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RESUMEN

Este Proyecto ha sido desarrollado en colaboracion con el equipo ISC FS Racing Team. En
la competicion de Formula Student, los equipos disefian, fabrican y compiten con coches
tipo formula. Este Proyecto muestra el disefio de un chasis monocasco. El objetivo es
enfocarse en la optimizacion del laminado del material compuesto de un chasis base. El
proceso de optimizacion consigue reducir la masa del chasis actual del equipo en un total de
19kg aproximadamente y doblando la rigidez torsional a 4000 Nm /deg

Palabras clave: chasis, rigidez, dindmica, simulacion, estructura

1. Introduccion:

El chasis es la estructura principal del coche, protege al piloto de colisiones y aloja todos
los componentes del coche. En este proyecto se realiza el disefio y la simulacion de un
chasis monocasco utilizando Altair Hypermesh como herramienta. Los conocimientos
adquiridos, asi como los resultados del proyecto, serviran al equipo ISC FS Racing Team
en temporadas futuras en el Desarrollo del chasis del equipo.

El objetivo principal es crear un monocasco virtual ligero y rigido en el poco tiempo en
el que la temporada de Formula Student deja para disefiar un chasis. El proyecto se
completara en la primera mitad del semestre y no implicard ningun proceso de
fabricacion. El objetivo técnico es reducir la masa a la mitad y doblar la rigidez torsional.
En la Figura 1 se puede observar la diferencia entre un chasis tubular y un monocasco
de fibra de carbono, ambos plantean distintos enfoques al disefio que se tendran en
cuenta.



Figura 1. Superposicion de un chasis tubular y un monocasco

2. Metodologia

El monoplaza actual del ISC FS Racing Team, el IFS-07 de la temporada 2024-2025, lleva
un chasis tubular deacero el cual pesa unos 38,5 kg y tiene una rigidez torsional de alrededor
de 2300 Nm/deg. Estos parametros seran claves para posteriormente analizar la mejora del
disefo y de las simulaciones. EI monocasco estara formado a partir de estructuras a modo
sandwich con pieles o plies de fibra de carbono y un nucleo de honeycomb de aluminio.

Antes de empezar con el proceso de simulacion, se disefa el chasis en funcion de la
normativa de Formula Student [1]. El disefio final (Figura 2) tiene en cuenta las limitaciones
establecidas por la normativa y las especificaciones técnicas establecidas por componentes
como la suspension [2] y la bateria.

Figura 2. Diserio final del chasis

3. Proceso de simulacion

El proceso de simulacion combina dos pasos. Un primer paso de optimizacion de las capas
de fibra de carbono, en el cual se consigue la forma 6ptima de cada capa en funcion de los



esfuerzos y el orden del laminado, se puede observar en la Figura 2 un resultado de las
simulaciones. En la Segunda parte, se analiza el laminado comprobando que cumple con los
requerimientos que establece la normativa. Ademas, se estudia la teoria de los laminados de
materiales compuestos para tener un entendimiento completo sobre su funcionamiento y el
calculo de los mismos.[3]
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Figura 3. Ejemplo del resultado de la optimizacion

4. Resultado

El proceso de optimizacién consigue obtener los objetivos deseados. El laminad final
consigue un monocasco optimizado de 19,78 kg y una rigidez torsional de 4089 Nm/deg
segin las simulaciones. Estos resultados representan una mejora considerable sobre los
pardmetros base que se extrajeron del ISC IFS-07 (Figura 4), sobre los cuales se ha reducido
en un 48,7% y se consigue aumentar la rigidez torsional del 77,7%.
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Figura 4. Resultado de las iteraciones de laminados.

La mejora dinamica del chasis se obtiene gracias al laminado optimizado. El laminado esta
compuesto por 31 capas distribuidas con 7 tipos de formas distintos como se puede observar
en la Figura 5.

Figura 5. Distribucion final del laminado

5. Conclusiones

Este proyecto muestra el flujo de trabajo del disefio de un monocasco de Formula Student.
La aplicacion de la teoria de los materiales compuestos junto con procedimientos de



optimizacion ha permitido el desarrollo de una estructura que cumple con los requisitos y
objetivos propuestos al inicio del proyecto.

El proyecto demuestra la capacidad para implementar la optimizacién del laminado a una de
las piezas mas importantes del monoplaza. Ademas, este trabajo necesitara una evaluacion
para determinar la viabilidad de laminado desde el punto de vista de la fabricabilidad, dado
a que no se ha realizado un estudio intensivo de este aspecto, aunque se ha tenido en cuenta
a la hora de realizar la forma de las capas y el disefio de este.
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ABSTRACT

This Project has been developed in collaboration with the ISC FS Racing Team. In the
Formula Student competition, teams design, manufacture, and compete with formula-
type cars. This Project shows the design of a monocoque chassis. The objective is to
focus on the optimization of the composite material laminate of a base chassis. The
optimization process manages to reduce the mass of the team’s current chassis by a total
of approximately 19 kg and doubling the torsional stiffness to 4000 Nm/deg.
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1. Introduction:

The chassis is the main structure of the car, protects the driver from collisions, and
houses all the components of the car. In this project, the design and simulation of a
monocoque chassis are carried out using Altair Hypermesh as a tool. The knowledge
acquired, as well as the results of the project, will serve the ISC FS Racing Team in
future seasons in the development of the team’s chassis.

The main objective is to create a lightweight and rigid virtual monocoque in the short
time that the Formula Student season allows to design a chassis. The project will be
completed in the first half of the semester and will not involve any manufacturing
process. The technical objective is to reduce the mass by half and double the torsional
stiffness. Figure 5 shows the difference between a tubular chassis and a carbon fibre
monocoque, both of which represent different design approaches that will be
considered.

Figure 5. Overlay of a tubular steel frame and the monocoque.



2. Methodology

The current single-seater of the ISC FS Racing Team, the IFS-07 from the 20242025
season, features a steel tubular chassis that weighs approximately 38.5 kg and has a
torsional stiffness of around 2300 Nm/deg. These parameters will be key for
subsequently analyzing the improvement of the design and the simulations. The
monocoque will be formed from sandwich-type structures with carbon fiber skins or
plies and an aluminum honeycomb core.

Before starting the simulation process, the chassis is designed according to the Formula
Student regulations [1]. The final design considers the limitations established by the
regulations and the technical specifications set by components such as the suspension
[2] and the battery.

Figure 6. Final chassis design

3. Simulation process

The simulation process combines two steps. A first step of optimization of the carbon fiber
layers, in which we obtain the optimal shape of each layer as a function of the loads and
the layup sequence, a result of the simulation can be observed in Figure 6. In the second
part, the laminate is analyzed by checking that it meets the requirements established by the
regulations. In addition, composite laminate theory is studied to have a complete
understanding of their behavior and their calculation [3].
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Figure 6. Example of the optimization result

4. Results

The optimization process manages to achieve the desired objectives. The final laminate
results in an optimized monocoque of 19.78 kg and a torsional stiffness of 4089 Nm/deg.
These results represent a considerable improvement over the baseline parameters
extracted from the ISC IFS-07 (Figure 7), with a mass reduction of 48.7% and an increase
in torsional stiffness of 77.7%.

The dynamic improvement of the chassis is obtained thanks to the achieved laminate.
The laminate is composed of 31 layers distributed with 7 types of layer shapes.
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Figure 7. Laminate iteration results



The dynamic improvement of the chassis is achieved because of the optimized laminate.
The laminate is composed of 31 plies distributed in 7 different layup types as shown in
Figure 8.

Figure 8. Final laminate

5. Conclusions

This project demonstrates the workflow of the design of a Formula Student monocoque.
Through the application of composite materials theory together with optimization
procedures, a structure has been developed that meets the requirements and objectives
proposed at the beginning of the project.

The project demonstrates the capability to implement shape and laminate optimizations
on one of the most important parts of the single seater. In addition, this work will require
an evaluation of the manufacturing of this laminate, since no study has been carried out
on its feasibility, although it has been considered when defining the layer shapes and the
design itself.
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Chapter 1. INTRODUCTION

In this project, the work is carried out in collaboration with the ISC FS Racing Team. The
objective of the project is to illustrate the design and development of a monocoque-type
chassis within the context of Formula Student. This chassis must comply with the
requirements established by the competition regulations, as well as those defined by the team

for the specific structure.

1.1 FORMULA STUDENT

Formula Student is an international competition in which students from all over the world
compete in a series of static and dynamic events. There are different categories within
Formula Student (Figures 9 and 10), divided according to the type of propulsion system
installed in the vehicle. These types include combustion, electric, hybrid, and hydrogen
powertrains. The Formula Student regulations, established annually by Formula Student
Germany, cover all these categories. In the case of this project, we will focus exclusively on

the electric category.

The competition consists of eight events in total. There are three static events: Business Plan,
Design Report, and Cost Report. Together, these static events account for 300 out of the
1000 total points that determine the overall competition results. The remaining points are
awarded in the dynamic events, which will be the focus of this project. Throughout this
project, these different events will be referenced, as each of them imposes distinct

requirements that lead to specific analyses of the chassis geometry.
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Figure 9. ISC IFS-07 during testing.

FORMULA STUDENT COMPETITION

Business Plan Acceleration

Skidpad
Engineering P

design

Autocross

Endurance

Figure 10. Formula Student Competition Events.
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1.2 MOTIVATION

This is my fourth year as a team lead at the ISC FS Racing Team (Figure 9). As my time
with the team is coming to an end, I want to leave a lasting contribution to the team’s
technical knowledge. Over the last three years, several final degree projects have been
carried out covering this topic. This project aims to serve as the culmination of that research,
providing the team with a comprehensive knowledge base for the development of a

monocoque chassis.

Furthermore, the application of composite material optimization to vehicle performance

represents a valuable tool for my professional career.

The main motivation behind the design of this monocoque chassis is to enhance both the
team’s knowledge and my own understanding of composite material optimization.
Improvements in the vehicle chassis can directly contribute to better performance in

competition events.

1.3 OBJECTIVE

The ISC runs a steel tubular space frame chassis for many years now. The development of
in house CFRP monocoque is an expensive and time-consuming project that the team has
not been able to carry out. For 4 years, many final degree projects have approached the team
to this possibility by attacking the critical features of this kind of chassis. This project aims

to end this cycle and provide the team with the ideal tools for this development.

The main objective is to create a light and stiff virtual monocoque in the small-time gap that
the formula student season leaves to design a monocoque chassis. The project will be
completed in the first half of the semester and will not involve any kind of fabrication
processes. As of 2025, the ISC IFS-07 has a 38,5 kg steel chassis with approximately 2300
Nm/deg torsional stiffness. The objective is to reduce the mass by half and improve the

torsional stiffness by double. To resume these main objectives:

10



UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIER{A (ICAT)
COMILLAS  GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES
UNIVERSIDAD PONTIFICIA
...... 2\ TAB TOAPPLY TITULO I TO THE TEXT THAT YOU WANT TO APPEAR
HERE.

1. Design a stylised and rule compliant monocoque chassis following the formula student

rules.
2. Improve torsional stiffness to 4000Nm/deg and reduce total mass to approximately 20kg.

2. Provide new knowledge in composite optimization to the ISC FS Racing Team.

1.4 RESOURCES

To develop the project as planned, these different tools have been used:

1. CAD software: All CAD designs were created using Dassault Systémes Solidworks
2025 Student edition.

2. FEA software: ALTAIR Hypermesh has been used for the optimization of the carbon
fibre layers.

3. Solver: Optistruct has been used for its support for linear static cases, which were
required to evaluate the relationship between stresses and displacements under
applied loads.

4. Suspension analysis: Optimum Kinematics has been used for the suspension
geometry analyses.

5. Notion: Is a productivity application that was used for note taking, planning and

tracking during the whole Project.

11



UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIER{A (ICAT)
COMILLAS  GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

...... 2 TAB TOAPPLY TITULO 1 TO THE TEXT THAT YOU WANT TO APPEAR
HERE.

Chapter 2. STATE OF THE ART

In this chapter, the different types of chassis and requirements used in formula student. Each

team uses a different type of chassis with different objectives.

2.1 FORMULA STUDENT

The competition in Europe is governed by the Formula Student Rules published by Formula
Student Germany (FSG) every year. These rules establish the distinct aspects that any car

competing at any event must have.
The rules are divided in different sections which deal with:

- Administrative regulations

- General technical requirements

- Internal combustion engine vehicles
- Electric vehicles

- Technical inspections, static disciplines and Dynamic disciplines

This project is focused on the general technical requirement stablished by the rules. These
requirements review the different measurements, stiffnesses and safety related to the design

of the car.

2.1.1 GENERAL TECHNICAL REQUIREMENTS

In this section, the rules state that the car must be an open-wheeled, single seat (formula style
body) with four wheels that are not in a straight line. The car needs a minimum ground
clearance of 30mm, which affects us in the suspension geometry and height. General

guidelines for all basic automotive parts are given in a general sense.

12
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2.1.2 GENERAL CHASSIS DESIGN

The initial design of the monocoque chassis starts here. First, the chassis design starts with
the size constraints revealing the main dimensions of the chassis. During this phase, the
spaces left for the different templates are taken into account and measurements are

imposed[1]. Three templates define the inside section of the chassis:

- Cockpit section Template (Figure 11): This template establishes the minimum

cockpit opening that the car needs. [1]

= 600 mm s
100 mm| _
& y
- £
= S
: JAL
A
= £
S z
parts of the steering system
[ may pass through this arca 1\

Figure 11 Cockpit cross-section template

- Cockpit internal cross section (Figure 12): This template defines the minimum space
that the driver legs need. In this case, exceptions are made for steering systems that

pass through the middle of the template.[1]

13
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Figure 12 Internal cross-section template

Percy (Figure 13): This template represents the 951 percentile men. When seated
normally and restrained by the by the driver restrained system the helmet of the Percy

and all other drivers must:[1]
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Figure 13 Percy placement

2.2 INTRODUCTION TO VEHICLE CHASSIS

The chassis is the pivotal structure of any vehicle as it suffers all the loads and houses all the
systems inside the car. The different materials and fabrication methods create various type
of chassis which vary in performance and use. Also, key parameters like torsional stiffness,
determine which chassis is best in each case. In addition, weight is a critical parameter in

motorsport racing that must be taken into consideration while designing a chassis.
The structural stiffness of a chassis is defined by two elements:

- Torsional stiffness: Is the resistance of a structure or component to twisting when
torque is applied.
- Bending stiffness: The resistance of the chassis to bending. It shows the amount of
force that needs to be applied to produce a certain amount of vertical deflection.
I's important to have these parameters at hand as calculations for suspension systems and
vehicle dynamics are usually done under the assumption that the chassis is rigid. In every

performance vehicle, a Formula Student car in this case, must have right torsional stiffness

15
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around the longitudinal axis of the car (usually the x axis). Later, this paper we will discuss
the effects of a low torsional stiffness value. Each type of chassis has different ranges of

these parameters.

2.2.1 SPACE FRAME CHASSIS

A space frame chassis is a structure composed of steel tubes arranged in triangular
formations, a design that has been employed in motorsport since the earliest days of racing.
The chassis is engineered around the vehicle’s primary components, such as the powertrain

and suspension systems, to achieve optimal triangulation.

The most significant forces, coming from the suspension and powertrain, are transmitted
through the chassis nodes, while the tubes themselves are subjected only to tension or
compression. This configuration helps to reduce fatigue and improve stiffness, although the
stiffness achieved is generally lower than that of composite structures. For instance, the most
recent chassis developed by the ISCFS Racing Team demonstrated lower simulated stiffness

compared to that of composite alternatives (Figure 14).

Rigidez Torsional (TS) VS Deformacion (y)

Deformation [mm]

DD HOHHHHHD0H0000000 } 5
LR Al i el e el ) AN e
O S O S B A S R e P A P eSO

Torsional Shiftness [N-m/deq]

Figure 14 Difference in torsional stiffness of the IFS-07 and IFS-08
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2.2.2 MONOCOQUE

The monocoque chassis was introduced in motorsport with the McLaren MP4 Formula 1
car during the 1981 season (Figure 15). This innovative technology consists of a tub
constructed from sandwich panels, typically composed of carbon fibre reinforced polymer
and aluminium honeycomb. The sandwich panel design generates a beam effect whereby,
according to materials science principles, increasing the distance between the outer skins
enhances the section modulus. This characteristic significantly improves the panel’s
resistance to bending making it highly suitable for motorsport applications. The geometry
of a monocoque chassis differs markedly from that of a traditional space frame chassis.
The tub encloses the driver, providing enhanced protection and improved aerodynamic
efficiency. Additionally, monocoque structures exhibit greater torsional stiffness compared
to tubular space frame chassis. The crucial factor is the weight-to-torsional stiffness ratio,

which is substantially superior in monocoque designs.

