, analyzing only the torsion box, it is like adding a recom-

mendable safety coefficient factor, as the skin could buckle leading to the failure of 

the structure. The buckling in the laminates is very common at compressed areas, 

and it is advisable to avoid high stresses in such zones.

 All the results of the analysis named are included in the annex {4}4
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�       �

FIGURE 3.1.2. - TORSION BOX

Now, each part will be optimize for the maximum stress, following the bending 

and torsion moment distribution.

At each part we have embedded one extreme of the box while we are apply-

ing a different system of forces on the other one, to create the moment required. 

These forces are calculated to simulate directly the solicitations that affect the respec-

tive section of wing.

Without using a shell code, we have to note that for all the iterations and for 

every changes in the number of layers, we were forced to create a new geometry 

from  scratch and start a new FE project ---a task that is rather laborious and time-

consuming. 

Looking at the figures that are inserted in the following paragraphs, to explain 

better the process followed, and in the Annex, it is possible to define few general 

trends which comply with all the experiments:

- The displacements in the torsion analysis are much lower than in the flexion.

- For the principal stresses, as expected, the maximums are reached in the 

embedding.

- We found the first principal maximum stress at traction in the bottom part of 

in the longitudinal fibers, while the third one in the upper one.

- In contrast, we have the maximum of the second principal stress in the trans-

versal fibers, in both of the surfaces, one for traction and the other for compression.
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3.1.1. FIRST PART 

In this section, we applied a maximum bending moment of 34,81 Nm and a 

torque of 0,050 Nm. We decided also to increment these with a load factor of 4. For 

this circumstances, we obtained that the best configuration is: two layers for the skin 

and the external fibers of the beams, and three for the internal one, figure (3.1.1.1.). 

The width of the core in this part would be of 8 mm.

�

FIGURE 3.1.1.1. - LAYER ARRANGEMENT FOR THE FIRST SECTION

Some iterations were done. For example, in the first attempt, we put three 

layers at each surface, but, it has an elevated weight and too low stresses for the 

properties of the carbon fiber.

�

FIGURE 3.1.1.2. - DISPLACEMENT Z FOR THE FIRST ATTEMPT
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We try to reduce the number of layer to two. In opposition, in this case, the 

displacements increased significantly.

�

FIGURE 3.1.1.3. - DISPLACEMENT Z FOR TWO LAYERS

If we focus where the stresses are larger, it is in the maximum moment section of 

the inners sidelines layers, so we decided to put three layers to support them more effi-

ciently.

�

FIGURE 3.1.1.4. - SIII STRESS CONCENTRATION INNER FIBER

�

FIGURE 3.1.1.5. - DISPLACEMENT Z FOR THE FINALLY CONFIGURATION AT PART 1

Between the first configuration and the last one, the weight is reduced almost 

to 50 g and the z displacement is increased only by 0,09 mm.
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3.1.2. SECOND PART 

Now, the bending moment is 13,33 Nm and the torque is 0,019 Nm, again in-

creased by a load factor 4. In this part with aspect ratio (narrowing of the wing), the 

configuration decided is shown at figure (3.1.2.1.). The width of the core is 7 mm.

�

FIGURE 3.1.2.1. - LAYER ARRANGEMENT FOR THE SECOND SECTION

At this part the displacements are lower. An alternative solution may be to  

take another lateral layer off. However, it is decided that another important parameter 

for design is a gradual changes for layer, to be easier to manufacture.

�

FIGURE 3.1.2.2. - DISPLACEMENTS Z FOR THE FINALLY CONFIGURATION AT PART 2
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3.1.3. THIRD PART 

Finally, at the wing tip, the bending moment is 2,57 Nm and the torque is 

0,073 Nm, increased by the factor 4. The stresses are lower and the necessary layers 

are at the next figure. The width of the core is 6 mm.

�

FIGURE 3.1.3.1. - LAYER ARRANGEMENT FOR THE THIRD SECTION

This part has the smallest displacement but is one of the more important 

parts. The preliminary design of the aircraft has winglets; the winglet had to be rigid at 

the tip, so it is very important the flexibility of this part. 

�

FIGURE 3.1.3.2. - DISPLACEMENTS Z FOR THE FINALLY CONFIGURATION AT PART 1  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3.1.4. WING

The final aspect of all the torsions boxes joined would be similar to this.

