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1. Introduction

This project used Finite Element Analysis (FEA) to optimise the structural integrity of a
composite kiteboard, resulting in a lightweight yet durable design that was compared to a
2mm steel benchmark. FEA techniques were utilised to analyse material performance under
specific physical conditions, which guided design decisions without the need for actual
prototypes. The study looked at the history and current applications of FEA, such as
topology, shape, and size optimisation, which allowed engineers to fine-tune composite
structures by altering ply orientations and thickness. Carbon fibre reinforced plastic (CFRP),
a popular material for high-performance sports equipment, was chosen for its excellent
strength-to-weight ratio and versatility. Experimental testing was recommended to validate
FEA results, with deflection, strain, and stress measurements to ensure that the composite
board satisfied the stiffness and performance requirements. This method was consistent with
technological improvements and engineering standards, with the goal of producing a
kiteboard that was both lightweight and durable.



2. Finite Element Analysis (FEA)

Finite element analysis (FEA) forecasts how objects will behave under specified physical
conditions, whether dynamic or static, allowing designers to anticipate probable behaviour
and inform design decisions (Brush, 2019). Engineers employ FEA software to eliminate the
requirement for physical prototypes, resulting in better finished products at a lower cost
(SimScale, 2018).

Historical development of FEA

(Prem Kythe and Wei, 2011, p.2) explain that Raw W. Clough was the first person to use the
term finite element method in 1960. Clough created a matrix algebra tool that enabled pupils
to solve finite element problems while learning programming (Madier, n.d.). Around this time,
FEA was purely a numerical approach to solving complicated structural issues, primarily in
mechanical and aerospace engineering.

As FEA developed, the applications were primarily linear static analysis programs. These
methods allowed engineers to comprehend the behaviour of simple structures under
continuous loads. Calculating stresses, displacements, and strains was the aim of this
foundational phase, which was not yet optimised for material or shape (Madier, n.d.)

More sophisticated optimisation methods, such as shape and size optimisation, became
possible by the 1970s and 1980s as computing power increased, enabling more intricate
models and finer mesh resolutions. The development of topology optimisation in the 1990s
revolutionised design procedures in the automotive and aerospace sectors by enabling
engineers to eliminate unnecessary material while preserving strength (Liu, Li and Park,
2022).

FEA Optimisation Techniques

Shape Optimisation

Shape optimisation is the process of changing the exterior form of a structure in order to
maximise efficiency within certain limits. It frequently removes surplus material from non-
critical locations (sdcadmin, 2022). According to Suchdeo (2024), the technigue focusses on
determining the best geometry to improve mechanical performance. The F1 car chassis is a
common example of this, as it saves weight while maintaining the rigidity and strength
required to sustain extreme stresses during races.

Topology optimisation

Topology optimisation advances on the shape optimisation as it further develops the product
by redistributing materials in a specific area of the product to achieve the best possible
balance between strength, stiffness and weight (Abbey, 2018). Velling (2020) further
explains that topology optimisation uses a 3D model which displaces or removes material in
order to make the overall design more efficient. An example of topology optimisation is
illustrated below in figure 1.



Figure 1 - Topology Optimisation (Velling, 2020)

Figure 1 depicts the outcomes of a topological optimisation, which demonstrates significant
material removal. The product's holes remain in the identical locations both before and after,
ensuring that it continues to perform as intended. The reduction of surplus material greatly
reduces the product's total weight.

Size optimisation

Size optimisation is the process of modifying component dimensions, such as cross-
sectional area or thickness, to minimise weight and material costs while meeting
performance and safety standards. Engineers specify variables like flange width or wall
thickness, which FEA algorithms iteratively modify to satisfy displacement and stress
limitations (sdcadmin, 2022).

How FEA techniques improve the design process

Topology and size optimisation are FEA approaches that assist engineers in developing
cost-effective, durable, and lightweight solutions without sacrificing safety. Designers can
reduce production costs and environmental effect by optimising shape and topology (GMT
Rubber, 2022). Brush (2019) observes that FEA optimisation simulates real-world
performance, speeding up development and eliminating the requirement for physical
prototypes. Furthermore, FEA enables exact adjustments that improve performance and
reliability, which are critical in aircraft and automotive engineering (Team, 2023).