Due to its safety benefits, high torsional stiffness-to-weight ratio, and excellent integration
with the vehicle’s systems, the monocoque chassis is predominantly employed across all

forms of racing.

17
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Figure 15: First Formula 1 monocoque in the Mclaren MP4-1

2.2.3 HYBRID

Hybrid chassis combine both technologies mentioned above (Figure 16). They divide the car
into two parts: the cockpit made from a monocoque structure and the powertrain support
which is made from tubular space frame chassis. The best example of this is formula 1 cars,
their whole powertrain assembly (transmission, differential and rear suspension) is attached
to the tub. This way they optimize the space behind the driver, obtaining the most out of the

car.
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Figure 16: Hybrid Formula Student chassis.

2.3 INTRODUCTION TO VEHICLE DYNAMICS

The design of the chassis has one key objective, which is to obtain the optimal equilibrium
in between torsional stiffness, weight and structural safety, while all this guaranty an
efficient and controllable dynamic performance. Torsional stiffness plays a significant role
when designing race cars. Suspension kinematics and compliance, handling, steering and

ride behaviour all are affected by the variation of torsional stiffness.

During suspension kinematics analyses the chassis is considered a rigid body, so excessive
chassis flexibility will cause problems for example in tuning lateral load transfer distribution
with roll stiffness distribution. The whole body of the car can be modelled as three torsional
springs: One spring being the front suspension, one being the body and the last one being
the rear suspension. If the body spring stiffness is low, the spring that represents the body
will alter the effect that roll stiffness distribution has on lateral load transfer distribution
(Equation 1). This means that it will be hard to control the resistance to roll moment between
the front and the rear axle. This yields to the inability of modifying the car behaviour while

modifying suspension parameters.[4]
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1 11

keq kl k?

Equation 1. Relationship between two springs torsional stiffness in series.[4]

When a car corners, the sprung mass rotates about a roll axis between the axles and rolls.
Therefore, the body of the car rolls at an angle while both wheels are in contact with the

ground causing a change in ride height.

We know that for a certain vertical displacement of the wheel, it will experience a certain
amount of spring force. For a given amount of a body roll, much spring force is generated.
With the coil spring wheel rate and the antiroll bar wheel rate for both axles, we can calculate
the needed torsional stiffness of the chassis or either way, the suspension stiffness which

should be the 10% of the chassis stiffness approximately.
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Chapter 3. CHASSIS DESIGN

The chassis design will be imposed by the competition regulations, stablished by the
Formula Student Germany competition. The chassis is divided in different parts according

to the regulations. These parts are (Figure 17):

- Impact attenuator: A deformable material able to absorb the energy from a frontal
impact located before the front bulkhead.

- Front bulkhead: A planar structure that defines the forward plane of the chassis and
provides protection for the driver’s feet. Itis supported by the front bulkhead support.

- Front bulkhead support: Structure that is the side of the chassis from the drivers’ feet
to the front hoop. It covers from the bottom of the front hoop to the top of the side
impact structure.

- Front hoop: A continuous roll bar located over the driver’s legs. The steering system
I usually attached to this steering system.

- Main hoop: A roll bar covering the driver’s head. It creates an imaginary line to
protect the driver from hitting the floor in case of roll over.

- Roll hoops bracing: A structure supporting both the front hoop and the main hoop.

- Side impact structure: The side of the chassis covering the cockpit protecting the

driver from side impacts.
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Figure 17 Chassis parts on a Formula Student

3.1 CHASSIS DESIGN BASIS

The aim of this project is to serve as template for future monocoque chassis of the ISC FS
Racing Team. For this purpose, no specific dimensions have been shown of critical
components of the car. The critical dimensions that have been followed are the one stated by
the Formula Student Rules. Driver placement, hoops and bracing structures have not been
placed in specific places as they are not a constraint in the important part of this project, the

simulation. For this reason, the geometry serves as an example, so all dimensions are virtual.

After these templates are put in place, the design of the monocoque starts. In this case, the
only element that we need for the FEM analyses is the surface geometry. First, we start with

the sketches grouping templates and suspension points.

This sketch represents the baseline dimensions stablished by the suspension points and the
three templates. From this sketch, the surface is created. This process took time as some

operations created some zero thickness surfaces and strange ed ges.

In the design, it must be implementing the roll hoops as they are another design constraint

in this process. The final design is the following (Figure 18 — 20):
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Figure 18 Monocoque surface 3D view

Figure 20 Monocoque surface side view
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Figure 19 Monocoque surface front view

3.2 COMPOSITE MATERIALS

Composite materials are composed of at least to distinct elements that collaborate to achieve
material properties unattainable by the elements on their own. The architecture consists of a
primary material, known as the matrix, combined with reinforcement elements, typically
polymer-based fibres to increase strength and stiffness characteristics. These materials are
maintaining their distinctiveness and remain separable allowing for precise control over

composite properties through proportion management during manufacturing.

The resin systems, usually used epoxies and polyesters, don’t have good material properties
but they have good adaptability to all different shapes and can be mixed easily. The
reinforcements, such as glass, carbon and aramid fibres, exhibit excellent tensile and strength

performance. However, individual fibres can only exhibit their properties along their
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longitudinal axis, like thetensile behaviour of rope fibres, limiting their multidirectional load

capability.

The breakthrough with this technology occurs when the resin matrix is combined with the
reinforcing fibres. The resin matrix It distributes applied loads among individual reinforcing
fibres, ensuring load sharing across the entire composite structure. The resulting polymer
matrix composite (PMC’s) combines remarkable properties including high strength-to-
weight ratios, stiffness characteristics, ability to form complex shapes, all while maintaining

significantly lower densities compared to metallic alternatives.

Observaciones Rm (MPa) Densidad (g/cm®) | Resistencia
IMPIIlkm’l

Aluminio 2024 Sin endurecimiento 2,76

Aluminio 2024 T3 Endurecido térmicamente 420 72 2,76 152

Aluminio 6061 T6 Endurecido térmicamente 310 68 21 114

Aluminio 5251 H Endurecido por acritud 230 72 2,69 85,5

Acero C20 Normalizado Sin tratamiento térmico 490 210 7,85 62,4

Acero C80 Sin tratamiento térmico 1000 207 7,85 127

Normalizado

Acero CB0 T+R Templado en aceite + 1300 207 7,85 166
revenido a 3002C

CFRP-Epoxi (UN) 65% 1950 140 1,55 1258

Fibra Unidireccional Fibra carbono

CFRP-Epoxi (Woven) 60% 650 62 1,52 428

Fibra en tejido Fibra carbono

GRP-Epoxi (UN) 45% 700 40 1,77 395

Fibra Unidireccional Fibra vidrio

GRP-Epoxi (Woven) 45% 445 26 1,84 242

Fibra en tejido Fibra vidrio

Epoxi-Kevlar (UN) 45% Fibra de Aramida 1240 70 1,38 899

Fibra Unidireccional (Kevlar)

Table 1. Comparison of mechanical properties of composite material versus metallic alternatives [5]
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3.3 LAMINATE THEORY

Reinforced polymers are used because of their excellent ratio between their mechanical
properties and their weight. When manufactured correctly, CFRP presents excellent

mechanical properties.

Classical laminate theory perceives a composite material as a material build with a matrix,
some kind of resin) and fibres. When the matrix and the fibres are loaded in the same
direction, they present greater stiffness and strength than in the transversal direction (Figure
21).

Longitudinal
direction

Transverse
direction

—

Figure 21 Distribution of the fibre composition in a composite material

The Voigt model for load application in the longitudinal direction states that when a strong
union between the fibre and the matrix, the material enters an isodeformation state where the
material deforms as an isotropic material like steel. In the equations stated in this model,

some parameters are very important and will be used in the optimization process: [5]

- V{: Volume fraction of the fibre

- Vm: Volume fraction of the resin matrix
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Equation 2 Voigt's composite model

The mix of mechanical properties make fibre reinforced polymers superior to their metallic
counterparts if the forces are applied in the correct way and they are manufactured correctly.
Classic laminate theory determines the strains and stresses that each ply of a laminate will

see under specific conditions.[6]

A laminate is formed by the stacking of multiple plies under specific conditions: Orientation,
material properties and vertical position. When the laminate is under load, each ply has a
different stress variation when the strain variation is somewhat constant (Figure 22). This
effect can cause individual ply failure which can ultimately lead to the complete laminate

failure.
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Mid-Plane

Laminate Strain variation Stress variation
Figure 22 Strain and stress distribution along a laminate thickness[6]
Material properties are essential for good mechanical properties. The Young modulus of the

material and the shear modulus are considered on the calculation of the stresses through the

strains.

A laminate usually doesn’t have all unidirectional plies because their low stiffness and
strength properties on the transverse direction[6]. This creates a need to stack some plies at
an angle, which leads us to analyse the strain-stress relation of thus laminates. For this
analysis, we will use the coordinate system pictured in figure 23. Axis 1 will be the
longitudinal axis of the lamina and axis 2 will be the transverse axis. The separation between
the global coordinate system and this local coordinate system requires a transformation

matrix dependent on the angle between the longitudinal axes.
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77 XIA

22

Figure 23 Coordinate system of an angled ply[6]

ER 4

c S 2sc

[T]1=]| s> ¢* —2sc |,

-s¢c  sc¢ c¢*-¢°

c=Cos(0),

s=Sin (8).
Equation 2 Transformation matrix [6]

Lamina orientation creates a drastic change in the effect of each young modulus related to
the x and y axis. There is an inverted correlation between the elastic modulus and the angle

of the lamina as shown on the Figures 24 and 25.
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Figure 24 Change in Ex as a function of the lamina angle[6]
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Figure 25 Change of Ey as a function of the lamina angle[6]

This change in lamina angle creates a gradual increase in shear modulus of the lamina, which
leads to the increase in torsional stiffness of the chassis as this is the stress that the chassis
is put through during this test. As we can see in Figure 26, the peak shear modulus is achieved

at an angle of 45°. This consideration will directly affect the final laminate of the chassis.
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Figure 26 Relationship between in plane shear modulus and lamina angle

LAMINATE ANALYSYS:

The laminate analysis starts with the calculation of the stiffness matrix of each lamina. We
can consider that a carbon fibre lamina is an orthotropic material that has different material
properties in three directions. Also, we will assume place stress loads and that the lamina

does not carry any out-of-plane stresses.

Taking this consideration, and the stress problem can be expressed with the equation:

€ Sn S 0 || o4
& |=|S2  S» 0| o]
Y12 0 0 Ses || T12

Equation 3: Strain — stress relationship[6]

By inverting this equation, the stress — strain relation is expressed with the reduced stiffness

coefficients:
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G, Qn Q» 0 (5
0, [=|Qn O»n 0 | &
T2 0 0 Qe || Y12

Equation 4 Stress — strain relationship[6]

Generally, the stress — strain relation is stablished through the engineering elastic constants.

In this case, the nomenclature that will be used is:

E, = Longitudinal Young Modulus
E, = Transversal Young Modulus
G,, = Shear modulus

v, = Poisson mayor ratio

v;;= is defined as the ratio of the negative of the normal strain in direction j to the normal strain in

direction I, when the only normal load is applied in direction i
The next step is to determine the coordinates of the top and bottom surfaces of each ply of

the laminate consisting in n plies. The thickness of each ply is known.

h h
Ply1l: h, = —3 (Top surface); —3 + T, (bottom surface)

h K-1 h K
Ply k: h,_, = —3 + Z T (Top surface); — 2 + Z T (Top surface)
K=1 K=1

Equation 5 Ply coordinate calculations in a laminate

Calculations for the reduced stiffness matrix [Q] are the following:

E, vy, ¥ By E,

_ —m—m—m—m— - —$§—™—™—€$™s”<s _ — = G
Q11 — Q12 1= vy, * vy, 3 Qa2 1—v,, * vy, Qo6 12
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Equation 6 Reduced stiffness matrix elements calculations[6]

These elements are on the local system of the plies, so by using the transformation matrix

the elements on the global systems can be obtained.
Qi1 = Quic* + Qa8 + 2(Quz2 + 2Qs6) ¢
Q12 = (Qu1 + Q22 - 4Qss) s7¢* + Quz (¢* +5%)
Q22 = Quis* + Qa2¢* + 2(Quz2 + 2Qs6) ¢
Qis = (Qu1 - Q2 - 2Qe6) € - (Q22 - Q12 - 2Qe6) s°c
Q26 = (Qu1 - Q12 - 2Qs6) €s - (Q22 - Q12 - 2Qe6) s°C

Qoss = (Qu1 + Q22 - 2Q12 - 2Qss) s*c* + Qe (s* + ¢*)

Equation 7 Transformation matrix applied to the reduced stiffness matrix terms

Then we generate the ABD matrix (Appendix 1), that is the extensional [A], coupling[B]
and bending [D] matrix. The extensional matrix [A] relates the resultant in-plane forces to
the in-plane strains, and the bending [D] stiffness matrix relates the resultant bending
moments to the plate curvature. The coupling stiffness matrix [B] couples the force and

moment terms to the midplane strains and midplane curvatures.[6]
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3.4 FAILURE CRITERIA

Composite materials are made from different layers bonded together. This build provides an

uneven distribution of stresses when they are subjected to different forces.

—

Mid-Plane

Laminate Strain variation Stress variation

Numerous failure criteria can be considered when working with composite materials. The
criterion used in this project is the Tsai-Hill failure criterion, which accounts for the
interactions between different stresses, laminate orientations, and material coefficients to
establish a failure threshold. After calculating the coefficients and applying the formula to
each case, a numerical result is obtained. If this result exceeds 1, the composite will fail.

This method was selected to enable easier verification through hand calculations.

F . o} _ oi¥oy + o e
niex =@~ @ Tyt

Equation 8 TSAI Hill Criterion

The failure parameters X and Y in the Tsai-Hill criterion are not constant values; instead,
they depend on the stress state of the composite material. These parameters change based on

which quadrant of the stress coordinate plane is being analysed.
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When dealing with longitudinal stress (o1), the failure parameter X is selected based on the
sign of the stress. If the material experiences tensile stress (c1> 0), the tensile strength X T
is used. However, if the material is subjected to compressive stress (o1 < 0), the compressive

strength X C is used instead.

The same logic applies to the transverse stress direction (c2). The material’s failure
parameter Y is determined by whether the stress is tensile or compressive, using Y _T for

tension and Y _C for compression.
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Chapter 4.  ANALYSIS

4.1 SIMULATION PROCESS

The simulation process is composed of 2 phases: the optimization phase in which the
laminate parameters and layers are determined, and the analyses phase where the

optimization result is tested and simplified for it to be manufacturable.

4.1.1 OPTIMIZATION PHASE

The optimization stage starts from a basic laminate composed of all laminate alternatives
from the selected materials. In this case, the start ply laminate of the first stage simulation

was (Table 2):

First stage optimization laminate

Material type Thickness {mm) |Fibre orientation
Gurit IMC UNI 2 oe
Gurit RC200T 0°x90° 2 oe
Gurit XC411 45°x45° 2 oe
Gurit RC200T 0°x90° 2 45°
Gurit XC411 45°x45° 2 450
ALU Honeycomb DURA-CORE-II-5052 30

Table 2 First stage optimization Ply laminate

The laminate groups all the possible combinations of the different type of fibre cloths.

4.2 GEOMETRY SIMPLIFICATION AND MODELLING

The model used for simulation represented the basic surface of the monocoque, because with
the ALTAIR Hypermesh optimization we will stablish the thickness of every ply, number of
plies and orientation. The suspension systems have been included in the simulation with their
own material properties as efforts on the chassis are transmitted to the suspension and

viceversa (Figure 27).
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As the aim of the project is directed towards the shape optimization of the laminate, inserts
for the monocoque have not been taking in consideration for the simulations. For this load
transfer to be the most realistic, rigid bodies (RBE2) have been used to transmit the forces

to the monocoque.

Figure 27: Monocoque Hypermesh Model

4.2.1 SUSPENSION MODELLING

Chassis development is directly correlated to the suspension geometry. Because of this, the
suspension geometry was redesigned with minor changes to fit a more discrete chassis
compared to a tubular steel frame chassis. The objective of this redesign was to maintain the

suspension parameters as close as the original design.