�

FIGURE 3.1.4.1. - FINAL BOXES TOGETHER

The expected weight summing the rest of the airfoil skin and the epoxy glue needed 

to joint the different parts is:

TABLE 3.1.1. - FINAL WEIGHTS

Part Box [g] Total adding Skin 
and epoxy [g]

1 101,90 253,90

2 93,16 235,87

3 65,10 200,67

TOTAL 260,16 690,44
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3.2. COMPARISON WITH THE OLD STRUCTURE OF 
THE TEAM

As it was related before, the team has already built a structure, it has been 

made the last year for the competition Air Cargo Challenge. To ascertain whether the 

structure proposed in the present projects is indeed an improvement, a comparison 

with the previous configuration is to be made.

Firstly, the previous structure was dimensioned for a load factor 2,5. During 

the competition, we found that this value was too low, other teams have done the 

turns much faster.

For this reason, the analysis has been done one with load factor of 2,5 and 

other with load factor 4. The loads applied at the analysis are calculated to simulate 

the bending and torsion moment of the central part (root) of the wing, the embedded, 

where the stresses are greater.

�

FIGURE 3.2.1. - SECTION OF THE SIMULATED WING

The data of the compliance matrix of the different woods was extracted from 

[14].

As can be seen in the following figures, which are the analysis for load factor 

2,5, in the first part the structure is much more flexible, the displacements are large, 
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and the hypothesis of small strains is not observed. However, these displacements 

exist in reality, the wing deflects more than 15 cm. At figure (3.2.1.), it is easy to value: 

the photo portrays the moment of a flight with 4 kg of payload (this plane could carry 

until 8 kg) and a load factor 1, this plane was able to flight at load factor 2,5.

�

FIGURE 3.2.2. - DEFORMED WING BY BENDING STRESSES

�

FIGURE 3.2.3. - DEFORMED WING BY TORQUE STRESSES
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�

FIGURE 3.2.4. - DEFORMED WING BY BOTH STRESSES

Analyzing the same part of the wing at a load factor 4, the stresses are larger 

than the tensile strength. Figure (3.2.5.).

�

FIGURE 3.2.5. - SIII STRESS AT LOAD FACTOR 4

Furthermore, the improvements are not only for the stiffness, also the weight  

is much better respect to the last wing:

TABLE 3.2.1. - FINAL WEIGHT COMPARISON  

Part CARBON FIBER [g] WOOD AND 
CARBON [g]

1 253,90 382,30

2 235,87 624,20

3 200,67 383,70

TOTAL 690,44 1390,20
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BUDGET 

This is the summary of the final budget; it is important to highlight that there 

are not high expenses. The largest one is the personnel cost, the developed budget 

is shown in the attachment budget file.

TABLE 4.1. - SUMMARY BUDGET

�
FIGURE 4.1. - SUMMARY BUDGET %

ACTIVITY TOTAL [€] PERCENT

HUMAN 
RESOURCES 2760,00 74,83 %

SOFTWARE 71,00 1,92 %

HARDWARE 150,00 4,07 %

TESTING COSTS 707,50 19,18 %

TOTAL 3688,50

HUMAN RESOURCES SOFTWARE
HARDWARE TESTING COSTS
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ENVIROMENTAL INVOLVEMENT  

Nowadays, with the big technology development, we have important conse-

quences on the environment, and it is necessary to evaluate the impact that a project 

has.

The future aircraft would have a reduction in the total weight of emissions as 

the hydrogen-powered drone has not CO2 emissions. So we could define our plane 

as “green” UAV.

On the other hand, we are also concerned about the environmental impact of 

the development of the project. We are going to divide it into electrical consumption 

and waste production.

5.1. ELECTRICAL CONSUMPTION

The next table shows the electrical consumption, the power is an average 

consumption of the different electronics devices.

TABLE 5.1.1. - ELECTRICAL CONSUMPTION

ACTIVITY POWER [kW] TIME [h] TOTAL [kWh]

Laptop  (Energy low apps) 0,030 170 5,100

Laptop (Energy high apps as 
analysis or Cad) 0,060 150 9,000

Dremel 0,060 1 0,060

Vaccum pump 1,400 24 33,600

TOTAL 1,550 321 14,160
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5.2. WASTE PRODUCTION

When the probes were made, it was necessary to be careful with the rests of 

materials, more specifically with the resin. The epoxy resin must not be thrown into a 

discharge pipe because it highly contaminates the water, it is toxic with long lasting 

effects to aquatic life and environment in general, and it also may obstruct the pipe-

line.

