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There are numerous benefits associated with the use of FEA within current engineering design, including accurate simulation and prediction of how a proposed component will respond to certain loads and stresses, before the cost of manual prototyping is incurred. Within the design process of a kiteboard hydrofoil FEO is a crucial tool for ensuring the design is efficient and capable of meeting the required objectives. A kiteboard hydrofoil requires precise material and structural optimisation to ensure it conforms to the required stiffness, strength and weight. It is crucial that the wing maintains it shape under hydrodynamic loading to ensure consistent lift and control for the rider, excessive deformation disrupts the flow, thereby reducing lift and increasing drag, a hinderance for the rider from reaching the high speeds required for the sport.
Investigated within this report is the optimisation of a design for a hydrofoil made of steel, to improve the stiffness to weight ratio of the design it was proposed that the wing be made of Carbon Fibre Reinforced Polymer (CFRP). Best practice when utilising this material includes the evaluation of layer thickness and fibre orientation in relation to the loads experienced by the component. The goal of this optimisation was to ensure that the CFRP wing would not deflect further than the proposed steel hydrofoil, while minimising the mass of the wing.
This report begins with a review of the evolution of FEA to current approaches for design optimisation techniques, as well as potential techniques for the future. Also included in this report is an introduction to kiteboarding to understand the requirements of the component. 
Following this section is the results of the optimisation and discussion of their meaning, as well as possible methods for testing of the prototype. 
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Hydrofoil technology, first developed by Alexander Graham Bell in 1906, was a significant advancement in marine engineering. According to Sjøwall (2022) Bell’s design offered drastically reduced drag compared to conventional designs of the time, enabling his craft to achieve a world record speed of 114km/h in 1919. Sjøwall (2022) further explains the demanding performance requirements for the hydrofoils, where minimisation of weight and maximisation of the specific stiffness of the components are essential to maximise the efficiency of the design and minimise the deflection of the component, both of which negatively impact the hydrofoils capability for lift generation. 
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[bookmark: _Toc212373106]Figure 1 – Hydrofoil of a kiteboard assembly (Martínez-Barberá et al. 2025)
In modern applications, hydrofoil principles have been adopted for use within water sports such as kiteboarding. Kiteboarding utilises a specialised board paired with a kite, allowing the rider to harness the wind as a propellant to travel along water. The defining feature associated with the boards is the submerged hydrofoil assembly, illustrated in Figure 1, which generates the required lift to allow the base of the board to rise above the surface of the water, significantly reducing the resistive forces acting on the board through friction and wave resistance (Martínez-Barberá et al. 2025). According to Schmidt et al. (2020) and Chahal et al. (2019), CFRP is the most popular material for the manufacture of kiteboard hydrofoils, due to its high strength to weight ratio.

Displayed in Figure 1 (Martínez-Barberá et al. 2025) are the components features in the hydrofoil assembly on a kiteboard. The mast functions as a structural connection between the hydrofoils and the board, locating the foils at a fixed distance below the water’s surface allowing them to operate in denser and undisturbed water at a distance from the surface turbulence, ensuring increased lift generation and increased control for the rider of the hydrodynamics of the board. The main wing generates the majority of the lift, while the rear wing adds stability and increased control for the rider, and the fuselage functions as a mechanical connection for these elements. Martínez-Barberá et al. (2025) further explain that common design choices for the wings include asymmetrical foil profiles, such as NACA 63-210 for the main wing and 63-209 for the rear wing, whereas the mast is typically a symmetrical profile, for example the NACA 0009, so that is generates equal amounts of lift in both directions.
[bookmark: _Toc212373123]Overview of Finite Element Analysis
[bookmark: _Toc212373124]History
The Finite Element Method (FEM) originated in the early 1940s, when Alexander Hrennikoff (1941) published his paper explaining a method of analysing the stress upon a component by breaking the component down into smaller elements and using matrix algebra to determine their behaviour, stated by Liu et al. (2022) to be the development of mesh discretisation. Richard Courant systematically used the Rayleigh-Ritz method utilising triangular elements, which function ed as an early form of the Finite Element Method. Liu et al. (2022) note that R. W. Clough, H. C. Martin, J. H. Argyris and M. J. Turner were all instrumental in the early development of the FEM, which was known then as the Matrix Stiffness Method. Clough established the title of FEM in 1960. This method began to be used in the production of aircraft, to ensure the structure could endure the stresses required for flight.