This process was done using Optimun Kinematics by Optimum G. This software permits the
user design, simulate and test bench suspension systems. The main changes on the

suspension where the change on the rocker pick up points change in height. This change
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created a possibility to make the chassis more compact and to adapt the suspension from a

tubular steel frame chassis to a monocoque structure.

The final geometry suspension points after various iterations are the following for the front

and rear suspension (Table 3-4).
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SUSPENSION PICK UP POINTS: ximm} y (mim} Z [mim) ¥ (mm) y (mim) Z {mm}
Lower Wishbone Front pivot 14,2 2291 230 3,3 2128 230,0
Lower Wishbone Rear pivot 346,7 229,1 230 3563,3 2108 230,0
Lowrer Wishbone outer ball joint 148,1 550 230 148,1 550,0 230,0
Upperwishbone Front pivot 14,2 263 400 4.3 2456 4007
Upper wishbone Rear Pivot 3327 263 360,3 343,3 246,1 3584
Upper Wishbone outer ball joint 165,5 530 350 165,5 230,0 3900
Push Rod wishbone 148,1 5155 250 148,1 5155 250,0
Push Rod rocker end 148,1 268,3 7737 148,1 2633 650,0
Cuter track rod ball joint 221.75 505,2 265,1 22175 505,2 265,1
inner track rod ball joimt 221,75 2345 264 2218 234.5 264,0
Damper to body 1481 25 755,1 148,1 25,0 650,0

Damper torocker 148,1 188,2 8182 148,1 1882 90,0

Rocker 17 axis point 128,1 205 755,1 128,1 205,0 6114
Rocker 27 axis point 168,1 205 755,1 168,1 205,0 6114
‘Wheelcenter point 160 600 310 160,0 &00,0 3100
Wheel spindle point 160 538 311,7 160,0 G380 311,7

Table 3 Front axle suspension points

REAR AXLE NEW COORDINATES

SUSPENSION PICK LUP POINTS X immj y {mm} Z [mmi) ¥ (i) Y (minm) Z {rmimj}
Lower Wishbone Front pivot 15233 240 230 15711 1872 2296
Lower Wishbone Rear pivot 1756 240 230 17627 1596 230,0

Lowver Wishbone outer ball joint 1730 550 230 1730,0 550,0 230,0
Upperwishbone Front pivot 1529,1 259 347 1551,2 1938 345,1
Upper wishbone Rear Pivot 1895 259 350 1879.8 190,6 3835

Upper Wishbone outer ball joint 1730 540 390 1570,0 240,0 390,0

Push Rod wishbone 1725 515 250 1725,0 215,0 250,0
Push Rod rocker end 1858,9 2795 4858 18411 1498 4593
Owuter track rod ball joimt 1790 550 230 1780,0 550,0 230,0
inner track rod ball joint 1816 240 230 18227 160,3 2300
Damper to body 1640,8 231,1 5124 1625,7 722 510,0
Damper to rocker 18118 2135 545,1 1810,1 75,2 5076
Rocker 17 axis point 1816,2 274,2 514.9 1B06,7 108,5 4333
Rocker 27 axis point 1818.5 246,65 486,1 1778,5 1477 516,1
‘Wheelcenter point 1730 600 310 1730,0 G000 3100
Wheel pindle point 1730 650 3119 1730,0 650,0 3119

Table 4 Rear axle suspension points

The suspension arms characteristics that have been changed are the wishbones lengths and
the position of the rocker and push rod. The main goal was to maintain as much as possible
the suspension parameters, this was achieved by reducing the lengths of the suspension rods
with the direction vector of each rod. The push rod / rocker changes in height maintained the

designed motion ratio, 1.2.
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4.3 SIMULATION PARAMETERS
4.3.1 MESHING & MODEL GEOMETRY

In simulation analyses, the stages of model geometry preparation and meshing constitute
foundational aspects in achieving accurate and efficient analyses. Altair Hypermesh provides
robust tools to clean, discretize and mesh geometries. For my model I have used the
batchmester tool, which allows the user to create a surface mesh with an easy-use-interface

(Table 5).

Mesh elements

1D

Element type

Number of elements

BEAM

1980

RIGID

43

2D

Element type

Number of elements

Quadd

140367

Tria3

589

Table 5 Mesh elements type

Figure 28 2D elements (Blue) 1D elements (Green)
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Figure 29 2D element size heat map

The initial mesh of the model has been set to Smm length elements. The meshing operation
using the batchmesher tool creates the mesh with a target element size and cleans up the

mesh (Figure 29). This tool has been adjusted with the following parameters to create the

mesh:
Import options = |Import model with tolerance -\

-E Extract midsurfaces
— Output options —— { FAvmamesh

E/Create mesh
BATCHMESHER < : >
PARAMETERS _Targatel.emant size:

Element type:

Mesh options —— - Element order:

\_ Element organization: _/d

Figure 30 Basic batchmesher parameters

Aftercreating the meshing, some check needsto be doneto complete the meshing operation.

First, each element normal must be pointing in the same direction as the element normals of
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the elements next to it. In the case of this project, the positive side of the element normal,

where the laminate will grow towards, is the inside of the monocoque (Figure 31).

[ Positive

Figure 31 Element normal distribution

After the element normals check, each element local system must be aligned with the global

system chosen at the start of the meshing operation (Figure 32).
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Figure 32 Mesh orientation detailed

The objective of the simulation is to be as real as possible with a base chassis model. For
this to be maintained, the suspension arms have been modelled in the simulation following

the real geometry and parameters that would be on the real car.

First, the suspension was modelled with nodes and lines following the edited suspension

pick up points coordinates determined on Optimum Kinematics (Figure 33).
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Figure 33 Suspension geometry model

This model serves as a sketch for the 1D meshing. This meshing was carried out with the
line mesh tool on the software, which stablished the number of elements per suspension arm
relative to the length of this one. The meshed model addsup 1980 1D elements all for the
suspension modelling (Figure 34 - 36).
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Figure 34 Front suspension detailed mesh
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Figure 35 Front suspension meshing

Figure 36 Rear suspension Meshing
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4.3.1.1 PROPERTIES:

Properties are assigned toeach component for the solver to identify their physical properties.
They determine the physical behaviour in the simulation. The properties that we will be
using for the suspension systems is PBEAM and for the composite parts we will be using

the PCOMPP property.
PBEAM:

The PBEAM property is defined by the section of the suspension tube and the material type.
For this case a steel suspension system has been used for the simplicity on the modelling of
the material. For further implementations, the suspension can be modelled with carbon fibre
tubes. The section of the suspension rod is a basic circular section; in this field further

implementations can be made.

PCOMPP:

PCOMPP is a property card used to define composite laminates for panel-based composite
optimization. This property is essential to perform free size and sizing optimization. In
PCOMPP it’s important to identify the Z0 parameter. This parameter establishes the offset
of the shell mid-surface from the actual mesh surface. In this model, the Z0 offset is not

needed so this parameter is not filled, and the option is set to real.

4.3.2 SYSTEMS

In the Hypermesh model the global coordinate system was defined by:
X axis: Transversal to the tub’s longitudinal direction.
Y axis: vertical direction to the tub’s longitudinal direction.

Z axis: Parallel to the tub’s longitudinal direction.
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This system has been stablished from the Solid Works model; in the automotive industry the
X axis is parallel to the tub’s the longitudinal direction and the Z axis is the vertical one

(Figure 37).

2 e X

Figure 37 Definition of the global coordinate system

In my Hypermesh model there are also 2 more independent coordinate systems that serve as
reference for the plies orientation and for the suspension nodes. The plies orientation
coordinate system is situated just below the driver’s legs. This system helps with the 0°

baseline for ply orientation and the normal vectors baseline for the laminate sequence (Figure
38).
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Figure 38 Ply orientation coordinate system in the Hypermesh model

The last coordinate system helps to establish a relationship between the solidworks model
and the Hypermesh model. The placement of this coordinate system has been the left-hand
side (drivers view) from the AIP maintenance hole. All suspension nodes have that reference
which makes it easier to trespass the suspension coordinates from Solidworks to Hypermesh.

Figure 39 shows the positioning of the suspension points reference system (Figure 39).
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Figure 39 Suspension nodes coordinate system

DEGREES OF FREEDOM

In Hypermesh each node has 6 D.O.F, for the simulation constraints theses parameters will

be used:

1. Translational degree of freedom on the x axis
Translational degree of freedom on the y axis

Translational degree of freedom on the z axis

2
3
4. Rotational degree of freedom on the x axis
5. Rotational degree of freedom on the y axis
6

. Rotational degree of freedom on the z axis

4.3.3 MATERIALS

Materials in Altair Hypermesh are first designated because of their mechanical properties.
In this model MAT8 and MATI type materials are the ones used, MATS defines a linear

elastic orthotropic material for 2D elements (surface mesh elements) and MAT 1 defines a
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linear static, isotropic material where mechanical properties are the same in all directions.
The MAT 8 designation was used for all the CFRP plies and MAT 1 was used for the

suspension geometry and the torsion rig.
CARBON FIBRE LAMINATES:

The material selection consists of a range of commercially available carbon fibre pre-
impregnated (pre-preg) materials. Three types of carbon laminates from Gurit are
considered, as they are commonly used in advanced engineering applications and in the
design of lightweight, high-strength structures. The Gurit IMC Fiber UNI material
corresponds to a unidirectional carbon fibre laminate, providing maximum strength and
stiffness along the fibre direction, which is particularly suitable for applications where the

primary loads are concentrated along a single axis.

In addition, the Gurit RC200T 0°/90° laminate is a bidirectional fabric that offers load -
carrying capability in two perpendicular directions, enabling improved load distribution in
components subjected to multiaxial stresses. Finally, the Gurit XC411 +45° laminate is a
diagonal fabric optimized for shear load absorption and enhanced structural response under
torsional or inclined loading conditions. These materials are combined to exploit their
complementary mechanical properties and to optimize the overall structural performance

and weight of the model. [7]

The mechanical properties of each type of material are contemplated on the following table

(Table 6):
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PROPERTIES Units IMC Unidirectional fibre RC 200T 07x90° fibre XC411 45%45°
Volume fraction o 55.5 47-53 47-59
Density ton/m*3 1,50E-08 1,50E-09 47-59
Cured ply thickness mim 0.23* 0.23 0.43
E11 {Young modulus at 07) MPa 170000 60900 63800
E22 (Young modulus at S0°) MPa 8400 651600 654500
v12 [Poisson ratio) . 0.3 0.06 0.06
12 (shear modulus) MPa 3000 4136,856 4136, 856
G1Z (out-of-plane shear modulus) MPa 4136,856 2757904 2757904
527 (out-of-plane shear modulus) MPa 2757804 2757,5904 2757,904
o_11(Tensile strength X_t) Mpa 2874 1124 1124
o_22 (Tensile strength Y_t) Mpa 33.2 662 1237
Ec_11(Young modulus at 0%) MPa 153000 58300 52000
Ec_22 (Young modulus at S0) MPa . 59000 62000
&_11 [Compresive strength X_c) Mpa 1354 759 585
o_22 (Compresive strengthY_c) Mpa . 731 645

Table 6 Mechanical properties of all fibres[7]

Furthermore, an aluminium honeycomb core material has been integrated into the laminate
as an internal layer, functioning as a through-thickness reinforcement element. This core
configuration induces a beam-like structural effect by spatially separating the outer and inner
composite plies, thereby substantially increasing the second moment of inertia and bending
stiffness without proportional increases in overall mass. The honeycomb core selected
exhibits a baseline density of 4.5 1b/ft> with 1/8” cell dimensions and 0.0010” foil thickness,

with provisions for thickness variation during subsequent optimization analyses (Table

7).[8]

This multi-directional laminate arrangement, combined with the core architecture, enables
the structure to resist combined loading scenarios while maintaining structural efficiency

and minimizing weight—critical parameters for the proposed application.
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PROPERTIES Units DURA-CORE Il 5052
Density ton/m*3 742E-11
E11 (Young modulus at () MPa 1.0
E22 (Young modulus at 90°) MPa 1.0
w12 (Poisson ratio) - 0.3
G12 (shear modulus) MPa 1.0
G17 (out-of-plane shear modulus) MPa 351.63
G2 (out-of-plane shear modulus) MPa 172.37
«_11 (Tensile strength X_t) Mpa
o_22 (Tensile strength ¥ _t) Mpa
Ec_11 (Young modulus at 0%) MPa
Ec_22 (Young modulus at S0%) MPa
&_11 {Compresive strength X_c) Mpa
o_22 (Compresive strength ¥ _c) Mpa

Table 7 DURA-CORE® II 5052 Aluminum Honeycomb mechanical properties[8]

4.4 SIMULATIONS

This section describes the simulation and optimization methodology used for the FEA
analysis. The process follows a step-by-step workflow, starting from a basic model definition
and load case selection, and progressing through free-size and sizing optimization stages.
The simulations aim to minimize the mass of the monocoque while satisfying strength,
failure criteria and manufacturing constraints. The final laminate configuration is obtained

after all load cases are evaluated and validated through final analyses.

4.4.1 SIMULATION PROCESS

The simulation system used in this project follows a systematic, multi-stage optimization
procedure to develop an optimized composite laminate architecture that satisfies structural
performance requirements while remaining practical to manufacture. This methodology
comprises three distinct optimization phases, each progressively refining the composite

design through iterative computational analysis and constraint-based optimization.

The initial phase is the geometry validation stage, which ensures that the model is properly
defined by verifying nodal connectivity and element correspondence. Torsional stiffness

analysis is used as the primary assessment tool to identify and correct any geometric
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deficiencies. Following successful validation, the free sizing optimization phase explores
different ply thickness configurations to determine optimal fibre orientations for the applied
loading conditions. Subsequently, the sizing optimization phase incorporates manufacturing
constraints and material specifications to refine the design, ensuring it can be practically
manufactured while maintaining structural performance. Finally, constraint verification
using the Hill failure criterion confirms that the optimized laminate provides adequate

resistance under all prescribed load cases.

This systematic approach ensures that the resulting composite structure achieves optimal
structural efficiency, satisfies failure criteria, and remains feasible for the teams to create.

The optimization process is shown in Figure 40.

OPTIMIZATION PROCESS

Initial laminate (All posible combinations)
BASIC MODEL

All loadsteps defined

—% |
Main hoop Loadstep Impact Loadstep Harness Loadstep

L Load step selection ] TSAC Loadstep  Fronthoop Loadstep Suspension Loadstep

l Responses: jileie] 512 RV e} VOLUME FRAC
Fr.ee' size PARAMETERS Constraints: [UCEReIAV] LIS 3 7.(o
optimization [elEGZN MIN COMPLIANCE

l Design variable: FREE SIZE

Responses: LGS COMP FAILURE
samg | _, ics: (ERETRI
g PARAMETERS [eLLEENISE  HILL CRITERIA< 1.0

Jptmzevon Objectives: MIN MASS
l Ply constraints: TMANUF

If all loadsteps

simulated:
PLY GENERATION

|

[ FINAL ANALYSES |

Figure 40 Simulation process schematic
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4.4.1.1 Geometry fixing

The initial phase of the optimization methodology employs a preceding analysis stage to
identify and rectify any modelling deficiencies, including surface inconsistencies and non-
conformities that could compromise the integrity of following simulations by altering the
results. For this preliminary validation, the torsional stiffness test was selected as the
governing assessment criterion, as it provides an evaluation of the structural connectivity
and nodal integrity across the model, putting through a test to critical suspension joints and
interface nodes. The iterative refinement procedure required five discrete iterations of model
correction and analysis verification to establish proper element connectivity and nodal
correspondence throughout the structural mesh. During this iterative phase, the primary
source of computational impedance was identified within the one-dimensional (1D) beam
elements employed in the suspension system discretization. Through systematic debugging
and geometric adjustment, these modelling issues were successfully resolved, thereby
enabling the structural model to proceed to subsequent optimization stages with verified

geometric and topological integrity.

Each 1D mesh element is discretized through a dual-nodal architecture, where each
individual element is defined by two nodal points. An issue emerged with this discretization
approach: the nodal coordinates undergo automatic re-initialization whenever any connected
elements are removed or modified from the model geometry. This nodal re-definition
induces a discontinuity in the mesh topology and, consequently, in the structural system
defined by the mesh. Should the finite element analysis proceed under these compromised
conditions, the discontinuous nodal configuration results in the disassociation of suspension
linkage elements that should otherwise remain kinematically coupled. This topological
failure propagates incorrect displacement and force values throughout the model, which are
important for simulations like torsional stiffness analyses where structural coupling and load

transfer pathways are of importance.