Unhardened residues can be removed with a solvent (Trichloroethane), but 

the best solution to discharge the waste should be its deposition in a container for 

special chemical products once they have completely dried.

Anyway, the excess of epoxy was minimal because we did not want to waste 

expensive material.

�                                    

FIGURE 5.2.1. - SYMBOL THAT APPEARS IN EPOXY

Actually, the experimental probes are conserved in the workshop, since they 

could be needed for future works. In the case of throwing them, it will be done with 

the appropriate security measures, respecting the regulation. 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SAFETY  

During the manufacture phase, there are several important points regarding 

safety and health.

Carbon and glass fiber cause skin irritations and they are hazardous if 

breathed. Also Epoxy resins are flammable and irritant.

To prevent these effects, always use high quality masks, latex gloves and 

glasses, avoiding direct contact with chemical components.

TABLE 6.1.1. - HAZARD CATEGORIES OF MATERIALS  

�   �   �

FIGURE 6.1.1. - SYMBOLS OF OBLIGATORY SAFETY TOOLS

RESIN FIBER

Advices
Harmful if swallowed or if inhaled. 

Causes severe skin burns and eye 
damage. 

Respiratory or skin sensitisation: Skin 
Sens. 1

CODES

H317 May cause an allergic skin 
reaction.

H317 May cause an allergic skin 
reaction.

H412 Harmful to aquatic life with long 
lasting effects.

SYMBOLS

�� �
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PLANNING AND SCHEDULING NEXT PHASE  

7.1. PLANNING

During this process some difficulties have been encountered. However, finally, 

the planning is complete.

First of all, each task has been defined, and after, ordered chronologically. For 

this purpose, firstly, it was necessary to establish the relationship between the work 

parts. This allows knowing which ones are independent, and which depend from oth-

er completion. To do this, the content had to be previously defined, so it was required 

to know which information were necessary to initiate the task and which was its re-

sult.

To identify parallel paths was very useful, although at this project only a per-

son was working on it, it allows me to complete multiple tasks at the same time. 

When I had access to two computers at once, for example, I usually meshed on one 

while the other run the code.

At figures (7.1.1.) and (7.1.2.) are shown the differences between what has 

been planned and what was truly possible to do. At first glance it may seem that 

some tasks take up much time, but it was a personal decision doing at the same time 

as much tasks as possible, in case that the project have encountered, as  happen, 

any unexpected. For example, a book from the library did not arrive in time, the code 

did not work, or the material could not have arrived when needed. To avoid losses of 

time, when an assignment could not continue, another started.

It had been estimated that at the last week of May the analysis should have 

been finished. However, meshing the geometry found lots of difficulties and much 

more time was expended for this task. The main problem was meshing the thin lay-

ers, because the elements were very distorted with very sharp angles. This was due 

to the differences between the dimensions of the element, one much lower than oth-

ers. If we try to solve it, increasing the number of elements to avoid the problem, the 
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computer cannot work with a such enormous quantity of data. Finally, this was solved 

through analyze the different layers first and save a compliance matrix of the layers.

Furthermore, the preliminary code and the experimental tests were added to 

increase the value of the project.

�
FIGURE 7.1.1. - GANTT PLANED

�
FIGURE 7.1.2. - REAL GANTT WITH DELAYS 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7.2. FUTURE

The aim of the project has been achieved, but an improvement to the code 

and the analysis in the next few years can be conducted to complete the FEM analy-

sis control.

To achieve the improvements recommended, there is more than one work 

guidance. This problem is difficult, and some simplifications have been accepted. The 

proposed improvements are:

-To analyze the RVE with less restricting simplifications; if we want 

more accurate results, an option could be to use the real geometry of the fiber, 

as explained at figure (2.2.1.1.3.). The code would need to be changed so.

-A more complicated failure criteria, as Tsai-Hill one, could be imple-

mented in any case. As it has been explained, there are not unique criteria for 

all the topologies of analyses.