Liu et al. (2022) explain that during the 1960s and 1970s there was rapid growth in the use and research of the FEM. The formulation of the variational and Galerkin principles provided a rigorous mathematical foundation, enabling its use in areas such as heat transfer, fluid dynamics, and electromagnetics. The introduction of isoparametric elements, nonlinear analysis techniques, and dynamic formulations further expanded the applications for the method. Advances in digital computing facilitated the development of the first commercial FEM software in 1963 by E. L. Wilson and R. Clough, who developed Symbolic Matrix Interpretive System (SMIS), directly leading to the creation of FEM software. Based on this code Wilson then developed a generalised static and dynamic Structural Analysis Program (SAP).
In the early 1970s NASA developed NASTRAN (NASA Structural Analysis Program) as its own FEM code, with R. H. MacNeal playing a pivotal role in its creation.
In the 1960s J. A. Swanson was responsible for stress analysis at Westinghouse Astronuclear Laboratory, where he developed a 3D FEM model that he used to predict stresses within reactor systems. He requested that the company develop a generalised software but was rejected, and so he left Westinghouse and developed the initial code for ANSYS. Which today has become a household name in the world of FEM software.
Liu et al. (2022) further note that by the end of the century FEA softwares such as NASTRAN, ANSYS and Abaqus began to integrate optimisation tools within their software, making advanced design refinement techniques widely accessible to industry. Subsequently, multi-disciplinary optimisation (MDO) frameworks broadened the application of FEA-based optimisation to account for thermal, fluid, and dynamic constraints, thereby aligning computational design processes more closely with complex real-world engineering challenges.
Andreasen et al. (2020) state that topology optimisation began in the 1980s, known as the material distribution method, enabled engineers to determine the most efficient material distribution within a given design space. This method systematically removes unnecessary material while preserving critical load paths, often using density-based or level-set algorithms, instead of relying solely on intuition or predefined geometries. Andreasen et al. (2020) also discuss the application of this method outside of structural engineering with its uses in fluid dynamics and acoustic engineering, among others. Simultaneously size and shape optimisation techniques were also evolving to enhance geometrical parameters such as thickness or cross-sections, optimising the structural efficiency of designs.
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[bookmark: _Toc212373107]Figure 2 - Illustration of Finite Element Analysis Process (Sjøwall 2022)
Shown in Figure 2 is the design process using FEM optimisation. FEA optimisation techniques are computational methods used to refine designs to achieve specific objectives, such as mass minimisation, maximisation of stiffness or optimised stress distribution, while ensuring that constraints, such as deflection limits or mass boundaries, are not violated. These methods improve design efficiency by automating iterative evaluations of modifications to designs and their effect on performance. Maalawi and Badr (2009) provide examples of design variables which include skin thicknesses, size and shape of components, and locations of supporting structures within the component. Maalawi and Badr (2009) further explain that the use of composite materials allows for further design variables in the adjustment of the orientation of the fibres and the thickness of the layers.
Maalawi and Badr (2009) present topology optimisation as the optimisation of the material structure of a component. Generally starting with a block or generalised design idea for the component, the software identifies areas of low stress for the component and minimises material in these areas, the software will retain material where it is deemed necessary in higher stress areas. Topology optimisation aids in enhancing performance of components through specified objectives, such as maximised stiffness and minimised weight. Topology optimisation also contributes to increased sustainability and reduced cost in some cases due to reductions in wasted material. Generally used early in the conceptual stages of the design process.
Shape optimisation is a method of determining the most optimal geometry or contour for a design to achieve specified objectives. Shape optimisation can slightly modify the boundary of the design to identify the optimal shape for the design and creates smooth and manufacturable geometry. Commonly used later than topology optimisation for refinement and to increase manufacturability of designs.
Size optimisation involves the adjustment of dimensions or thicknesses such as beam widths or plate thicknesses to achieve optimal design objective values whilst adhering within the limits of the constraints, without modifying the shape or topology. Size optimisation was determined to be the required method of optimisation for this application due to its ability to adjust the layer thicknesses of the CFRP, without modifying the shape of the component.