Upon completion of the geometric validation, a baseline torsional stiffness analysis was

conducted employing the corrected model geometry and the preliminary laminate
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configuration described previously. The computational results obtained at this baseline stage
yielded a torsional stiffness of 2742.66 Nm/deg and a corresponding total monocoque mass
of 56.88 kg (Table 8). These initial analytical metrics establish the reference configuration

from which subsequent optimization iterations will be evaluated.

N144358 - MAG

0.0062
| N144358 - MAG
0.0060-
W
T 0.0058
o
2
S 0.0056 *®
2
=2
O 0.0054
[l
0.0052-
0.0050 : : . . : : . .
010 -008 006 -0.04 -0.02 D000 002 004 006 008 010
Time
Table 8 Initial torsional stiffness tests results
4.4.1.2 Free sizing

During this optimization stage, the composite ply laminate thicknesses are systematically
optimized without additional constraints. Throughout these simulations, the algorithm
identifies and evaluates distinct ply stacking sequences and laminate configurations that are
contingent upon the applied loading conditions. The computational module utilized for this
optimization phase is the dedicated optimization solver, which operates independently from
the standard finite element analysis procedures. This specialized module establishes and
evaluates alternative design variables and generates corresponding optimization responses

that serve as input data for subsequent analysis iterations.
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OPTIMIZATION RESPONSES

The optimization responses constitute the quantitative metrics that the computational solver
evaluates iteratively during the optimization process to determine the appropriate design
modifications. Ateach iteration cycle, the response quantities provide guidance to the solver
regarding which parameters require evaluation and adjustment. These responses establish
the linkage between design variables, structural constraints, and the physical finite
element model, thereby enabling a comprehensive assessment of model performance. For
the free sizing optimization procedure implemented in this study, two primary response

metrics are employed: composite compliance and volumetric fraction.
DESIGN VARIABLES

The design variables represent the adjustable parameters that the optimization solver
manipulates to satisfy the established objectives and constraints. These quantities constitute
the degrees of freedom that the algorithm explores within the solution space. For the present
investigation, the design variables have been configured to operate under the free sizing
methodology, with modifications applied directly to the laminate stack sequence and

individual ply thickness values.
OPTIMIZATION CONSTRAINTS

The optimization constraints define the permissible boundaries and limitations that the
design solution must satisfy throughout the iterative solution process. These constraints are
imposed directly upon the optimization response metrics. Within the context of the free
sizing optimization procedure, the volumetric fraction reduction constraint has been
established at 0.3, thereby stipulating a maximum thirty percent reduction of the composite
material volume. The underlying objective of this volumetric constraint is to systematically

reduce the structural mass of the model while maintaining structural adequacy.
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OBJECTIVES

The optimization objective represents the singular performance metric that the solver
endeavours to improve while simultaneously satisfying all imposed constraints. For the free
sizing optimization methodology, the primary objective is the minimization of structural
compliance, which is mathematically defined as the inverse of stiffness. This objective
formulation ensures that the resulting design exhibits optimal stiffness performance while
respecting the mass reduction constraint. Figure 41 represents the resulting ply shape aftera

free size optimization.

Figure 41 Free sizing example with suspension loads

4.4.1.3 Sizing

Following the completion of the free sizing optimization phase, the laminate configuration

requires further refinement to ensure manufacturability and compliance with the rule’s
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constraints on mechanical properties of the monocoque. The subsequent sizing optimization
procedure establishes a revised set of optimization responses, constraints, and objectives

specifically formulated to enhance the practical feasibility of the design outcomes.

The optimization responses employed during the sizing phase comprise the composite failure
criterion (COMP FAILURE) and the total structural mass (MASS). The primary objective
of this optimization stage is the minimization of total mass while maintaining the composite
failure coefficient, evaluated through the Hill failure criterion, below a critical threshold of
unity. During this refinement process, additional constraints must be imposed upon both the
material failure coefficient and the individual ply thickness values, as these parameters are
predetermined by the commercial specifications and manufacturing tolerances established
by the composite cloth supplier. The implementation of these manufacturer-imposed
constraints ensures that the resulting laminate configuration can be practically realized

through standard production methodologies.

The optimization results from this sizing phase yield a laminate stacking sequence that
exhibits comparable fibre orientation distributions to the free sizing results, yet with
individually adjusted ply thicknesses that reflect the discrete thickness increments and
material specifications of each individual ply type. This iterative refinement ensures that the
final design maintains optimal structural efficiency while remaining compatible with

established manufacturing processes and material availability.

4.4.1.4 Sets definition

The computational analysis of each individual load case generates a distinct lamina
architecture, wherein each resulting ply configuration exhibits a continuous, non-discrete
geometry that is inherently unsuitable for practical manufacturing implementation. Upon
completion of all load case evaluations, it becomes necessary to establish discrete ply sets
that systematically consolidate and organize the simulation results into a manufacturable

composite structure. This consolidation process requires comprehensive examination of each

59



UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIER{A (ICAT)
COMILLAS  GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES
UNIVERSIDAD PONTIFICIA
TAB TO APPLY TITULO 1 TO THE TEXT THAT YOU WANT TO APPEAR
HERE.

individual ply generated by the optimization algorithm, with particular attention directed

toward determining optimal layer positioning and geometric definition.

The raw simulation outputs, as presented in figure 22, exhibit ply geometries that have been
individually refined to satisfy the constraint criteria established during the preceding sizing
optimization phase. However, these raw computational results maintain continuous,
irregular geometries that preclude direct manufacturing implementation. Through systematic
analysis and geometric refinement, the continuous ply geometries derived from raw
simulation data are transformed into discrete, well-defined shapes that possess practical
manufacturability and facilitate subsequent processing and assembly operations, as shown
in figure 23. This transition from continuous theoretical geometry to discrete manufacturable
geometry ensures that the optimized laminate design can be reliably fabricated using
established composite manufacturing methodologies. In Figure 42, the simulation result is
displayed and in the next figure, the sophisticated result after the final optimization (Figure
43).

Figure 42 Suspension loads sizing simulation 18 ply
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Figure 43 Final suspension plies set

4.4.1.5 Analyses results

Following the completion of the sizing optimization phase and the transformation of all ply
geometries into discrete, manufacturable configurations, comprehensive verification of all
established design constraints must be conducted. The previously defined load cases serve
as the analytical basis for this verification process, employing the Hill failure criterion to
demonstrate that the monocoque structure exhibits adequate resistance and structural

integrity under the prescribed loading conditions.

A critical consideration in this validation process concerns the structural modelling of insert
connection points, wherein mechanical fasteners and component interfaces are discretized
using rigid body element (RBE2) formulations. The nodal connectivity between RBE2
elements and the laminate surface generates localized stress concentrations of significant
magnitude. These stress singularities introduce computational distortions that can

substantially influence the predicted ply quantities necessary to satisfy the Hill failure
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criterion constraints. While such geometric stress concentrations may artificially elevate the
required lamina thickness and ply count in the immediate vicinity of these connection nodes,
the overall ply orientation characteristics and fundamental fiber architecture patterns remain
consistent throughout the optimization iterations. Therefore, the underlying laminate fiber
configuration and ply type selections demonstrate reliable consistency across all simulation
scenarios, enabling confident assessment of the optimized composite architecture despite

localized computational anomalies associated with rigid element boundary conditions. In the

following figures the different rigid elements used as attachments are shown (Figure 44 —
49)

Figure 44 Front suspension RB2 pick up points to monocoque surface elements
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Figure 45 RBE?2 suspension pick up point connection detailed

Figure 46 Main Hoop attachments RBE2 elements
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Figure 48 TSAC RBE?2 element
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Figure 49 TSAC RBE?2 element detailed

Contour Plot
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Figure 50 Suspension point transmitting forces through a RBE?2 rigid element

4.4.2 HOOP LOADSTEP

The driver’s safety is contemplated in the Formula Student Germany rules with the roll over
envelope. This envelope is created with the front hoop and the main hoop. These hoops
themselves don’t affect the simulations as the attachments are the one contemplated in our

constraints.

The rule T. 3. 16. 1 [Ref] states that if two parts of the primary structure are bolted together

each attachment point between the two parts must be able to carry 30kN in any direction.
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The two hoops belong to the primary structure, so each attachment point mush be able to
carry these loads. In this case the insert is not being contemplated in the simulations, so the

attachment point of the main hoop and front hoop are RBE2 elements positioned in the same

spot.
HOOP LOAD CASE
Load X axis 30000|N
Load Y axis 30000[N |
Load Z axis 30000|N |
Table 9 Hoop load case

The scope of the following simulations is two verify, following the Hill failure criterium, if
the laminate fails under the proposed loads. The objective with this failure criteria is to get
the value of the simulation under 1 (Figure 51). With theuse of RBE2 elements, as explained
before, condition the results on their nearby area. The main hoop bracing is included on the

hoop laminate distribution.
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Contour Plot
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Figure 51 Main hoop loadstep free size optimization

After the free sizing optimization, the TMANUPF parameters are stablished, the constraints,
responses and objectives are changed. In Figure 52, the parameters stablish the thickness of

each element. Furthermore, the laminate is more discrete.

Contour Plot
Element Thicknesses(Thickness)

29.650
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— 25370
& 23943
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16.810
No Result

2 X

Figure 52 Main hoop loadstep sizing optimization

The result on this simulation creates a new laminate compliant with the manufacturing and

stress constraints. Due to the problems mentioned before with the RBE2 elements, the
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resulting laminate is not representative. For this reason, the plies materials, orientations and

forms have been considered but not the number of plies.

4.4.3 TSAC LOAD STEP

The TSAC is one of the critical components of the car. Its objective is to protect and hold in
place thetractive system accumulator in all kinds of events. To develop confident simulation,
it has taken the reference weight of a battery pack in formula student, so a 38,5 kg
accumulator is used. Critical components, as stated in rule T3.3[1], must be able to withstand
40G in the longitudinal and transverse direction, and 20G in the vertical direction. In this

case the loadstep that will be used in the simulation is the following (Table 10):

TSAC LOAD CASE

Load X axis 19031,4|M
Load Y axis 19031,4|\H
Load £ axis O515.7|M

Tablel0 TSAC loadstep

This loadstepis applied on a RBE2 elements that simulates the TSAC. The simulation results
are the following (Figure 53 — 54):
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Figure 53 TSAC loadstep free size optimization
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Figure 54 TSAC loadstep Sizing optimization

4.4.4 HARNESS LOADS

The harness is divided into two sections: The shoulder harness placed near the shoulder of
the driver and the lap / antisubmarine belts which are placed below the driver and have other

load distributions.

The attachment points for shoulder and lap belts must be capable of withstanding a minimum
tensile load of 13 kN, while the attachment points for anti-submarine belts (lower anchors)

must support a load of at least 6,5kN (Table 11). The attachment points have been modelled
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as RBE2 elements for both the shoulder and the harness attachment points. The simulation

results are shown on Figures 55 to 58.

Value Units
Anti Submarine ¥ 6200)M
Lap Belts 130000
shoulder harness z 130000N

Table 11 Harness Loadstep
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Figure 55 Harness loadstep free size simulation isometric
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Figure 56 Harness loadstep free size simulation floor
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Figure 57 Harness loadstep sizing simulation top
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Figure 58 Harness loadstep sizing simulation top

4.4.5 SUSPENSION LOADSTEP

The suspension loadstep simulates the structural integrity of the monocoque under dynamic
loading conditions representative of cornering, acceleration, and braking. This load case
simulates the complex multiaxial stress states generated by suspension component loads and
inertial forces experienced during high-performance vehicle operation (Table 12). The free

size and the sizing optimization reveal the ideal place of each ply (Figure 59 — 60).
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Highest operating force Front

Up-fore Up-aft Low -fore Low-Aft Push/Pull TieToe
Comp }E?Di }msa }:m.a }5335 }2541 }1566

Tens -165 - 2503 -16754 -5733 961 -2302

Highest operating force Front

Up-fore Up-aft Low -fore Low-Aft Push/Pull TieToe
Comp 6262 2916 5878 2927 4632 4003
Tens -435 -2343 -14377 =12776 -811 -1427

Table 12 Suspension loads (N) [9]
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Figure 59 Suspension loadstep free size simulation isometric
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Figure 60 Suspension loadstep sizing optimization

4.5 IMPACT LOADSTEP

The impact loadstep analysis evaluates the structural performance of the monocoque under
two critical load scenarios representative of severe crash conditions. The impact load cases
are two: a side impact load of 7.5 kN and a front impact load of 20 kN corresponding to an
8g deceleration event on a vehicle with a mass of 250 kg (Table 13). The free size
optimization methodology was applied to the composite laminate architecture to identify
optimal ply thickness distributions under these impact loading conditions. After the free size
optimization, the sizing optimization finishes the process stablishing the laminate thickness

with failure constraints (Figure 61 -62).

IMPACT LOAD CASE
7500|N
20000|N

Side impact
Front impact (8g 250kg)

Table 13 Impact loadstep
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Figure 61 Impact loadstep free size optimization
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Figure 62 Impact loadstep sizing optimization
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Chapter S. RESULTS AND FINAL DESIGN

5.1 SIMULATION RESULTS

The optimization process shows where to place the optimum ply configuration for each
loadstep. The ply results are analysed, and each form of the plies must be changed. For
optimal performance, the laminate must be balanced in both ply forms, symmetries and lay

up configuration.

At the start, the monocoque weight was 72 kg because of the additional ply thicknesses
added for the free size optimization. However, the comparison must be made with ISC last
season car, the IFS-07. This formula chassis had a total weight of 38,5 Kg and a torsional
stiffness of approximately 2300 Nm/deg (Figure 63).

Laminate iterations

5000 _
4500 Laminate 005 _\e [ Lamiante 002
o G“— Lamlnate 004
ﬁewou Laminate 007 (FmV
Z_E" s Laminate 006

[ Laminate 001
< 3000 t
n
E 2500 Laminate 003 /

'% 2000 A
IFS-07 Steel Initial monocoque

: 1300 space frame laminate
1--. 1{}[}{}
h-..

500

0
0 10 20 30 40 50 60
Weight (Kg)

Figure 63 Representation of all laminate iterations
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The laminate iterations were done by variating ply orders, honeycomb thickness and
different material configurations for each ply. The key was to create an asymmetrical
laminate maintaining the 45°x45° plies on the bottom side of the laminate. This distribution
creates great torsional stiffness while keeping the weight down. The identification of the
zones is done by cross referencing the thickness diagram over the monocoque with the

thickness reference in the characteristics card (Table 13 -14).

FINAL LAMINATE DISTRIBUTION (Zones)

Zone Mumber Thickness (mm) Chassis part
Zone 2 26.12 Maon - structural / body
Zone G 27.44 Side impact (part) / Main Hoop bracinginsert
Zaone 5 27.64 TSAC
Zone B 27.80 Suspension
Zone 9 28.10 Harness
Zone 10 28.30 Impact
Zone 11 28.96 Connection between harness/ TSAC / Hoop sets
Zone 12 29.42 Intersections between harness/ TSAC / Hoop sets
Zone 14 29.62 Lap belts and antisubmarine belts
Zone 15 29.42 Intersections between harness/ TSAC / Hoop sets
Zone 17 29.88 Cockpit reinforcement
Zone 20 31.20 Front Hoop and Main hoop inserts

Table 13 Final Laminate zones distribution

FINAL LAMINATE DISTRIBUTIOM (Laminates)

Zone Mumber Ply distribution Mumber of layers
Zone 2 0/45/H/45/45 4+H
Zone B 0/ 45/45/45/H/45/45/45/45 &+H
Zone 5 07450/ 0/H 45/ 45745145 &+H
Zone & WAS/O/0/45/H/A5/45/ 45/ 45/ 45 10+H
Zone 9 0/ AS/45/0/0/H/ O/ 45/ 45/45/45 10+H

Zone 10 OrAS/0f0/0FH/ 0/ 45/ 45/ 45145 10+H
Zone 11 /A5/45/45/0/0/H/45/45/45/ 45/ 45/45 12+H
Zone 12 MAS000/45/0/0/H/45/45/45/ 45/ 45/45/4 14+H
Zone 14 O/A5/45/0/0/0/0fH/A5/ 45/ 0/ 45/ 45/45/45 14+H
Zone 15 Va5 45/0/0/45/45/H/ 45/ 45/0/ 45/ 45/45/4 14+H
Zone 17 BSOS A5/ 450/ 0FH/ 0/ 45/ 45/ 45/45/45/45 16+H
Zone 20 Fo/A5/0/0/45/45/H/ A5/ 45/ 0/ 45/45/45/45 20+H
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Table 14 Final zones laminates

The results with the optimized laminate surpass the objective (Figure 64 — 65). The total
mass of the optimized monocoque is 19,78Kg and the torsional stiffness is 4083 Nm/deg
(Table 15).