Future developments to FEA

Machine learning and artificial intelligence (Al) advancements have the potential to
revolutionise FEA optimisation. Al and ML algorithms process massive datasets quickly,
allowing for speedier design identification and real-time optimisation. Previously, FEA used
labour-intensive calculations that limited complexity. Al improves accuracy and efficiency by
automating operations such as mesh production, saving time and minimising errors. This
enables engineers to quickly test multiple design variations, encouraging creativity. As Al
develops, its integration with FEA is predicted to change engineering and open up new
possibilities (Melissa, 2023).



3. Design Studio and FEA

The objective was to match the performance of a 2mm steel board while optimising the
structure of the composite kiteboard for the least amount of weight. Both boards were
subjected to Finite Element Analysis (FEA) with predetermined boundary and loading
conditions. To fulfil the deflection constraints of the steel board and achieve the best possible
mix of strength, stiffness, and weight, the carbon fibre reinforced plastic (CFRP) composite
model needed precise ply orientation adjustments (-90°, -45°, 0°, 45°, and 90°).

Steel Board

Research into how Kitesurfing is performed was the first task as it was important to note that
not all of the kiteboard would be subjected to the forces acting on it. Figure 2 below shows a
typical kitesurfer.

Figure 2 - Example of Kitesurfing (Bequir, 2022)

A section of the kiteboard is above the water's surface in the image above, showing how
water affects the underside of the board. This image was used as a guide for the model in
design studio as it will give a better representation of real-world conditions.



Figure 3 shows the kiteboard (with the static load applied to it) when imported into design
studio.

v

Figure 3 - Steel Kiteboard with static load

The image above illustrates a typical kiteboard design. There are two cone shaped forces
applied to the top of the kiteboard which represent where the kitesurfer would stand. The
black arrows on the bottom of the board represent the forces applying upwards to the
underneath of the board. Each arrow or node has a force applied to it; in this instance the
force is 1N.

As stated in Figure 2, the underbelly of the kiteboard is not completely in the water. This
meant that the above kiteboard design needed adjusting.

1220 grids selected *0\ ldentify Selected Grids
Change Loading on Selectad Grids
Clear Loads/SPCDs
Data Form Load Direction+Magnitude
Direction: By 2 Grids.. By 3 Grds..
X 0
Y 0
z -1
Magngude: 060
Add Force Add Moment

Figure 4 - Steel Kiteboard with static load comparable to real world conditions

A polygon region was used to select the area in which the underside of the board would be
subjected to forces made by the water. The “Z” direction was made -1 which meant that the
forces would be applied upwards against the board, representing the water.

The magnitude was calculated after some research. The average mass of a kitesurfer is
75kg (Kitemare.com, 2024). This multiplied by gravity (9.81m/s) gives the result of 735.75N
of force acting downwards on the board. In order for the board to stay afloat the forces acting
upwards should equal the down force. Figure 4 shows there are 1220 grids or nodes,
meaning that each node has 0.60N of force acting upwards on the board.

35.75
0 0.60N

7
Each node =



A single analysis was run on this steel board to calculate the displacement in metres. The
results are shown below.

Figure 5 - FEA of Steel Kiteboard

The results show a FEA of the kiteboard. The displacement distribution across the board's
surface is shown by the colour gradient, where red denotes locations with greater
displacement and blue areas with less displacement. The red zones at the outer borders
indicate that these areas undergo the most deflection under the imposed force. The
maximum displacement value shown at the tip of the board is reading 2.3x102 metres or
23mm.

The weight of the board was also calculated using the “elements” tab in the Design studio
software which returned a value of 8.10176Kg.

With these values, the stiffness and stiffness/weight ratio could be calculated:
Stiffness (k) = Load (f) / Deflection (x)
Stiffness = L
X

735.75

Stiffness =

Stiffness = 31.98N/mm

31.98
9.81x8.10

Stiffness/weight = 0.40 N?/mm

Stiffness/weight =

Table 1 - Steel Calculations

Material | Thickness | Deflection | Mass Load Stiffness | Stiffness/Weight
(mm) (mm) (Ka) (N) (N/mm) (N*/mm)
Steel 2 23 8.10 735.75 31.98 0.40

This outcome served as a starting point for the composite board, which needed to be tuned
to match the stiffness and performance of the steel board by minimising weight and
achieving similar or lower deflection values.




Composite Board

For the composite board, the same nodes were applied to the underside of the board as the
steel in Figure 4. Each node also had the same magnitude of 0.6N added to it to allow for a
fair comparison when the FEA was run.

There were some slight changes to the composite board compared to the steel board. These
were:

- Material properties
- Number of Plys

The material properties were supplied in the assignment brief and these were inputted into
the “materials” tab on Design Studio.

