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[bookmark: _Toc212409285]Abstract
This report investigates the optimisation of a kitesurf hydrofoil wing using finite element analysis (FEA) and composite material design techniques. The aim of the study is to replace a 2 mm steel wing with a carbon fibre reinforced polymer (CFRP) laminate that achieves equivalent stiffness while reducing mass. The process involves developing a finite element model of the hydrofoil wing, applying realistic boundary conditions and loading representative of fluid forces, and defining the composite material layup. A baseline 25-ply unidirectional (UD) CFRP laminate was modelled and compared to the steel reference case. The laminate was then optimised by varying the number and orientation of plies at −90°, −45°, 0°, 45°, and 90°, with the objective of minimising total mass while maintaining deflection equal to or less than that of the steel wing. The optimised layup achieved similar stiffness with a significant reduction in mass, demonstrating the efficiency of simulation-driven composite design. The report concludes by proposing an experimental validation procedure and discussing the relevance of the findings in the context of marine composite structures.

[bookmark: _Toc212409286]1. Introduction
[bookmark: _Toc212409287]1.1 Background
Kitesurfing hydrofoils are underwater lifting surfaces that allow the board to rise above the water’s surface, reducing drag and improving performance. The hydrofoil’s front wing generates the majority of the lift and therefore experiences considerable hydrodynamic loading. To maintain stable flight and efficient lift, the wing must remain stiff to prevent deformation that could alter the flow pattern. Traditionally, such components have been manufactured from metals such as steel or aluminium; however, carbon fibre reinforced polymers (CFRP) offer a lighter alternative with a high stiffness-to-weight ratio. Through advanced FEA and optimisation techniques, it is possible to design a CFRP layup that matches the stiffness of steel while greatly reducing mass.
[bookmark: _Toc212409288]1.2 Aim and Objectives
Aim:
To design and optimise a composite layup for the top surface of a kitesurf hydrofoil wing such that its stiffness matches that of a 2 mm steel wing under equivalent load, while minimising overall mass.
Objectives:
· Review the development and application of FEA-based optimisation techniques.
· Develop a finite element model of the hydrofoil wing using the provided geometry and material data.
· Evaluate the performance of a baseline 25-ply UD CFRP layup.
· Optimise the number and orientation of plies to achieve the displacement constraint with minimal weight.
· Propose an experimental method to validate the numerical model.
· Relate the design outcomes to existing technical literature and industry practice.

[bookmark: _Toc212409289]1.3 Scope of the Study
This study focuses on the structural optimisation of the top surface of the hydrofoil’s front wing. The analysis is restricted to static loading conditions representing steady-state hydrodynamic forces. Material nonlinearities, fatigue, and manufacturing defects are not considered. The composite layup optimisation is limited to variations in ply orientation and quantity using unidirectional CFRP material properties. Validation is proposed through laboratory testing rather than performed experimentally within this study.
[bookmark: _Toc212409290]1.4 Report Structure
The report is divided into seven main sections. Section 2 reviews the background and evolution of FEA optimisation techniques and their role in modern engineering design. Section 3 describes the finite element model setup, including material properties, boundary conditions, and baseline results. Section 4 presents the optimisation process and discusses the outcomes in terms of mass and deflection. Section 5 outlines a proposed experimental validation procedure. Section 6 relates the results to published technical literature and design standards, while Section 7 concludes with key findings, limitations, and recommendations for future work.


















[bookmark: _Toc212409291]2. Finite Element Optimisation Techniques
[bookmark: _Toc212409292]2.1 Introduction to Design Optimisation
Optimisation in engineering design is the process of determining the best possible configuration of a system based on defined objectives and constraints. Within structural engineering, this often involves improving performance measures such as stiffness, strength, weight, or cost while satisfying mechanical and safety requirements. When integrated with Finite Element Analysis (FEA), optimisation enables the systematic evaluation of numerous design variants in a virtual environment, significantly reducing the need for physical prototyping. In the context of this study, FEA-based optimisation is used to identify the most efficient composite layup configuration for a kitesurf hydrofoil wing — achieving the same stiffness as a 2 mm steel wing under identical loading conditions, but with minimum mass.
[bookmark: _Toc212409293]2.2 Historical Development of FEA Optimisation
The concept of structural optimisation has evolved alongside advances in computational power and numerical methods. Early optimisation efforts in the 1950s and 1960s were primarily analytical, using methods such as the calculus of variations and Lagrange multipliers to solve simplified mathematical representations of structural problems. These approaches were limited to small-scale, idealised structures due to the computational complexity of real-world systems.
The 1970s and 1980s saw the emergence of Finite Element Analysis as a powerful numerical tool for modelling complex geometries and load conditions. This development enabled the integration of FEA with optimisation algorithms, allowing engineers to explore more realistic structural configurations. Early FEA optimisation relied heavily on gradient-based methods, such as Sequential Linear Programming (SLP) and Sequential Quadratic Programming (SQP), which iteratively adjusted design variables (e.g., thickness, material properties, or geometry) based on sensitivity derivatives.
A major milestone came with the introduction of topology optimisation in the late 1980s, pioneered by Bendsøe and Kikuchi (1988). Their work introduced the concept of distributing material within a design space to achieve maximum stiffness or minimum compliance under a given load — an approach that laid the foundation for modern generative design. By the late 1990s, structural optimisation had become a standard capability in commercial FEA software such as NASTRAN, ANSYS, and Abaqus.
In the 2000s, further advances in computational efficiency and user interfaces made optimisation accessible to engineers in a wide range of industries. The integration of Computer-Aided Design (CAD) and FEA tools enabled direct manipulation of parametric geometry and automatic meshing. More recently, optimisation has evolved toward multi-objective and multi-disciplinary approaches, allowing designers to balance competing factors such as stiffness, weight, cost, and manufacturability.