13250  4089,0371|NM/deg
MASS 19,78 |Kg
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Table 15 Final monocoque results

Contour Plot
Displacement(X)
Analysis system
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Grids 34433
Min = -2.994
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Figure 64 Torsional stiffness results
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Figure 65 Element rotation across the monocoque

5.1.1 SIMULATION ANALYSES

The final laminate must be tested to show compliance with the rules. Now the objective
torsional stiffness and weight goal have been achieved, then we do the initial analyses to

ensure that the design is rule complaint. During these analyses, several anomalies turned up
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as the RBE2 elements pose a problem in this kind of simulation. As mentioned before, this
are not considered because the infinite stiffness of these elements creates a zero-compliance

point near the insertion elements so this will be ignored.

These simulations are done using the Hill failure criterion. In simple words, to considered

that the laminate has not failed the value has to be under 1.

5.1.1.1 Main hoop load step compliance

Application of the main hoop load step case mentioned above. In this case a redesign on the
edge of the monocoque connecting the cockpit and the shoulder harness placement. This

edge is a stress concentration point, so a fillet on this edge would be essential.

Main hoop load case results are shown in Figures 66 to 71.

Contour Plot
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Max = 8.035
2D 46564
Min = 0.000
2D 27622

SRR

Figure 66 30 kN test in the x direction to the main hoop attachment
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Figure 67 30 kN test in the x direction to the main hoop attachment detailed
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Figure 69 30 kN test in the y direction to the main hoop attachment detailed
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Figure 70 30 kN test in the z direction to the main hoop attachment
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Figure 71 30 kN test in the z direction to the main hoop attachment detailed

5.1.1.2 TSAC load step compliance

Application of the TSAC load step mentioned above. TSAC load case results are shown in
Figures 72 to 77.
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Figure 72 19kN test in the x direction to the TSAC
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Figure 73 19kN test in the x direction to the TSAC
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Figure 74 19kN test in the y direction to the TSAC
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Figure 75 19kN test in the y direction to the TSAC detailed
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Figure 76 9,5kN test in the z direction to the TSAC
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Figure 77 9,5kN test in the z direction to the TSAC detailed

5.1.1.3 Front Impact Load step compliance

A load of 20 kN will be applied (considering a standard formula student vehicle weighing
approximately 250 kg subjected to an 8g impact). The results indicate that a major redesign
must be implemented on the internal edges of the AIP using fillets. Although this component
falls outside the scope of the current project, the AIP could be dimensioned in future
development iterations. The front bulkhead support structure successfully sustains the load,

which represents the critical design validation point for this analysis.

Impact load case results are shown in Figures 78.
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Figure 78 Frontal impact test 250kg at 8G
5.1.1.3.1 Side Impact Load step compliance

According to the T3.15.4[1], the side impact structure must demonstrate perimeter shear
strength of 7.5 kN to withstand side impact loading scenarios.. The results demonstrate that
the structure successfully resists the applied side impact loading without exceeding the
critical failure threshold, thereby confirming compliance. Side impact load case results are

shown in Figures 79 and 80.
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Figure 79 7,5 kN side impact

85



UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIER{A (ICAT)
COMILLAS  GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES
UNIVERSIDAD PONTIFICIA
...... 2\ TAB TOAPPLY TITULO I TO THE TEXT THAT YOU WANT TO APPEAR
HERE.

Contour Plot
Composite Failure (HILL)Ply Failure, Max)

1.000
[ 0.889
= 0778
— 0.667
= 0.556

— 0444
= 0333

- 0222
[ om
0.000

No Result

Figure 80 7,5 kN side impact detailed

5.1.1.4 Harness load step compliance

Application of the Anti-submarine load step mentioned above. Anti-submarine load case

results are shown in Figure 81.
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Figure 81 antisubmarine loads

Application of the shoulder and lap belt harness load step mentioned above. Shoulder and

lap bet harness load case results are shown in Figures 82 to 84.
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Figure 82 Lap belts compliance test

Contour Plot
Composite Failure (HILL)Ply Failure, Max)

1.000
[ 0.889
2 o778
— 0667
= 0556
— Daas
g 0333

0222
[ om
0.000

Nc Result

Figure 84 Shoulder harness compliance test

5.2 FINAL PLY DISTRIBUTION

The final laminate groups the results from all the simulations. Each optimization process had
a main ply set, which was repeated into multiple plies. In the final model, each set was
defined for the purpose of the loads it supports. First, let look at the final shapes of each set

that will be represented on their most representative side.

SUSPENSION SET:

The suspension load step created two main set shapes. The first one represented in Figure 85
carries the loads applied on each suspension pick up point. The second shape represented in
Figure 86 connects the rear and the front suspension. In Figure 87, the mid evolution from
both shapes is displayed. However, these results need to be filtered in: Symmetry and

manufacturability, as many of these shapes are impossible to manufacture.
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Figure 85 Suspension load step sizing optimization Ply 21 set 9401

Figure 86 Suspension load step sizing optimization Ply 23 set 9201
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Figure 87 Suspension load step sizing optimization Ply 26 set 9201

The final suspension set groups these three requests from the simulation. These are the

results (Figure 88 —91):
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Figure 88 Suspension set isometric view
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Figure 89 Suspension set side view

Figure 90 Suspension set top view
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Figure 91 Suspension set floor view

HARNESS SET:

The harness load step sizing optimization is easier to identify. The main supports needed are
at shoulder height of the driver because of the shear load of the shoulder harness and the
floor of the tub because of the lap and antisubmarine belts. On figure 92, where the material
is needed is marked in red. In the side view, the shoulder harness support shows itself also

marked in red.
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Figure 92 Harness load step sizing optimization Ply37 set 9401 (top view)

Figure 93 Harness load step sizing optimization Ply37 set 9401 (top and bottom view)
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Figure 94 Harness load step sizing optimization Ply37 set 9401 (side view)

The result for the harness set is (Figure 95 — 98):
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Figure 95 Harness set isometric view

96



COMILLAS

UNIVERSIDAD PONTIFICIA

ICAI ICADE l CIHS

UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

' TAB TO APPLY TITULO 1 TO THE TEXT THAT YOU WANT TO APPEAR

HERE.

Figure 96 Harness set side view

Figure 97 Harness set top view
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Figure 98 Harness set bottom view

TSAC SET:

The load step for the TSAC sizing optimization presents a different ply distribution
requirement. The regions that primarily need reinforcement are near the rear suspension,

since the load path concentrates a significant portion of the transmitted forces of the TSAC.

On Figure 99, the reinforcement goes beyond the TSAC RBE2 element, so this will be used
as connection with other plies. In Figure 100, the reinforcement gets to the low suspension

pick up points, so this will become the reference to create the new set.
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Figure 99 TSAC load step sizing optimization Ply 10 set 8301 (Floor view)

N

Figure 100 TSAC loadstep sizing optimization Ply 10 set 8301 (Side view)

The result of the TSAC set is the following (Figure 101-103):
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Figure 101 Harness set isometric view

Figure 102 TSAC set side view
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Figure 103 Harness set top view

HOOP SET:

The hoop loadstep is the most demanding of all so not only a separate set has been defined
for, but the suspension and harness set have been used to reinforce these parts. The load path

concentrates near the attachments (Figure 104).
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Figure 104 Hoops loadstep sizing optimization Ply 23 set 7417 (Side view)

The resulting set for the hoop loadstep (Figure 105 — 107):

2wy

Figure 105 Hoop set isometric view
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Figure 106 Hoop set top side view
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Figure 107 Hoop set top view

IMPACT SET:

The loadstep for the impact sizing optimization differs from all the other sets. This set
reinforces the front of the car for frontal impacts and connects the front bulkhead to other

sets that support it (Figure 108 - 110).
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Figure 108 Impact set isometric view
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Figure 109 Impact set top isometric view

g

Figure 110 Impact set isometric view
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THICKNESS DISTRIBUTION:

The final sets have stablished the desired symmetry in the laminate. However, the thickness
and ply distribution is also important for the laminate to behave correctly. For the
thicknesses, the ply shapes have been adjusted to have a similar thickness along the
monocoque. From Figures 111 to 114 shows the variation with only 6mm in total on the

whole laminate.
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Figure 111 Thickness variation along the whole monocoque isometric view
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Figure 112 Thickness variation along the whole monocoque side view
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Figure 113 Thickness variation along the whole monocoque top view
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Figure 114 Thickness variation along the whole monocoque bottom view

FINAL LAMINATE CHARACTERISTICS:

The final laminate has a total of 31 plies distributed in 7 different shapes. The laminate is
asymmetrical because in all the sizing optimization the solver proposed an asymmetrical lay-
up. The laminate has 21 different zones in total with different layup distribution in each one.

The engineering data can be found in the APPENDIX 1 section.

The final laminate distribution has a symmetric and balanced form to ensure great

mechanical properties (Figure 115 - 118).
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Figure 115 Final laminate distribution isometric view
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Figure 116 Final laminate distribution side view
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Figure 117 Final laminate distribution top view
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Figure 118 Final laminate distribution bottom view
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Chapter 6. CONCLUSIONS

Conclusions of this thesis are shown below:

1. The design and simulation of the monocoque chassis optimized throughout this project
demonstrates improvements in ergonomics, dynamic performance and overall weight
reduction, while maintaining structural integrity and compliance with the Formula Student

2026 regulations.

2. Altair HW software has proven to be an effective tool for the successful shape thickness

and shape optimization of composite structures.

3. This research has expanded the understanding of composite material behaviour under

loading conditions and the failure criteria employed during the optimization process.

4. The simulation and optimization methodologies used during this work, represent key
technical competencies that could be applied in the future developments of the ISC FS

Racing Team.
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Chapter 7. ECONOMIC IMPACT

This project does not involve any fabrication process. The materials displayed are used for
their mechanical properties as a real approach to the simulations. Taken this into account,
for the reproduction of this project only software licenses are needed. Inthis case, all of them

were for student use so many were free of costs thanks to the ISC FS Racing Team.

The software tools required for this project include SolidWorks for 3D modelling, Altair
Hypermesh for finite element analysis and composite optimization, and Optimum
Kinematics for vehicle dynamics analysis. However, all these software licenses were
accessed through the ISC FS Racing Team sponsor agreements, which means there was no
direct cost to the project. This is an advantage for Formula Student team members, as
commercial licenses for professional software can be very expensive, but for educational
purposes they provide free or discounted access to ensure students can learn with industry-

standard tools.

The estimated annual costs of these licenses on the commercial market are:

- SolidWorks: €7,000 - €12,000 per year (3D CAD modelling)

- Altair Hypermesh (Altair One - Hyperworks package): €5,000 - €15,000 per year
(FEA and composite optimization)

- Optimum Kinematics: €2,000 - €5,000 per year (vehicle dynamics analysis)

- Total, estimated commercial cost: €14,000 - €32,000 per year

(This cost values are an estimate as they depend on each specific deal with the sofiware

developer)

In this project, all licenses were accessed at zero cost through student academic use, except

the optimum kinematics software that was acquired at 500€ with a special student discount.
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Chapter 8. SUSTAINABLE DEVELOPMENT GOALS

This project promotes sustainable development in the automotive sector by creating more
sustainable vehicles through weight reduction and material optimization. These
improvements increase vehicle range and reduce energy consumption. The project
development fosters innovation in the automotive industry, particularly in the university

environment and by applying advanced technologies.

This type of project lead to the creation of more sustainable and safe means of transportation,
applicable tourban mobility and future projects. The optimization of the laminate and weight
reduction leads to rational use of materials. This results in reduced emissions by improving
the energy efficiency of electric vehicles. Therefore, this project aligns with the Sustainable

Development Goals (SDGs), particularly contributing to SDGs 7,9, 12, and 13

INDUSTRY, CLIMATE
INNOVATION AND ACTION

INFRASTRUCTURE

Figure 118 SDG'’s followed by the project
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APPENDIX I LAMINATE ENGINEERING DATA

Final Laminate Zone 2:

L arménatie Matrices
[ABD] Matrix
M, +4 SO4E+D4  +25ME+04 +5R0SE+02 | A1 411E+D4  +1 403E+08 <3573E-03 [
H; +25HE+D4 +4.534E+04 +5B0SE+QZ | +1 403E+05 +218BE+04 +3573E+03 "
N, +5 805E+02 5 R05E+07 <2 GOIE«(M | +35TIE+DT +TS5TIE+03 1 419E+05 W "
M, +1A1TE+D4 1 403E405 +3STIE+Q3 | +THITE-D6 +4103E+DE - 402E+D4 K,
M. +1. 403E+05 2 1B8E+04 <3 STIE+03 | +4 103606 +THITE-06 -3 403E-04 K
M, +ISTIED3 +35TIE*03 +1 410E+05 | +9403E+04 +0403E+04 =8 JVOE+06 K
[ABD]" Matrix
6" +3B58E-08  -2AME-05  30TEOT | +105BE-08 -1 M4E-0B  +230TE-0H H,
L" SIANESS  +3BGXE-05 -3A4BE-OT | -1 244E-08 1 O0NE-D6  +2B5IE-00 N
¥ -ROTTE-0F  -2146E-07 =4 TOSE-05 | «2 N 3IE-08  +2@5EE-00  -1.582E-06 M,
K, 1 B58E-0E -1 J44E-0B =2 307E-09 | «2 33BE-0F -1457E-O7 -1 885E-0G M,
K 1 2HE-0E 4 0NEDE  =1852E-09 | S1ASTEQT  +2368E07  -1928E-09 L8
K. +2MIE09  +2858E-08 1582606 | -1.885E-08 -19IBE-00 +2803E07 M
Eneginaeting consiams
E, E E, Gy, Gy G
-k +9 823507 0 AIED2 +B 1 36E+02
Bendirsg +1HB0E+]3 +TASIE=Q] T IMEDT
Zern-Curvature +1. HBEDT =1 202E+03 +39E1E+02
'll'l: 'l'_-_‘ Vi ¥y 'll'x 'l'z
- golaniog +0.627 0622
Bnuding +0623 DET
Fono-Caniuire +[ 558 0 551
Homopenized Matrices
Thickness Hormalzed Homogenized Membrane Matri
N, +], TEGE-03 <0 EB0ELDZ | +2 222E+1 [
L +8.BA0E+02 +1. TIHE+D3 | +2 222E+DN | A
N, +2 12301 +222IE+0 | +B.965E+02 e

Thicknizss Hormalioed Hmogenized Bending Batroc

™, +4AFTEDT  +4 1136402 | +1 04TE+D ",

M +AAVFEDD  +6414E+D | o1 0a7E0D1 K

M, +1.04TE=D1  +1.04TE+D | +4.158E+D2 Ky
ThcknEas HiTmalkzed Homopesized Coupling Matri:

N, +506IE+03 +2TRIE-DD | «6.332E+DN K,

L +1 TEIE+D3  +4 QRIE+DD | & FI2E+DN K

M. +8 3IE+01  +B.IFIEXN | 2 BH1E+DI K
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ICAI ICADE CIHS

Final Laminate zone 5:

L Malrices
[AED] Mastris
M, FLAZIE05 +SA0TESD4  +1AHHEDS | 41708 +ATTIE05  +1 DOIE+04 g
M +510TE+D4  +1 0Z2E=05 +1 F41E+03 | =4, 22TE«DS +5S6EE«Od 1 DBIE«(& "
M, 1 A4IEHDT  +1IA1ESE3 5 ITOE+04 | #1 00304 +1 003E+08  +d J6IE-0S W
M, A AITED5 +4 22TE+D5 +1.003E+04 | +244ZE+07 +BE0IE+DE +1 SBSE+05 K,
M. wl FATE+DS +5OGAE=O4 «1 DB3E+Dd | «EBDE«DE | TOREQT 1 GESE«D5 H:‘-
M, SUGAIE-DE  +1 0FIE04 +4 63E+05 | +1 GB5E-05 +1 GESE-05 -D0BIEA0E K,
1ABDY" Matrix
" HABEDS  OEIEDE  -5I0E00 | +BITSEET  SEA4IE0T 4 G2TE0Q M,
II'___' -4 ME1E-06 +1 B55E-05 -1.3MEOT -B2FSE-07 +4BTSE-0T  +TA1DE-10 II.
W' -0 5J0E-08 1 IMEANT  +J0S0E-05 | -1 B1EE-09  +ETOEE-1D -1 43SE-0E M,
K, +EATAE-0F -B143E-07 -1 G27E-00 | +8.JMEE-08 -S330E-0F -5.64%E-10 M,
K BIIEEOT  +RETSEOT +THIGE0 | SIWELE GABIEDS  -TARTEAD M
II,:I. -1.B16E-08 =6 TORE-10 -1.4359E-06 | -S649E-10 -TA8TE-10 +1.T7SE-OT I,:T
Engineening constants
E, E. E G,: G, 6.
In-plane +2555E-03 +2 1BEED3 1 AB3E-03
Banding <BBI0E-D3 +E.00TE+D3 +3.202E+03
Zoro-Curvalure +4 2336403 +IOTIE+D3 +1 BOBE+D3
v, v, W, Wy L Ve
- plane 0,654 {1560
Bandirig +0.646 #1563
Zero-Curvature +0.485 +0,359
Hormogenized Malrices
Thickniess Hormslized Homsopenized M ane Matric
H, +514TE+D3  +1840E+03 | +4.130E01 £°
M +1B4BED3 +1THE+D3 | +4.130E+04 e’
N, +4130E+01  +4 130E+01 | +1 907E+03 T
Thickness Mormalized Hoanogenized Bonading Matrix
M, A ASBE*DT  +1 10TE+03 | +2 8B0E+04 K,
M <UA0TE-D3  +1.562E+02 | +2 8B0E+01 K
M, +28B0E+  +28B0E+01 | #1.118E+03 K,
Thickness Normatized Homogenized Cougling Matrix
N, +1388E+04 +S0ME+D3 | #1.117E+02 K,
N +SO01E-03  +1.027E+04 | »1.117E+02 K,
N +L1TE+02  +1.11TE+02 | +5.161E+03 K,
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Final laminate Zone 6:

Larminate Matrices
TAED) Matr i
N, SOIDE+D4 +EAELE+QM  +1 J41E+DF | +1.027E«04 +1 4F0E+05 +3ET2E-D3
H sBAG4EI  +9 I50E+04 1 A41E4DD | +1 439E405 <0 B4IEH04  SIATIE-02 £
II, +LAIE+DY +1ANE+03 +BIEE«M | «367IE«03 +3BTIE+03  +1 4E8E.08 V'
™, +1 02TE+M  +1 AFAE+05 +3BTIE03 | +1 BOSE«DT +1052E+07 +2.458E+05 K,
M +1 AIBEDS +1B43E+04 +IETIE+03 | «1 D5IE«OT +1 5SBE+OT +245HE«D5 K
M, +16TIEDT +3BTIE+03 1 A55E+05 | +2458E+08 +2450E+05 +107BE-07 K,
[ABD" Matrix
[ +109IE-0%  -1AATEDS - AETEOT | +40HOEDT -4 3SEEQT  +STIEE-10 M,
" -t 4dTE-05  «I103ED5 -1 480E-07 | -4.358E-07 <3 830E-07 +7.S514E-10 H
V" - AGTE-DT 1 AS0E-07  +1 G34E-05 | +5T20E-10  +IS1EE-10 -2 J04E-07 N
H; +4MOE-OT -4 358607  +STIGE-100 | +1.191E0T -B.149E-0B -B5I5E-10 M,
K 435807 3930607 +TSIAE10 | -B149E-08 «1997E-O7  -BUGBEE-1D M
K +5THE-10 »7.518E10 -2.004E-07 | -BS525E10 -8668E-10 +BUSTIE-0B M,
—_Enginaoring congtants:
E, E. [ Gy, G, Gy
Ik gHlang +| THIE+0T  +1.733E+03 +2 2I0E«03
Evesrniirsh; +4d BTBE+D] +4 BSIE+D3 +EDGTE+DZ
P Cuirvabiif «1 GE+DY +1883E+03 «2 HIE-02
v v, W, W v -
In-plang +069 068G
Ebenidinm +{ 664 +ERt
iy CArvatir & +[B6E +(UEE1
__Homogenized Matrices
Thickness Hormalired Heamogenized Memls ane Matrix
N, +3396E+03 +2.24GE«03 | +5.253E-01 K"
Hf. *} MGE=03 +3 374E=03 | +5 251E=01 L
N +5. 253E+01 +5.25IE+01 | +2.303E+03 e
Thickness Hormalized Hanogenized Bening Matrix
M, +1TITE+D1 +2813IE~02 | +5.753E=00 K,
-: +3BFIE=D2 +d BOGE-D] | +0.753E-00 Ii;
M, +3. TEIE«00 +9.TEIE«00 | +3 B03E-02 Ky
Thickness Hormalized Homogenized Coupling Matric
M, +0. J46E403 B 111E+03 | +1 428E+02 K,
N +6.111E«03 +0283E«03 | #1 42RE=02 K
M +| AJBE+02 +) 4XBE=D] | +B.2B4E-03 Ky
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Final laminate Zone &:

Laminate Matrices
[ABD] Matrix
N, 1465605 +BI0IE08 <1 481603 | 29808405 <4 320E-05 1 0GSE-04 ¢ ¥
N JEI03E04  +1080E405 +1441E0] | 423026405 +2001E+05 ~1.0946+08 o y v
N, <1 41E+0) 1 G41E403 <6 4BIE+08 | 21095604 +3 00SE+08 <8 ITLESDS  y,.* M v
M, 2080E+05 +43216+05 <1 0USE04 | 42561607 +1 0BIE+0! =2 ABIE-05 K, o o bl el [
" SA322E405 +2001E05 o1 09SE<04 | +1.087E+07 +) BU4E+OT <2 4BIE0S K voi WS IR Ailea | |vEd
M, “1095E404  +1 00508 «4 ITAE405 | 424BIE06 +24BIE406 1 118E<0T K, RIS Ry PRGN
(ABDY" Matrix
' 1306605 -BT00E-06 -92966-08 | +SOBJE-OT -4SITEQT A SEEE-10
¢ -BTO0E-08 +157TIE-05 -14456-07 | -4988E-07 43162607 +29206.00
Ve ' 925608 -1 445607 +2096E-05 | 8635610 2830600 8105807
X, 5084507 4937607 -G556E-10 | +7 399E.08 -4 856E.08 5195610
K. 9SSE.0T  +31126.07  +2G30E-09 | -4858E08 +BBAIE08  -SIN0E10
K, BEISEA0  +2830E08 2105607 | 5258610 S1G0E10  #32158.07
— Enginguting consiants
E, E. E; Gy Gy Gy
In-planis STTASESNY  #22TEE03 +1.T10E+03
Bendng *TABSEMIT  +6.243E+03 +4 SABE+03
Fero-Curvatur *3933E+03  «1B02E+03 +21J13E 03
e *, Wy Wy, v, Ve
in-plane 1 & 0553
Bimding 0656 +0.549
Zaro-Ciirvature 0584 0430
Hosmogerized Matrices
Thickness Mormalized Homoipenized Mesnbsans BMatrx
N, 5 I5IE-03 +3 IEHE+03 | +51GTEHD [
" +3250E+0  +ZATOE+DZ | +5 1GTED] 0
N, +SIGTESD]  +51GTE+DT | 23236403y, "

Thickness Hormalized Homopenired Bending Matrix

M, ~TEETE«DY +1111E+0% | +2.81 2B+ K,
LN #1 111E«03 +53IT1E+0T | +281 JE+D1 K.
M, *2E1ZE«D  +ZBI2E«DT | +1.124E+D3 K

Thickmirss Mormalized Homogeisoed Coujling Marix

M, +1 415E=04 +G00BE+D3 | +1.3TIE«02 M,
M. +HO0AE=D3  +1.047E+D4 | +1 3TIE+02 L

M. +1ATIEX02  +13T2E~00 | +6. 18003 Ky
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Final laminate Zone 9:

Larninate Matrices
[HEeN] Ratr e
M, +1 BERE+0S <5 TARE+04 +1 PRE«D3 | -BESIE<04 <3 5ITE-05 0 098E-03 £
H *STHREAD  +1034E«05 +VZME~D3 | #3527E+05 -1.468E+04 +0.09BE~03 L" ..
. 1. JTA1EDT +1.F1E+03 +5SSRTE«D4 | 0.00BE«0F +G.00EE+0]  +355RE+OS Vet "
M, G BS2E«08 43 SITE-DS +2008E«03 | «3ITIENT +1.034E+07 +230TEDT H,; :
" +ISITEDS - ABRE+D4  +RUHEE«03 | +1.00E-0T +2ONEDT  «230TE-04 K L
M, =ROBBE-D] «BOBEE-D3T +ITTEESDS | «2WTEDF <2 FTE-DF +1.0ETE-DT K
[REn) heatric
" +EAITE-OE  -3BESE06  -SEGE08 | +LIMEDT  -1BOSENT  +S033E-10
£ SIEESEDE  +VAMEQS  -US4EE-OT | -1LB4SE-07  +1TIZEOT  -0890E-10
¥r" 5.BU8E-08  -1.S4BE-07  «2084E-05 | +A7S1EA0 _ -1.034E-09  -6.US0E-07
K «VHEQT  -1.208E-07 +0.033E-10 | +J09SE-08 -2 IE4E(E  -AASSE-1D
K - B4OE0T ) M2EOT  -GEG0E-10 | -2 HME-08  ed 4ESE-DE B H63E0
L SATSIEAD  -1034E-08  -BAS0E-07 | -3455E-10  -BEGIE- 10 +070E-07
Engineering constants
E, E. Gy Gy Gy
In.-plar +5113E+03 +2123E03 +1.TOBE+03
Beraing ] J54E=04 «BIEAE=D3 4 EI4E=03
Zero-Cunvature +5.608E+03 +240ME-D3 +2130E+03
g bl ¥ix Va ¥ b
In-plamwe +{). 566 +0.330
Bl +0.567 +0.350
Tero-Cunvature +0.511 +0. 305
Hmnogenized Matnces
Thickness Nonmalioed Homogenized Membsane Matrix
N, +6.TS4E+02  +20GIE03 | +4.596E-0 0"
L +3OBIE+03  +d OISE+03 | +4 586E £
N, +4596E+01  +4.596E+01 | 21 NEAID {
Thickness Normahoed Homogenized Boending katris
M, -1 THESD2  +BAIIES0F | +2I0SED K,
. +8.933E+02 -2T18E+01 | +2305E+M K
M, +2305E+01 +2305E+01 | +901 3E+02 K,
Thickness Normalred Homogenized Coupling Batri
N, +1.TTOE+D4 +5500E+03 | +1 248E+2 K,
M. +5.5590E+03  +1 ORBE+04 | +1. 2BE K.
M, +1.24BE+02 +1.248E+01 | +5.TE9E+03 K.
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ICAI ICADE CIHS

Final laminate Zone 10:

Laminate Malrices
1ABDY] Matrix
M, +JOTERE+DS +5MEE+DL 11HE+QI | 1 TIEDE 4 OTEDS +1 120E04 "
M. #SNEE+*D4 +1303E+DT +1141E+DT | +40TIE+DS -Z70ZE+05 +1.020E«D4 L
M, #AAME+DY +1AQE0Y SEITEsOd | +1 1M0E+IM  +1 130E+04  +4 O E=DE v
M, ASIEAE 2 0TIE+05  +100E+08 | +3E95E0T +35R0E-08 3 OBSE-0S K,
H +AOTE+DS -ZTOZE«DS +1.170E+D4 | +ASA0E+DE +1.2ME+0D7 +I06SE«DS L=
L #AAME+«M +11HE+«M +4081E+D5 | +2D65E+F5 +I0BSE~DS +383SE-DE L
[ABOT" Matris
0" +1 ITRE-05 -8.T40E-06 -TTRTE-08 | +TAZBE-07 -B2T4E-07 -R155E-09 N,
" ~BT0E-06 +1 438605 -BT46E-08 | -BM0ZE-OT «SEIATE-07 -1G2EE-0A L
Wi " -T.TGTE-OB_ -9.746E-08  +2SO3E-05 | -3203E-00  -1.5409E-00  -1.0508-08 N,
.9 +TA28E0T  -AQTHEOT  -3155E08 | «TIMEDE -5011E08 4320610 M,
K SEI0ZE-AT  +RRITENT -1 EIEE-09 | -SOVIEDE  +BISSE0R  -BEITEQ M.
Ny -3IF3E-08 -1G48E-D9  -1059E-06 | 432040 -SEITEAD +1 S40E-OT M,
Enggpinte ing constants
E'l E.T EI Gr..' E“: E:.:
B-plaaee +2.TGSE+D3 +2A5GE+D3 +1 363E+03
Bl +TI32E+03 +B.414E+D3 +3ETTE+D3
Dero-Curviine +BSTTE+D3 +L1Z4E+D3 +1.843E+03
¥y ", Vy, L V., Ve
In-plane +LGE4 +0.607
Benaiing +0LEGE +0 607
Jero-Curvaliune +0L408 +0.256
Hirnispenired Matrces
Thickness Normalized Homogenseed Memmibrane Fatr i
H, +T.J4EDT  +1.8T8E-03 | +4.033E-01 [
H. +| BTAE+D3  +4.BOSE+03 | #4 0IFE=D1 *
My 4 IIE+ +4 03ZE401 | =1 950E-03 ¥y "
Thickivirss Hormalized Homogonited Bending Matrix
M, -LITTES03  +1.0MTED3 | «2.TORESD1 K,
L +1JTE+D3 -B.TATE+DZ | =2 TSOE-01 K.
I,J + X TOAE+ <2 TOHE+01 | «1.014E-03 HL:..

Thickness Hormalized Homogendzed Coupling Matris

N, +1 GSGE+D4  +5.0TZE+03 | 1 DG3IE+02 K,
H. S OT2E+03  +1.214E+04 | «1 DOIE=02 K.
N, +1 (RIE+DT  +0 D92E+01 | +5 2E0E-D2 M,
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YWSNESI ITIRE TAB TO APPLY TITULO 1 TO THE TEXT THAT YOU WANT TO APPEAR
HERE.