-A shell element code is a “planar problem”, which means that the shell 

mesh would be easier to create, and the code needs less disk space for the 

results and the post processing. However, a big part of the code has to be de-

veloped.

These three tasks could be finished during the next year. Anyway, this could 

always be refined, even if it seems each time more complicated. Respect to the other 

parts of the code, many improvements could be done, but it has to be flanked by a 

huge research and experimental part. Few suggestions are:

-A dynamic analysis could be done: instead of using the XFLR5®, take 

the so calculated distribution of forces and translate them into FEM analysis, 

we could do a unique aerodynamic and structural analysis. To make this im-

provement the code might have to be changed. These adjustments are easy 

to do; we only have to add a temporary term and a time integration. In the 
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structural part, on the other hand, the aerodynamic department of my team is 

currently developing a code in Matlab® to obtain the aerodynamic forces. The 

trouble is the time necessary to do this type of analysis, and of course, we 

have to improve and optimize the code as use a more powerful computer.

-Buckling analysis: in the literature searches, we could find some in-

formation. However, the buckling effects are unexpected, and we could avoid 

the buckling with a great percentage of success, but we will never know with 

total security this effects. In case of having found’s, it would be possible realize 

experimental probes, which are expensive.

-Aeroelastic effects: Similar to buckling is very difficult to determinate 

with accuracy, but we could try to analyze it. 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The aim of this study was to determine the structural design of a UAV’s wing, 

focused on the field of composite materials. Doing it, I had the possibility to learn 

more about these materials, whose interest and use have increased considerably 

during the last decades, due in particular to their mechanical properties. To do it effi-

ciently, it was essential to implement reliable computational models. 

Firstly, before sizing any part of the vehicle’s structure relatively to the forces 

and stresses that it has to support, the external loads of the aircraft had to be deter-

mined. Also, some information about composites had to be gathered. In particular, the 

research made has shown that, even though many models have been already devel-

oped, there are many aspects of composites that are difficult to investigate and simu-

late. For this reason, it is a current field of study and there is still a lot of investigative 

work that should be done to obtain more accurate models for composite laminates.

Secondly, to advance in the conceptual structure design, the initial structural 

dimensions were determined based on a Matlab code, which allows a quick first ap-

proach, applying few retrained hypothesis. Its development has been one of the most 

critical phases of this project. In fact, without it, we would not have obtained the initial 

dimensions of the structure, which permits us to accelerate the dimensioning without 

needing to do it directly with FEM. With this one, we would have needed to do a larg-

er number of iterations, changing each time the geometry and the forces applied, 

which implies a waste of time.

Finally, the structure’s integrity of the vehicle was checked with the displace-

ment and maximum stress analysis, through the finite element method. As a result, it 

has been possible to use this code to analyze a reduced model of the wing of a real 

aircraft. To do this, we have split this simplified structure into three parts, which have 

been tested for separate. The analysis has been performed for the typical types of 

loads that appear during a normal flight. Furthermore, it has allowed us to understand 

the design of the structure and how it supports the loads.
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Another extremely important point of this study was to understand which kind 

of influence reflected the orientation of the fibers and the number of layers on the 

stiffness of the structure, so it was possible to find the optimum configuration. In fact, 

another purpose of this study is to apply the FEM to optimize aircraft structures, gen-

erally to reduce its weight.

Obviously, some improvements could be done as stated at paragraph {7.2.}. 

Even though it has given good results, it is possible to carry some changes to the 

work, in particular in the code. On one hand, for example, removing the most restric-

tive assumptions and developing some parts of the code to obtain a higher accuracy. 

On the other hand, implementing the shells element code,  it facilitates  the design of 

new geometries and reduces the computational time at meshing and analyzing.

In conclusion, the goals of this project have been achieved. The most impor-

tant had obtained a lighter and more stiffness structure. Also, I had understood the 

behaviour of the composite, I had had a first approach with the FEM and  improved 

the handle with powerful software as Matlab®, GiD® or SolidWorks®, necessary for the 

design. As well as a first manufacture process with these materials. Some aspects 

could be improved in the future in different directions, but the results obtained allows 

us to build the wing with safety. 

I chose this subject for the TFG because I found it very interesting for its de-

veloping potential. I’m proud of this project, I learned some important characteristics 

of these materials and I want to focus and keep developing and studying this theme. 

Also I eager to manufacture the wing during the following months. 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