[bookmark: _Toc212373126]Future of FEA
Roy et al. (2008) present a variety of factors where improvement for FEA optimisation is required, to include the confidence of designers in results of simulations, the cost associated with optimisation, with scalability of the method being a major challenge. Roy et al. (2008) also present quantum computing as a potential avenue for improvement for optimisation in the opportunities it presents for faster and more efficient computing. 
Thomas (2025) highlighted the emergence of Artificial Intelligence (AI) within FEA for the automation of mesh creation in complex geometries. Another area where AI may be effective is in load case prediction for effective simulation that can recreate real-life conditions. These factors can positively benefit the design process in the reduction of time requirements and improvements to reliability of the design.
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[bookmark: _Toc212373108]Figure 3 - Initial Steel Model
The initial steel model seen in Figure 3 was analysed to determine the deflection of the hydrofoil under a vertical 500N load. The deflection calculated in this section was taken as the maximum allowable deflection for the component during the optimisation process. As seen in Figure 4 the maximum deflection seen by the steel wing was 8.6E-3 metres.
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[bookmark: _Toc212373109]Figure 4 - Deflection of the steel hydrofoil 
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[bookmark: _Toc212373110]Figure 5 - Initial CFRP design
For the initial design of the CFRP wing, seen in Figure 5, the thickness of each ply was input as 0.1mm with 5 plys at each orientation, -90, -45, 0, 45, and 90. The analysis conducted on the steel wing to determine its maximal defection was then repeated on the CFRP wing, to determine its new value of deflection, which as seen in Figure 5 was equal to 34mm, which was almost 4 times higher than the deflection seen for the steel wing. The reason for this increase in deflection is due to the arbitrary lay up of the material, meaning that the stress resistance of the component was not optimised in the direction of the load. To improve upon this design Design Studio was utilised for its optimisation capabilities. The objective for the optimisation was to reduce mass, while the constraints were determined to be the maximal deflection of the optimised component to be no larger than the deflection of the steel wing (8.6mm). The design variables for the optimisation were the thicknesses of each of the layers, meaning the software would compute which layer thicknesses were suited to be minimised and which ones required to be maximised.
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[bookmark: _Toc212373111]Figure 6 - Optimised CFRP wing
As can be seen in Figure 6, the maximal value for deflection of the optimised CFRP wing was 8.3mm, 3mm less than the initial steel wing. 
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[bookmark: _Toc212373112]Figure 7 - Optimisation history of the layer thicknesses
Displayed in Figure 7 is the history of the layer thicknesses throughout the optimisation cycles. As can be seen in Figure 7, the layer requiring the most thickness to optimise the strength of the component was layer 3 which signified the majority of the fibres of the component were aligned with the length of the wing, therefore aligned with the direction of loading, insinuating the logicality of the optimisation. Using Figure 7 as a guide the layer with fibres oriented in line with the length of the wing should feature 30plys of 0.1mm thickness, Layer 2, at -45degress to the length of the blade, should feature 4plys and Layer 4 at 45degress to the length of the wing should feature roughly 2plys, with Layers 5 and 1 which would be horizontal to the direction of loading, featuring a single ply.
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[bookmark: _Toc212373113]Figure 8 - Change in mass during the optimisation cycles
Figure 8 displays the change in mass through the design optimisation cycles. As can be seen for the first cycle the software significantly increased the mass of the wing, the purpose of this was to eliminate the constraint violation that was the deflection being over the set limit. In the following design cycles the software strategically removed mass from the layers that were directed away from the direction of the loading, allowing for the removed mass to have minimal effect on the deflection.
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[bookmark: _Toc212373114]Figure 9 - Constraint violation through the optimisation cycles
Figure 9 shows the constraint violation for the component through the cycles. Figure 9 confirms the addition of mass seen in Figure 8 for the first cycle mostly eliminated the constraint violation. Additionally shown in Figure 9 is the elimination of the constraint violation by the second design cycle, showcasing the goal of the additional cycles were to minimise the mass of the component, increasing its desirability for the application.
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[bookmark: _Toc212373115]Figure 10 - Discrete values for ply thickness
Figure 10 shows the design history when discrete values for the layer thickness are included. The new mass for this component is roughly 0.18kg.
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A method of comparison for each of the designs would be to compare each of their stiffness to weight ratios. The stiffness to weight ratio determined for the initial design was 125,018.35N/m.kg. This was determined using the predetermined load of 500N, with its deflection of 8.6E-3.