Final laminate Zone 11:

L arnirist i Mustricers
AR Makrix
H, +1 BASE+DS +BTL0E«04 +200IEDD | -4 ASGE+DS +4 JEIE+05 +1103E=04 [
N R TA0E+O4  +1 SOSE+05 +ZO0MEQD | +4. J6IE+05 +SEME+DL 1 103E=Dd LA
N, +20E4EY  +T00IE+03  +BU0RE-04 | 41103604 +1 10IE+04 =8 J90E+0S Wi "
M, -0 ASHEDS  +d DHIEA05 #1T03ES0d | +TITUESOT o SHTE«OT <3 BEZE«05 K,
L8 +d WEAE+0S  +SEJE+Bd  +1103Es0d | +1 SATE+OT +I2TEIE-OT +3BEIE+0E K
M +1V03E+04 +1N03E+04  +4209E05 | +1BE2E+05 +ZEEIE.DS 1 B42E-OT K.
JABD]" Matrix
T +| OHE=05 -BS4TE-06 T I60E-08 | «3882E07 -2TSEE-OT B ITOE-10 M,
£ BEMTEDE 1 1ESE0E  S1D10EOT | SRBMEQY  S30M3E07  «1183E-08 M
Ve " -TIGHE-08  -1.O10E-0T <1 JTIE-05 ) -7 FASE-90 1 OWAE-08 -3 FNE-OT M,
K, «198FE-0T -3 7SBE-0T -82TDE-10 | #»5.T67E-D® -3BBIE-0R  -4.1:2BE-id M,
K SIBME-OT  «3043E-07 =1 182600 | -3BRIE-0F ~BA0EOE  -5.438E-10 L
K T FISE-10 1 0MEGE  -3ANEADNT | -4 VIRE-S0  -S4IBE-1D «6 SG4E-08 M,
Enganeering constants
E, E. E, G,. G,
In-plane +3365E+03 +2065E+03 +2.7T13E+03
Bending +B.568E+03 <7 TISE+03 +7094E-03
Jero-Curvature +4 TRIE+D3 +3 BO4E+03 +3.102E+03
¥ Wy Wiz Wy v
In-pilane «0.677 +0.597
Bending +06T3 +0 606
Lero-Corvature +0.581 +0.461
—_Homogenized Mutrices
Thickiess Narmmalized Homogenired Midnbe s Batric
N, +GS44E=03 +3MMBE+03 | +691aE+01 [
H +301BE«03 +5196E+03 | +B.914E+01 '
. +GH14E«0] +BEOI4ED1 | +3103E+03 Ve
Thickness Hormalized Humogenized Bending Matr i
M, 1063E+03 +1LMTE+D3 | +2629E+01 K,
I; #1T7E«DT  +1 JNE+DD | +2 629E+01 K.
M, +2BINE-D1  +2829E-D | +1.025E+03 Ky
Thickmiss Normalized Homogenized Coupling Matriz
H, +| BTOE«04 +7 BI2E+03 | +1.B09E-02 K,
W +TBOJE«N2 +1 3GTE+D4 | +1.809E+02 K.
H +1 BIOE=02 +1 Q09E+02 | +BA13E-03 K
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Final Laminate Zone 12:

Lanate Matrices
[ABD] Matrex
N, +2429E+405 «BOT0E«04 +2002E+03 | -7 903E«D5 +T7264E-05 ) 8B1E«D4
N +B8TBE+04  +1.850E+05 20026403 | +TI64E+05 +24T0E+05 +1881ED4
N, +7002E+03 +2.002E+03 +3150E<04 | 1 851E-04 +1 861E+08 +7 IFOE05
M, <1 Q0JE05 T 254E<05 +18B1E~04 | +4 4B1E+07 <1 G25E0T7 +3650E«D5
L +7.204E+05 +2470E+05 +1861E+04 | <1 625E+07 +2062E+07 +3850E+05
", 1 BB1E0E <) BEIEDS +TIIBE~05 | «IBS9E-D5 +3658E+05 )1 B75E07
rRaoy”" Matex
£, *BI43E-08 SS5IGE-06 SB92E-08 | «3H1260T  -347EQT -1 030E-09
' S538E06 <10I7E05 -GT750E08 | -3465E-0T +2.7BE-07 1996800
Ve ! SE0TE-08  B750E-08 1605605 | 9721610 1 13GE-09 .7 I76E-07
K, 3612607 -3427E-07 -1030E-09 | 4409608 -29¢6E-08 - 1ME1D
X S3ABSEOT  2BEOT 1106600 | -2040E.08 5420508 -4 872E10
K SGTNEI0 1939609 -7376E07 | -21ZNEIC 4672810 +9202€-08
Enginearing constants
E: E— E: G[, E'u: G;:
biv-plarie +40T4E+D3 +3.344E+03 +2018E=D3
Bending +1MBE+D4 +BEI4E+D] +5.121E+03
Zero-Curvature +66IE-03 =4 S4E~03 +31109E=03
Ve Wy Ve L . W
Iri-plane +{ 664 +[1 545
Bemneling +0.855 +0.543
Zero-Cumnvaturne +0.535 +0 365
__ Homogenized Matrices
Thickness Normalzed Homogenized Membs ane Matroe
N, +8.255E+03 +J0BE+03 | +6.80GE+01 £,"
N +3.01BE+03 +5.638E+03 | +6.806E+01 "
N, +BEOBE+DT  +GBDEE+DT | +2110E+03 ¥ "
Thickness Hormalized Homogenized Bending Matriz
M, <1 826E+03 +1GTRE+03 | +4.3H1E+1 K,
LN &) ETBE+03  +5 TOTE+D2 | +4.3HE+01 K.
M +4IMED  +4I0E+D | +1 6I5E+03 N

B

Thickness Normalized Homogenized Coupling Mistrix

N, +2112E+04 +TRR9E+03 | +1.T24E«02 L
L8 +7 BSOE+03  +1 452E+04 | +1 THE+02 K.
N, +1 TIE+DZ +1.T24E+02 | +7 504E=03 K.
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TAB TO APPLY TITULO 1 TO THE TEXT THAT YOU WANT TO APPEAR
HERE.

Final Laminate Zone 13:

Lammate Batrices.
[ABD) Batiie
N, +1 93005 +9936E-04 +2I02E+03 | -1 IGIEDF <L 4IIEADE +1A4E+08 A
M. *QIBE  +1.552E-05 +2I0ZE+07 | <4 43IE05  SL0HIE0S  +1 I HE+DE " [
&,_T 2 WIE+03 +2I0JE=03 +10XE+DE | #1 124E«04  #1 124E+(4 +4 4B5E+08 Vo L LA
M, -1IBIE+D5S +EATIESDS +1ATHE+DL | #IEDIE+DT #1.THEE+DT 4 I5EE+D5 W, o
Ul *4 4IIE0S  +2OBIES05 +11Z4E+04 | #1 TEEEDT #2 BEEESOT  +& 15EE+05 K (A v = e =
M, 1 A24E+04  +1 14E-04 +4EBRE+0S | «4 1SEE+0S 4 15BE#0E  +1 QEEE+0F L
[ABOT Matrix
0" +00B4E-06 -B9I0E06 -EB4OE-08 | +3MTEQT -L12EE-07  -BLADIEAD M,
£* 6920E-08  +1948E-05 1003E-QT | 3448507 <2 218E-07 <1, 73E00 L8
¥ G BHIE-08 -1 00IE-0T  +1 . 008E-05 | -S.803E10  +0TM2E-09  -JEEEE-0T7 N
Wy #13TE-07  -31ZBE-07 -B30JE-10 | +5.251E-08 -35806-08 -1L7TMEAD M,
K. =3 HGE0T  +2NBEQT o+ TEIE08 | -3.580E-08 +E0BDE-08 -544TEAD M.
[ -5B93E-10  +1T1ZE-09 -266BE-07 | -37E-10 -S447E-10  +6.068E-08 M,
Engineering constants
E, E. E. Gy, L G
n-plane +3428E+03 +2982E+03 +3116E+03
Bervilirid +3159E+03 +7937E+03 +T Q26E+03
Zero-Curvature 4 455E+03 +3569E+03 +3 4B9E+03
Vi; Vi Vi Wi Vg Vs
Tn-plane +0.693 +0.603
Bending +0.682 +0.591
Zero-Curvature +0.640 +0513
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GRADO EN

INGENIERIA EN TECNOLOGIAS INDUSTRIALES

TAB TO APPLY TITULO 1 TO THE TEXT THAT YOU WANT TO APPEAR
HERE.
Homagenzed Matrces
Thickness Honmalized Homogenized Membrane Matrix
M, +B.63E=DT +3400E+03 | +T BROE= E"
n +3 4O0E+03  +5.313E+03 | +7 BB0E+01 (A
N +7 B80E=01 +TBB0E+D] | +3 420E-03 Yo "
Thickness Normalized Homogenized Bending Matrix
M, STEME+DZ  +1.038E+03 | +2 BI4E0 K,
LB +1 DFRE=03 4 BIIE0Z | +2 GIIE K.
M, +2BIAE+DT  +ZEHIME+D | +1.051E+03 K.
Thickness Honmalized Homogenized Coupling BMatrix
M, +| TIZE+D4 +BG4TEDF | +) ODOE«02 K,
N +BB4TESDT  +1 ATEE+D4 | +1 990E+02 K
N, +1, G90E+02 1 900E+02 | +BEBTEE-03 K,
Final laminate Zone 14:
Laminate Matrices
[ABD] Ktatric
M, +*2BE1E+O5 +BIT4E+D4 +1 B5ZE+03 | -5.36BE05 +B4dSE+DS +) GTIE~DM
N, SEITAEOE +1LTISE-05 +1B52E+03 | *BALEE+08 <1 835E+04 1 BTIESD4
"r.' +] S52E+03 #1 B5ZE+0F +BGS4E+Dd | =1 ETIE+Dd 1 ET1E+Qd +G49TED5
M, & MGREADS 4B ARSE+05 41 BTIE+04 | «5 I6GE+07 <1 SREE+QT  +2ATIE0S
..' «G4ISE+DS 41 SISE+D4 1 EBTIE+Dd | &1 SHEE+DT 3 21TE+OT +34TIE«DS
M, SLBTIE+QE  +) BTIES04 +EAGTEDS | #34TIE40E +34TIE-05 +1 B21E+0T
[ABO] Matrix
" «f GTRE-06 -28J9E-D6 -JBTE-D8 | «1 350E-07 -1 EB4TE-OT <6 255E-11
' IEME06 T BESE-0E  -9553E-08 | 1 BESE07  H BT -632IE0
L . -3ETHEDR  -B553E-08  «1 BEIE-08 | +9420E-11  -GBEOSE10 S BRITE-DT
K, #1 ISEE-07 -1.B4ATE-O7 +5.X55E-11 | «2.T13E-08 -1.589E-08 -2124E-10
K. ABHSE-QT 1 BBBE-07  -EINEAN | 1SBSE-08 EIIE-08  -S.069E-10
I.'[‘_. =0 480E-11 -BED9E-10 -BEITE-OT I 1TMEI0 -5 083E-10 «BBINE-0S
Enqineering consiants
E, E. E, G Gy, G.,
v el +6,TE2E+D3 +4.280E+03 +2042E+03
Banwilitig +1 TOZE+04  +1 D9BE+04 +5.290E+03
Zero-Curvature «BIFTE-NT «4954E03 +2AMELD2
l"'l; “,'I Viz Vo “‘;! l"rl'-.
Iri-plane =0 588 +(,3T1
Bemding +0L586 +0.377
Zero-Curvature +0.488 +0.293
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lcal ICADE Gl TAB TO APPLY TITULO 1 TO THE TEXT THAT YOU WANT TO APPEAR
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Homogenized Matrices
Thickrrss Normalized Homogenized M ane Matii
N, +9B60E+03 +2.827E+03 | +6 254E+01 "
LA «JBITE+03 +5TBZE+03 | +6.254E+01 "
N, B 254E+01  +B254E+01 | +2922E+03 Ve
Thickness Hormabized Homogenized Banding Matris
M, 1 2HME+D3  +1 4GSE+03 | +3B0OE+D1 K,
o +1 469E+03 +3S00E+0 | +3B00E«01 K.
M, +3.809E+01 +3808E+01 | +1AB1E+D3 L
Thickness Normakized Homogenized Cougling Matrix
N, +1433E+04  +T 2EH03 | +1BOIE~02 K,
N 7 J4IE+DT  +1 ABIE+D4 | +1 BOIE+0Z H.
L «1 BO3E+02 +1 BOZE«02 | +T 4B3E-03 K
Final laminate Zone 15:
L aranute Batraces
[ABD] Mairie:
L =2 ATOE+DS +QAFIE+D4 +ZAS2E+Q3 | -TOSSE+M  +3EMME~D5F ~0383E+03
M. sQATE+D4 +1 BOGE+(S +2152E+03 | +3.631E+D5 -2 ASBE+D4 0 RIE-0T
M, #1150E«03 2 152E+0] «DTOIE0L | «0.FAIEDT +DINIE+0T +FBEIE+DS
o, -TAESE«( <3 6FE+DS +0FHIE+OT | +A. TETE+QT +1 TITE+O] «RGSEE+D5
B a1BMEDS -2A58E+D4  SOUFRIE«QR | o1 TITE«OT +2903E«0T +JHSEEOS
M, a0 I03E0T <0 DRIE«0Y SREEIESQS | D DEAE«DS  «JBGEELDS o1 TETE.OT
(ABD]" Msric
i" +§ 920E-06 -3 T03E-06 -4 B0ME-D8 | 9 19E-08 o1 3E-0T =6 293E10
[ SATOSE0E  +BTIE08 <1 09EEOT | A FEET  « 2TOE0F -3 3E3EAD
Wy " -4 BME-08  -1.08EE-OF  «1 117E-05 | «6.356E-10  -3400E-10 -2 HOE-OT
K +3210E-08 -1.283E07  «G.M3E10 | 3182508 -1.968E-08 -1EQTE-1D
K LIEOT  +1 2TOEQT  -RBEIE-T0 | -1.060E-08 .8 B40E.0E  -SEEIED
K, +536BE-10  -JASEEAD -2 FEQT | -2BITEAD  -SBE2E-10  «00BBE-08
Engjityivering comkianis
E, E E, G, i, G
[LIRTETT +5 T4ZE+D3  +3B03E+03 =304 2E+03
[Bemding 1 AG1EYDd  +H0V4E+D4 1. TESE+D3
Tero.-Curvature «B1TSE03 +4184E+D3 «3129TE+D3
Vi Yy Wy, Vi v vy
-l +0LE25 +0.425
Bending +0.618 +0.473
Levo-Curvatung +0.587 +0.308
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GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

ICAl ICADE OIS\ TAB TO APPLY TITULO 1 TO THE TEXT THAT YOU WANT TO APPEAR
HERE.
Homogenizod Matrices
Thickness Hormalized Homogenized Mermnbirane Matric
N, +BOSTE=03  +2Z0BE+03 | +T J1BE+M £"
N +3 FOGE+D]  +5 460E+03 | «7 J1GE 1 "
N,., * T NBE+D1 T NBE+D | #3.29BE+03 \r,;"
Thickness Mormalized Homogenized Bending Batrix
M, A BIBESDT  +EIHIEDZ | +21EBEDH K,
M. +§ M1 E+D2 -5GTHE+D1 | »2 1EBE+H K.
M, +21BEE+01 +2 1BRE+01 | +B4E4E D2 .
Thickness NHormalized Homogoeniped Coupling Matris
M, +FOGTE+QL +B1B3E«03 | «1.B65E+02 H,
N +§1§3E+D3  +1 411E+D4 | +1 BESE+D2 K.
M. o1 BESESD?  +1 BESE+02 | +8.419E+03 .
Final Laminate Zone 16:
Lamanate Matrices
[ABD] Matric
N, +2042E405 +TRU2ES04 1 TO2E403 | 182264068 <7 102E405 1 211E40¢ " . Qi St
N oTSY2E04 +1 BB2E+05 ) TOZEQ3 | 71026405 -236%E+05 1. 911E-D4 .t s P> 4 v
N, +1 TO2E0) o1 TO2E+D3 8185604 | +1 G11E<04 1 D11E+04  +7 112E+05 Ve x| A AL
™, 1 B22E+06  +7102E+05 <1 G11E+DS | +5T06E+07 1 502E+07 +324BE~D5 K, :j 'f, i o pllie: :
™ *7I02ES05 -2IOFEDS  ~1G1IEDA | +1 5026407 +ASINE-0T  +324RE+05 K vo| B ay Bl By B udee | (ui|
", LOIIEDE +1OIEWDE <7 1125405 | +3248E+05 <2 24BE+05 +1 $56E+07 K, oo Sty My e
(ABD]" Matrix
" +B 200606 -559BE-08 4876608 | «€ 355507 3590607 20009 N,
¢.* ASOBE06 9454606 6247608 | 3BT6E-07  <3R15E07 -1 04IE0 N
ve® A ST0E-08 -8 247E.08  +20276-05 | -2028E-00  -1.029E-09 .0 252E-07 N,
K, +4J58E-07 -)BS0E-07 -2019E-03 | +L4NE-08 -30ME6E08 -2 599E-10 o,
K. -38TEE-07  3A1SE-07 104309 | -301BE-08  +5126E-08 -3243E-10 M
K. 2028E-00 -1 020608 -8259E-07 | -2598E-10 -3.043E-10 1066607 ",
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TAB TO APPLY TITULO 1 TO THE TEXT THAT YOU WANT TO APPEAR
HERE.
Engineering constams
E, E E, Gy Gy G.,
In-plane +4 0GOE+03 +3.510E+03 +1 BESE-03
Bending +1.024E+04 +8.828E+03 +4 JEE+D3
Zero-Cunsatr g «J0B0E+03 +5E24E=03 +2 TA4E+D]
Vi v, v, ¥y v, .
In-plane +[ 678 «(1 586
Bendng =i GE2 #1588
Ferp-Cunsature +0.419 +[ 259
Hmogenized Matrices
Thickness Mormalized Homopgenized Memibs ane Matri
N, +1 0X0E+04 +2EB4TE+D3 | +5.T0RE+DN £"
H§ #FPEATEA0T <6 3VTE«DI | +5 709E=01 l:;‘
N +5 TOAE«01  +STOSE+lN | +2 745E+03 ¥i- B
Thickness Mormalized Homogenized Bending Matric
M, -8 099E+03 +1 597E+D3 | +4 MAE- K,
M +1 SBTE-03 -53ME-02 | +4. X09E-D1 K.
I.; 4 200E«01  «4 290E+0) | +1 6D0E-D3 H,._.
Thickness Hormalized Homogonized Coupling katrix
N, +T582E«04 <BTOSE«DD | +1 4T0E=D2 K,
W +H 735603 +1 S96E+04 | +1 ATOE=02 K.
"1.' 1 ATOE+0Z 1 ATOE+DZ | +T.D44E=03 H,-_-