The number of plys and their directions were inputted into the “group properties” tab on
Design Studio, as seen in the picture below.

Global Ply ID : Material : Thickness : Angle : Output

Layer 1

857143 Unidirectional ~ | 5.E-4 -80.0 fes e —
Layer 2

857143 Unidirectional ~ | 5E-4 -45.0 fes AL JL
Layer 3

857142 Unidirectional ' GE-4 0.0 Yes Ear
Layer 4

857143 Unidirectional ~ | 5.E-4 45.0 fes AL JL
Layer &

857143 Unidirectional ~ | 5E-4 80.0 es e -

Figure 6 - Material thickness and plys

Figure 6 shows that there are a total of 5 layers, each with a thickness of 0.5mm. This is
because the brief stated that there are 25 plys, all with a thickness of 0.1mm. So, 5 plys per
layer at 0.1mm per ply gives a total thickness of the board of 0.25mm.



Once this was all complete, the FEA could now be run for the composite board. The results

are seen below in Figure 7.

Figure 7 - FEA of Composite board

The largest deflection, as indicated by the deflection scale on the right in meters, is located
close to the board's tail end and is roughly 0.11 meters (110 mm). The fact that this

deflection is notably larger than that of the steel board indicates that the first composite layup
did not yet reach the required stiffness.

Similar to the steel board, the mass of the composite board was calculated and a result of

2.02544Kg.

Using the same equations from earlier for stiffness and stiffness/weight, the results for the
composite board are seen in the table below.

Table 2 - Steel and Composite Results

Material | Thickness | Deflection | Mass Load | Stiffness | Stiffness/Weight
(mm) (mm) (Kg) (N) (N/mm) (N¥mm)
Steel 2 23 §.10 735.75 31.98 0.40
Composite 25 110 2.03 73575 6.69 0.34

The table above shows that the composite material is a lot lighter than the steel which is
beneficial for applications which are weight sensitive. The steel is a lot stiffer than the
composite which makes it more deformation-resistant. The steel also has a higher
stiffness/weight ratio indicating that steel has a higher rigidity per unit weight. Overall, the
composite kiteboard’s only advantage over the steel board is the mass, apart from this, the
steel board is a much better product.




4. Optimised Composite

The composite kiteboard was optimised so that the orientation of the layers and their
thicknesses were able to achieve the deflection that was seen on the steel kiteboard.

The upper bound constraint was set to 0.023m or 23mm which was the maximum deflection
seen on the FEA of the steel board.

The design variables were then set, giving the thicknesses of each layer an upper and lower
value.

Il=1 Init=0.001 [1.E-4,0.002] L1THE
I0=2 Init=0.001 [1.E-4,0.002] L1THEZ
I0=3 Init=0.001 [1.E-4,0.002] L1THE3
I0=4 Init=0.001 [1.E-4,0.002] L1THE4
ID=5 Init=0.001 [1.E-4,0.002] L1THES

Figure 8 - Design Variable Thicknesses

Figure 8 shows that the lower limit was set to 1.E-4 (0.1mm) and the upper limit was set to
0.002m (2mm).
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Figure 9 - Optimisation results

Once the design variables and constraints were set, the optimisation could begin. Below is
an output of the results. The results show that at design cycle zero, which is the baseline,
the mass of the board is 4.05kg and it is violating the constraint at 48.1%. By design cycle 11
the constraint is 0 and the displacement of 23mm has been met. The image also shows that
the mass of the board has decreased slightly, starting at 4.05kg at design cycle 0 and
finishing with 3.97kg at design cycle 11.



Figure 10 below shows the design history plot for the thicknesses of the plys.
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Figure 10 - Design history plot

The graph shows that all variables started at 1mm. Only one of the design variables maxed
out at the top limit of 2mm which are the plys at 0 degrees. The plys at -45 and 45 degrees
stayed around the 1mm (5 plys) mark until reaching design cycle 11. Finally, the design
variables at -90 and +90 dropped down to around 0.2/0.4mm by design cycle 11.

The results below show the thicknesses of each layer.

DESIGH CYCLE # 11, OBJECTIVE = 32.973064E+00, MAXTMOM VICLATICH = 0.
DESIGH VARIAELE # 1 = 3.B77603E-04 L1THK

DESIGH VARIAELE # 2 = 1.076704E-03 L1THEZ

DESIGH VARIAELE # 3= 2.000000E-03 L1THEK3

DESIGH VARIAELE # 4 = 1.2T1839E-03 L1THEK4

DESIGH VARIAELE # 5 = 1.675508E-04 L1THES

CCMPLETICH CODE: 1 11 0

Figure 11 — Thicknesses at each angle

The total thickness is: 4.9mm (0.388+1.08+2+1.27+0.168).