Equation 1 - Equation for stiffness (Cheng Guoping; Zhu Xinqiu 2010)

Where,  is the force acting upon the component,  is the deflection of the component and  is the stiffness of the component. Using Equation 1 the stiffness for the steel design was calculated to be 58.14e3N/m, with a mass of 0.465048kg, giving a stiffness to weight ratio of 125,018.35N/m/kg.
The same method was used to determine the stiffness to weight ratio of the initial CFRP wing, for which the stiffness was calculated to be 15625N/m with a mass of 0.116262kg, giving a stiffness to weight ratio of 134,394.72N/m/kg.
Again, the method was repeated for the optimised CFRP wing, that had a deflection of 8.3mm for the same load of 500N, giving a stiffness of 60,240.96N/m for a mass of roughly 0.18kg, taken from Figure 10, leaving a stiffness to weight ratio of 334,672N/m/kg.
From these results the stiffness relative to the mass of the components may be compared. The initial stiffness to weight ratio of 125,018.35 being marginally improved using arbitrarily laid up CFRP, with its stiffness to weight ratio of 134,394.72. However, a vast improvement to the stiffness to weight ratio was seen in the final design with its value more than doubling. Meaning the component would now experience less deflection for the same mass and loading.
For prototype testing of a hydrofoil Varvne and Eriksson (2024) employ the use of a towing tank, which is a tank filled with water for the analysis of hydrofoil behaviour in real world conditions, whilst in a controlled environment. In the towing tank the model is connected to a towing carriage which is capable of moving through the tank at varying speeds, with some tanks capable of generating controlled waves to replicate sea conditions. Fitted within these tanks are a multitude of sensors, pressure transducers and cameras. The maximum depth of the tank used by Varvne and Eriksson (2024) was 5m with a max speed of 10m/s. Using this towing tank, it will be possible to measure the performance of the prototype in the conditions it will be expected to perform, giving a good idea of its hydrodynamic capabilities and its deformation under loading, which should provide similar results to the simulation seen in Figure 6, for equal values of loading. The laboratory testing would lead to increased accuracy in the results in comparison to the simulation for various reasons, to include possible discretization errors in the mesh, numerical errors in the properties of the material within the software when compared to the material developed in the creation of the component, this may be due to small errors in the lay-up of the CFRP or imperfections in the impregnation of the fibres with the resin. Additionally, the singular load seen in the simulation is unrealistic for real-world testing, and the prototype testing would feature many forces acting upon the component.  It is also recommended that the fatigue resistance of the material be analysed to ensure suitability for the cyclical loading that will be experienced by the component.


[bookmark: _Toc212373131]Conclusion
The optimisation of the hydrofoil wing successfully demonstrated the effectiveness of FEA optimisation in refining composite structures for optimal mass and deflection performance. The initial analysis of the 2mm steel wing established the benchmark value for the deflection of 8.6mm under a 500N vertical load, which served as the displacement constraint during the optimisation process. The initial CFRP design displayed excessive displacement due to the non-optimal thickness distribution of the layers. Through iterative optimisation the final composite configuration achieved a deflection of 8.3mm under the same loading conditions, while reducing the mass approximately 0.3kg, which represents a 63% reduction in the mass of the initial design.
Analysis of the optimisation history revealed that the most effective alignment of the fibres consisted of their alignment with the direction of loading. This design created a new stiffness to weight ratio for the component of 354,358.59, almost triple of what was seen for the initial steel design, highlighting the improvement to the design in using CFRP in place of steel and optimising the thickness of the layers based upon the orientation of the fibres. The reduction in mass and increased values of stiffness increase the designs suitability within the application of kiteboarding as they enhance control, responsiveness and hydrodynamic performance.
The findings of this study emphasise the importance of lightweight and high strength materials in kiteboard hydrofoil design. The optimisation process demonstrated that CFRP offers advantageous balance between strength and weight. Furthermore, the FEA optimisation provided valuable insight into the optimal ply orientation and thickness distribution required to satisfy the displacement constraint while minimising mass.
Future experimental testing using a towing tank is recommended to assess real-world performance and confirm the simulation outcomes. This method of testing would provide data on the hydrofoil’s performance under realistic hydrodynamic loads, enabling further refinement of the model. Additionally, long term fatigue testing and analysis should be conducted to evaluate the components durability and service lift under cyclical loading. 
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