Final laminate Zone 17:
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(YN D TAB TO APPLY TITULO 1 TO THE TEXT THAT YOU WANT TO APPEAR
HERE.
Laminsate Matrices
[ABD] Matrix
M, +1904E-0% +IETOE+04 «2152E03 | -4 NNTE+0S +BBHEHDS +16REE«M
W ASTOE-04 +1.TBOE+D5 +2152E+03 | +6.601E05 +1 TAIE+DS +1.688E-04
M, +TH5IEA03 421526407 G BETESDA | +1 BARED4 +1 GRIE+D4  +BRTOE+DS
i, 4 MTE+QS +BEOME+DS «1 BBAE-04 | «5363E+07 +1.008E+0T7 +40BSE+0S
" *BE0E=DS +1T41E+05 +1 BSEE+D4 | +1.BOBE=DT +33A0E+DT  +4 DGSE+0S
M, +1.BORE+D4 +1 GASE+04 SGETOESDS | +4 065E+05 +40BSE+DS +1 BEZE+DT
(MBD]" Matrs
" +AOBSE-D6  -3042E-08  -3OMBE0S | +1289E-07 -1SMEOT  +1B4SEAD
r* GOIEME  +TBITEDE  ATI9E08 | 1556E07  #1.03BE07  #2BT4E-10
W' OMBE-OE  -ATISE-08  +133BE05 | +21BIEAD  +2 BESE-10 -4 TOOEOT
K, HLIHEDT -1 SMEOT  +1B45E10 | +ITI3E0F A BMEDR  -ZATFE-ID
K 1.S56E-07  +1.030E-07 +28T4E10 | -1B41E08  +d120E-08 -SO75E-1D
K, *2ABIEAD  =23B5640 -4TS0EDT | -2ATTE-1D  -SOTSEI0 -7 0B0E-08
Erw{prsipd ing constams
E, E. E; Gy LT G,
In-plane +BTIIE+0S  +4 202E+03 +2.502E+03
Bietibing +1 BSEE+04  +1 O0B9E~04 +§ J4BE-03
Zero-Curvture +TATEE+D3 +4.835E+02 +1.IME+D3
v v, L7 L™ Mg Ve
In-pdane 0610 +0.388
Binrwiling +0.605 +0.39T7
Zerp-Curvatine 0,544 *0.329
Homaogenized Matrices
Thickness Normalized Homogenioed Meambr ane Matrix
M, +ATIRE+03 3 203E-03 | +7 204E 01 "
N +3 MIFE+D3 +5892E+03 | 47 204E+D1 "
N, #T MME+O1  +T 204E+01 | +3.302E+03 ¥ "
Thickne<s Hormalized Homogenized Bending atrin
M, -GBTIE+D2 +1 ATOE+03 | 3. TRIE-D1 K,
M +1 ATSE+03 +3900E+02 | +3.TRZE+D1 K
M, +3TRIES01  +3THIE+01 | +1 404E+03 Ky,
Thic kness Norralized Homapenized Coupling Matric
N, +3 412804 +B8125E-03 | +1 B20E-02 K,
N #E1I5E+03  +1 SOZE+04 | +1.828E+02 K
N +1 BIBE+02 +1 BIBE+02 | +8.3TGE-03 K.

130



UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
COMILLAS  GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES
UNIVERSIDAD PONTIFICIA
D TAB TO APPLY TITULO 1 TO THE TEXT THAT YOU WANT TO APPEAR

HERE.

ICAI ICADE CIHS

Final laminate Zone 18:

L Matnces
FABD] Matrix
N, *3084E+05 +Q0S8E+D4 +2003€+01 | 1 GHIE-06 <7 ATEE-0S 1 908E+-04 [
N +3088E+08 +1930E<0%5 +200JE«03 | +7 178505 B3I24E-08  »1 BOSEOL "
N, «2002E+03 +20028+07 +530TE«08 | »1 G02E«04 +1 GOBE+OL 7 208E+05 ¥ '
L A BSIE+DE T 17SE+08 +1308E«0¢ | +38645E07 +1 7I9E«07 +38I9E0Q5 K,
M T ATEEDS -BIA4E+Dd  «1 GOBE«D4 | «1 73SE07 +2EN1E40T7 <+ HIGEOS K
M, STDOBEDE  +)1 QOBE+DL o7 204E+05 | »1879E+05 +3RI0E«D5 o1 JOBEQT K.
1AB0) " peatrix
" oJTHAE-08 5278606 4 950E-08 | «3886E-07 -JARTEQT -1 S05E-00 N,
.* -5.228E-06 +9058E-06 -0955E8-08 | -34B7E-07 ~2885E-07 42NEN N
Ve 4 953608 AOSSE.08  +1 S30E.08 | -1 535609 S841E2 B I15IENDT N,
K, +3 886607 -3487E0T 1505500 | +306BE.Q8 -2TRIEQS 2583610 M,
L8 ~3AB3EQT 2885807 4 2IMENT | 2TRIED8 4 B8IGE09  -3TDIEAC M
K, -15356-08 -QG41E.12 -GI153EQ7 | 258110 -3TOIE-10  <202BE.02 M,
Elﬂamqmﬂm
E, E. E. Gy Gy G,
B julnwe +4 J10E+03 +3.6TDE+03 +2 1G4E+03
Bending +1.0B4E+D4 0 155E+03 +5 402E+03
Jero-Curvalure +BR30E+D3 +55ME+N3 +3123E+03
i Vs Viz Vi Ve b
vl anwi +0.67T8 «057F
Bisnding +0. 684 #0577
Tero.Curvalure +0.47 #0285
Hirmdgpiniretd Matiices
Thickisss Notmahzisd Hommogerned Boermbr sie Mairis
N, +J OT5E+D4 +IDZ1E+D3 | «BESTE+D1 0"
N +30TE+03 +H415E+03 | «BGETE+D1 c*
N, +BESTE+D1 +6B5STE+D | «2124E+03 e "
Thickress Notmalized Homogerioed Bending Matono
M, -3TITE+*D3 +1 SATE+«03 | ~4 21TE=1 K,
LB +{ SETE+03 -1 B40E«02 | «4. 21 TE+M K
I,'._ «4 NTE+D  +£21TE+D | «1.592E+03 Ky
Thickrsss Nonmalized Homogerioed Coupling Matring
N, «FSEEESDL  +T ETOE#DD | »1 BO3E=D K,
W 4+TBTOE+D3 +1 B10E«Dd | +1 R93E+D2 L
L +1 GRIED2 +1 BAIE+0D | +7 9IBE+03 L
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Final Laminate Zone 19:
L e Blakiices

[AEID] Mot T T S
M, +IIMEDS  +1 MEHDS +2TIIE03 | -54TIE#05 +E550E+05 +1 BUDED4 £, i %, |
M. 1 I01E+05 +21BSE405 <2 T13E+03 | +B.SS0EDS +54B1E+02  +1 BIUE04 L* ol A el o == | o
M. *IT1FE03 +3T13E+03  «1 JITEDS | +1 GR0E+04  +1 BSOE+D4  +6 GOIEIS Ve ! Yol Bl e By [l [
M, -SATAESDS +B.SSOE+DS ) GOOE-D4 | +BAUEED7 «LISOE+OT +5.000E-05 K, vile clhl s R
'R +f SS0E 05 +A4BIE+0T  +1 BUGE«O4 | +2 I50E 0T +4 IVIE+OT  +5 INGE-DS . Wo| W B T O fiee |
M, +1 GOGEST4  +1 BOOEO8 +BEOIESDS | +5300E+05 5 I0GE405 <2 ATVES0T K, T i

[ABDT Matriz
£ +4431E-06 -ZTESE-06  -3S0GE-08 | +1 1IGE-0T - 2RIEDT  +1.483E10 N,

" PITESE-DB  #GABIE-06 -7 BEEE-D8 | -1 JOIE-07  +1 118607 8479611 . 1
" -3506E-08_ -THESE-0F  +94B3E06 | +187IE10  -10EAD -2 580E-O7 N,
K, ALBEOT 1 ZBIED]  +) 4%IE-10 | +2.2736-08 1 410EDE - GI5E-10 M,
K. AIVENT <1110 -BATOEANY | 141008 <3200E08 -3980E10 M
K, METIEID -1ONEAD  -2580E-07 | -181SE0  -3980E10  +4835E-08 M,
Engineering constants
E, E. E, G, Gy G
ki plane ST 204E+09  +4 BETED] <3 415E+03
Hending +| TBIE«04 +1.2NE+D4 B 3TSE+03
Zimo-Curvatione +BG4IE+D3 +56E4E+DI +3.99TE«03
L ¥ LT L
Ini-plarue +DET4 0427
Bending +0E20 0420

Tero-Curvature +DL5449 +0.360

—Homogenized Matrices

Thickniss Hormalized Homoporismd Bemnbs anie Matric
H, +10T7E+04 +3BS1E+D3 | +8.770E+08 £,"

N +3EEIES3 +7T063E+03 | +8.770E+D1 "
M *8.TT0E+01  +8 7T0E+01 | +3508E+03 Ve

Thickmixs Mormalkzed Homopenized Bending Matox

M, -1 145E+03 1 36BE+DD | +3.550E-01 K,

M #IBRE+D3  +LA81E=D1 | +3.550E~01 K

M, =3550E+01  +2.550E+01 | +1.379E+03 Ky
Thickness Hormahzed Bomopenired Coupling Matii

N, *1EIIE«4 +B52TE+03 | +21S1E=02 K,

N 9 SXIE03 41 TAIEQ4 | «2ISUE=D2 K.

N, «2ASIE=(2 +Z151E+«02 | +9.EDIE«D3 K
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Final Lamiante Zone 20:

Laimiriste Batnices
[AB0Y Batrix
N, *1ITEE-05 +1 320E+05 <3N IE=0F | ABTIE«DE +6.TROE+DS 1 73TE~(4
N #1 J20E#05 +2233E+05 +301IE+D3 | +6.TEOE+DS +1 B40E«05 +1 TIATE-D4
N, FIOIE+03 +301IE+03 <1 3N8E+05 | +1 TATE+(4  +1 TITE+04  =GE4GE-04
M, -4 ETIE+0S +ETBOE+DS +1.7ITE+D4 | +BETAE+DT +2.583E+07 +GERIE+DS
B +G.TH0E-(0S +1 6439E+05 +1.TITE«(M4 | +2SE3E+07 4 J46E-0T +SERIE-DS
L +1.7ITE-D4 +1TITE+Q4 +BREIE=05 | +5.8903E+05 +5883IE+05 +2BETE-OT
[ABD]" Matric
" #4ATSE-0F -2 BE4E-DE  -F438E-02 | =1.000E-07 -1ASTEOFT  +1264E-10
" -1 BHHE-I6 +64BBE-06 -T.TG2E-08 | -1.210E-GT +30F3E-0QR +3.ITRE-10
W " -1438E-08 -T.TRRE-O8  +BdE5E-06 | +1.490E-10 «304TE-1D  -ZABIE-OT7
K, SUATOEOT  -1A9FE0T  +12G4E-10 | «LMTE08  14ZIE08 A TTIED
K. -LM0E-DT  +RO2IE-0R  +32TEE-10 | -1.473E-08  +323GE-DF -38TEE-10
K, «1AWHEAD  +304TE1D  -2ABIE-OT | -1.TME-ID JATRE-10 4 32TE-QB
— Enginssring constants
El E".- EI e 641
In-plane *TASGE+D3 +4 D4ZE+03 +1 TREE+03
Benmding +1.TSRE+D4  +1 JI5E+04 +5.13E+03
Tero-Curvature +3.318E+D3 +5.501E-03 +4. 352E+03
Ve Ve Vir Vi Vo Ve
In-plane +0644 +.445
Beeniding +).633 +0.441
Zero-Curvature +0.581 +0.3
Homopenized Malrices
Thickness Normialized Homogenized Membrane Matric
H, +1.082E+04  +4.237E+03 | +OESEE+D1 L"
H. +4 23IE+03 T ASTEXDZ | +0658E+01 C"
H,J. G G5E-01 «GE5RE+D | +4 353E+03 Ve '

Thickivess Normislized Homogenized Bending Matiix

M, -JS9FE«OT  +1.393E+03 | +2AGEEN K,

M +1393E+03  +3.389E+02 | +35G8E+01 K.

M, +3508E«01 3 5SEBE+D1 | +1 ADTE+D3 K,
Thichoniess Mormealized Homogenined Coupling Matrix

N, +2BITESDL 1 020E+04 | +2 ITME+0] K,

H. 1 020E+04  +1 75TE-D4 | +2 324E+02 K.

M, +23M4E+02 +1.324E+DZ | +1.050E+04 Ky

133



COMILLAS

UNIVERSIDAD PONTIFICIA

UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

ICAI ICADE l CIHS

' TAB TO APPLY TITULO 1 TO THE TEXT THAT YOU WANT TO APPEAR

HERE.

Final laminate Zone 21:

Larunate Matrices
[ABD) Matrix
N, SAQ4TEDS <1106EDS +2563E+03 | -2228E<06 <1 033606 +270E+0¢ [
N STIBBED5 +2508E«05 +2583E+03 | +1.033E+06 -4570€°04 +2730EDS .°*
N 2563603 ~2%63E03 ) 206€04 | +27I0E+08 2 7I0E08  +) OITED6 Ve '
M, <2278E+08  +1.03JE+06 27308204 | +BE2IE0T «235TE-07 +51858+05 K,
M 10336406 -4 979E+04 +2 70504 | +2357E+07 +SOZMEDT +5185E+05 K
", *27E04 +27I0E<0E «1037E-06 | «+51B5E+05 +51395T05 <24376+07 L
[ABO]" Matrix
" $SATEDE  392)E-06 -3BSTE08 | ~2BITEQT 2502607 1151800
.t -3823E-056 <6004E-06 -S5130E-09 | -2554E-07 <207T0E-0T -1.264E-10
Yo -3 657608  -5930E-08 <1 30BE-05 | -5 159806 -1 167E-10 -5 565E-07
K, *28ITE-07 -2502E-07 1151600 | +20056-08 -1.968€-08 -1817E10
K -255¢E-07 «207T0E-OF -1.264E-10 | -1 968E-08 +J 456608 -ZS5G7E-10
K, 50600 S 16TE-10  -5565E-07 | -1 BITEID  -2537E-10 <G ATSE-OB
Engitecding congianls
E, E. E, Gy, Gy, G
Bie-pikare +5440E+D3  +4 5B4E+D3 +1420E+03
Bending +1 I0GE+D4 +1 100E«04 +5BTIE+D3
i o-Curvatune #1.109E+04 +EBTIE+D3 +1EITE+DD
Vi ¥, Vi Vi Yy Wy
In-plane +06T4 +{.564
Banding +DETE +0.564
Lerp-Cunvature +0 465 +0.284
Homagenized Malrices
Thickness Monmalized Homogenized Memibrane Matri
M, 1 ZB1E+M =3 EME+D3 | =B 112E+(N £"
N I HATEDD T GIHE+DD | »8.112E+D1 L
H,. +B112E+H =B 112E+01 | =3 318E+-03 L
Thickness Morrmalized Hormgenized Bending Matrb
M, S AGZE+03 +Z0BBE+0T | <5 A88HE+01 K,
l} «2068E+(3 -BO9TIE+D1 | «54B8E+D1 L.
B, +5A50E+01 +54G8E+01 | +2.07BE+(2 Ky
Thickness Mormalized Hoenogenized Coupfing Matri
M, +J10B9E+04 +BIB2E+0T | +1.972E+02 K,
H. +8.GEIE+03  +1 S13E+04 | =1 GTIE+D2 K.
L 1 ATIEDD 1 ATIE+DD | «9.26TE+D3 K,
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