0%.



Discrete Composite

Finally, to get a more accurate result for ply thickness, the design variables were changed to
discrete values. Once changed, the optimisation was generated again and the below is
generated:

Design History [In Progress] - o x
Ohbjective Mormalized Ohjective
B Genesis Console Dutput - o % s T
DESIGN  OBJECTIVE MAXIMUM CONSTRAINT MAXIMUM DISCRETE MAXTMUM DISCRETE a7t +118
CYCLE  FUNCTION VIOLATION VIOLATION VIOLATTON asd +i14
ABSOLUTE CRITERTA BIAS CRITERIA Loz
VIOL 4 OF DVAR VIOL ¢ OF DVAR 45 Limn
44 Lis
0 4.0509E+00 48.1% 0.0% 0 0.0% 0 FERS Lios
1 4.721SE400 0.0% 4.0% 5 19.4% 5 wat Lioe
2 4.4943E400 0.0% 2.8% 5 23.9% 5 - .
3 4.2007E400 0.0% 6.7% 5 29.8% 5 1T Lion
4 4.0829E400 0.0% 9.5% 4 34.9% 4 40 Loss
5 4.0543E400 0.0% 7.2% 5 26.7% 5 354 Loos
[ 4.028SE400 0.0% 4.5% 4 49.3% 4 4
7 4.010SE+00 0.0% 24.6% 4 49.2% 4 Desian Cycle
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Figure 12 - Design variables with discrete values

The displacement was now 22mm. By design cycle 11 the mass of the board was now
4.13Kg which was slightly heavier than the non-discrete optimised composite.

The design history file also shows that at design cycle 11 the thicknesses at each degree are
now discrete values.

DESIGHN VAERIABLE HISTORY

DESIGH DESIGH DESIGH DESIGH DESIGH DESIGH
CYCLE VARIABLE VARTABLE VARIABLE VARIABLE VARTABLE
1 2 3 4 3
L1THE L1THEZ L1THES L1THE4 L1THES
0 1.0000E-03 1.0000E-03 1.0000E-03 1.0000E-03 1.0000E-03
1 1.0141E-03 1.1757E-03 1.515%4E-03 1.1822E-03 9.3633E-04
2 §.2208E-04 1.076lE-03 1.85424E-03 1.0968E-03 T.0995E-04
3 6.5316E-04 9.8450E-04 1.9999E-03 1.0175E-03 5.2980E-04
4 5.T7513E-04 9.9154E-04 2.0000E-03* 1.034%E-03 4.379TE-04
3 5.2669E-04 1.0247E-03 1.9990E-03 1.0827E-03 3.7103E-04
8 5.0383E-04 1.0507E-03 2.0000E-03% 1.1161E-03 3.0175E-04
7 4,8875E-04 1.0687E-03 2.0000E-03% 1.1433E-03 2.4913E-04
i 4.7391E-04 1.0883E-03 2.0000E-03 1.1663E-03 2.05T73E-04
4 4.4752E-04 1.1023E-03 1.99953E-03 1.1863E-03 1.8588E-04
10 4.4752E-04 1.1023E-03 1.9983E-0 1.1863E-03 1.8588E-04

Figure 13 - Discrete thicknesses



Results

Table 3 - Final results of all kiteboards

Material | Thickness | Deflection | Mass Load Stiffness | Stiffness/Weight
{mm) {mm) (Ka) (N) {N/mm) {NZ2/mm)
Steel 2 23 8.1 735.75 31.98 0.40
Composite 25 110 2.03 735.75 6.69 0.34
Optimised 49 23 3.97 T35.75 31.98 0.82
Composite
Discrete 51 22 413 T35.75 31.98 0.79
Composite

The results show that the discrete composite part is around double the stiffness/weight than
that of the steel part, with only half the mass. The discrete composite is more than double
the width of the steel board, so if it essential that the board is as thin as possible then the
steel board is beneficial, however for all other aspects the discrete composite board is

favorable.




5. Prototype Experiment Testing

The experimental test aims to validate the FEA results by measuring the physical
deformation of the composite kiteboard under controlled loads. This test assesses whether
the composite board's performance is consistent with FEA projections and meets the
performance standards established by the 2mm steel benchmark.

Experiment Setup

The kiteboard would be put on a test rig that accurately duplicates the FEA model's
boundary conditions and load distribution. To replicate fluid flow loading, a force of 735.75 N
would be applied equally across the board. The board's edges would be fixed to fit the FEA
restrictions, ensuring that the deflection and stress patterns closely match the simulation
(Poodts, Riccardo Panciroli and Giangiacomo Minak, 2013).

Instruments and Methods for Measurement

Accurate measurement instruments are necessary to capture the board's response. Strain
gauges would be put at crucial spots to measure the strain distribution. It is important that
the labatory in which the testing takes place has followed industry standards such as
ISO/IEC 17025:2017 which is the internationally recognised standard for testing and
calibration laboratories. It ensures the quality and dependability of the testing and calibration
outcomes (ISO, 2017). Digital image correlation (DIC) should also be used. This technique
examines how a material sample changes under stress using optical data collected by one
or more cameras (Digital Image Correlation, 2021). DIC generates a full-field displacement
map, which is particularly useful for comparing to the FEA results.

Gathering Data and Analysis

The load would be applied slowly, with measurements taken at each stage to detect any
progressive deformation or nonlinearity in response. The data collecting process would
concentrate on deflection, strain, and overall structural integrity under load. The data points
acquired during testing would be compared to the maximum deflection limit determined by
the steel board's FEA simulation. Any variation from the expected findings would be
documented and analysed for potential material or modelling changes.

Evaluation and Findings

The results of the physical test would be compared to the FEA predictions to ensure model
accuracy. If the composite board exhibits excessive bending or stress over permitted limits,
changes to ply orientation or ply count may be required. Re-testing may be necessary to
ensure that the amended board satisfies both performance and weight targets.



6. Technical Literature

The kiteboard used in this study was carbon fibre reinforced plastic (CFRP) which is widely
used throughout sporting industries such as kiteboarding and windsurfing (Jones, 2024). The
reason CFRP is used is due to its high tensile strength (up to 2,500 MPa) and low density
(1.6 g/cm3), allowing for lightweight yet sturdy structures (Ru-Min Wang, 2016, pp.7-8).
Rana and Shiv Brat Singh (2016, pp.1-18) further explain that carbon fibres give very
directional qualities that are very different from metals. They can be engineered to reduce
mass in ways that metals cannot. As these are intentionally composited materials, the
qualities and performance can be adjusted to the application by modifying the strength,
length, directionality, and number of reinforcing fibres, as well as the polymer matrix. This is
highly beneficial for applications such as the kiteboard which requires a high strength to
weight ratio.

Ply orientation was a large part of this experiment in finding the optimum strength to weight
ratio. Memarzadeh (et al., 2024) explains that the ply angle and fibre orientation are two
fundamental parameters which play an important influence in defining the performance of
composite plates, the research paper continues by explaining that the tensile strength of the
composite plates varied according to the lay-up orientation angle. The study revealed the
greatest tensile strength in specimens with a specified orientation angle lay-up, showing the
considerable importance of ply orientation on this mechanical property.

According to Eckrich (et al., 2022), FEA-based optimisation approaches have shown
promise in developing lightweight composite structures, notably in aerospace and
automotive applications where material efficiency is crucial. FEA simulations assist in
identifying appropriate ply layups that balance stiffness and strength, which is critical for
applications such as kiteboards, where weight reduction improves performance without
sacrificing structural integrity.

The design strategy used in this kiteboard project adheres to industry best practices,
including CFRP, strategically organised ply orientations, and FEA optimisation. Each option
is supported by research, demonstrating that this methodology is consistent with both
engineering principles and the requirements of high-performance applications.



7. Conclusion

In conclusion, this study successfully demonstrated the use of Finite Element Analysis (FEA)
to optimise the structural integrity of a composite kiteboard. By comparing the CFRP
kiteboard's performance against a 2mm steel standard, the study revealed considerable
advances in lightweight design without sacrificing durability. The study successfully used
FEA techniques, such as topology, shape, and size optimisation, to fine-tune material
properties and ply orientations, resulting in a kiteboard that satisfied performance standards.
Experimental validation was recommended to check that the physical board met FEA
predictions, with a focus on deflection and strain measurements. Finally, the project
emphasised the importance of incorporating FEA into engineering design, supporting new
and efficient solutions for high-performance sports equipment. The findings emphasised the
significance of continual development in material optimisation and design approaches for
future athletic applications.
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