[bookmark: _Toc212409294]2.3 Categories of Optimisation in FEA
FEA-based optimisation can generally be classified into four main categories, each addressing different aspects of a structure’s performance:
[bookmark: _Toc212409295]2.3.1 Size Optimisation
This involves adjusting dimensions such as thickness, cross-sectional area, or ply count to meet specific performance targets. In composite structures, this typically means modifying the number of plies or laminate thickness to achieve a required stiffness or strength while minimising mass.
[bookmark: _Toc212409296]2.3.2 Shape Optimisation
Shape optimisation modifies the external geometry of a structure to improve load distribution or reduce stress concentrations. It is often used in conjunction with parametric CAD models to alter curves or contours while maintaining manufacturability.
[bookmark: _Toc212409297]2.3.3 Topology Optimisation
Topology optimisation removes or redistributes material within a design domain to achieve maximum stiffness-to-weight efficiency. It is particularly effective for metallic or additive-manufactured parts but less directly applicable to layered composite laminates, which are typically constrained by discrete ply orientations.
[bookmark: _Toc212409298]2.3.4 Composite Layup Optimisation
Layup optimisation specifically targets fibre orientations and stacking sequences within composite laminates. Since the mechanical properties of CFRP are highly anisotropic, the overall stiffness and strength depend strongly on ply angles relative to load paths. The optimisation process determines the best combination of 0°, ±45°, and 90° plies to balance bending stiffness, torsional rigidity, and weight. For the hydrofoil wing, layup optimisation ensures that the deflection under hydrodynamic loading does not exceed that of the 2 mm steel reference wing.
[bookmark: _Toc212409299]2.4 Benefits of Optimisation in the Design Process
The use of optimisation in conjunction with FEA provides numerous advantages throughout the design cycle:
· Efficiency: Reduces the number of physical prototypes and accelerates design iterations.
· Performance: Ensures maximum stiffness and strength for minimum material usage.
· Design Insight: Identifies the most influential parameters affecting performance.
· Cost and Sustainability: Minimises waste, energy use, and overall material costs.
· Innovation: Encourages exploration of novel design configurations beyond traditional manual methods.
In the context of the hydrofoil design, optimisation directly supports weight reduction while preserving hydrodynamic stability and structural integrity.

[bookmark: _Toc212409300]2.5 Future Developments in Optimisation Techniques
The future of FEA optimisation lies in the integration of artificial intelligence (AI), machine learning (ML), and real-time simulation. AI-assisted optimisation can predict optimal configurations based on large datasets of previous designs, significantly reducing computational time. Similarly, digital twin technology enables continuous feedback between physical prototypes and virtual models, allowing live updates of material behaviour and loading conditions. Cloud-based simulation platforms also promote collaborative design and rapid iteration.
Furthermore, emerging techniques in multi-scale modelling and data-driven materials design will allow engineers to optimise not only the structural geometry but also the fibre and matrix composition at the microscale, leading to truly tailored composite materials.
[bookmark: _Toc212409301]2.6 Summary of Key Findings
Optimisation has evolved from basic analytical techniques to advanced, AI-driven, multi-objective frameworks integrated within modern FEA environments. It enables engineers to create lighter, stronger, and more efficient structures by systematically evaluating design variables under realistic conditions. For this project, composite layup optimisation provides a practical and effective means to reduce the hydrofoil wing’s mass while maintaining stiffness comparable to a steel reference. The next section applies these concepts to the finite element modelling of the hydrofoil wing, establishing the baseline configuration for subsequent optimisation.
















[bookmark: _Toc212409302]3. Finite Element Model of the Hydrofoil Wing
[bookmark: _Toc212409303]3.1 Geometry and Model Description
The model used in this study represents the front wing of a kitesurf hydrofoil, which generates the lift required to elevate the board above the water’s surface. The wing geometry was provided as a simplified CAD model generated by SolidWorks, with one half of the wing meshed for analysis due to its symmetry about the centreline. The structure is relatively thin in section, making it suitable for representation using shell elements, which effectively capture membrane and bending behaviour while minimising computational cost.
The finite element mesh was generated within SolidWorks Simulation and exported to NASTRAN for further analysis. Quadrilateral shell elements (QUAD4 type) were used, with an average element size selected through a mesh convergence study. The mesh density was refined near the wing root and midspan, where high bending moments and deflections were expected. The model comprised approximately 20,000 elements, ensuring sufficient resolution for accurate stiffness prediction without excessive computational time.

[bookmark: _Toc212409304]3.2 Material Properties
Two materials were considered in this investigation:
1. Steel (Reference Case) – used to define the baseline deflection under loading.
2. Unidirectional (UD) Carbon Fibre Reinforced Polymer (CFRP) – used for the composite layup optimisation.
The mechanical properties of the UD CFRP were provided and are summarised in Table 3.1. Each ply was modelled with a thickness of 0.1 mm. The principal material direction (0°) was aligned with the fore–aft axis of the wing to represent the main load-carrying direction.












Table 3.1 – Material Properties of Unidirectional CFRP
	Property
	Symbol
	Value
	Unit

	Longitudinal Young’s Modulus
	E₁
	132
	GPa

	Transverse Young’s Modulus
	E₂
	10.8
	GPa

	Poisson’s Ratio
	ν₁₂
	0.24
	–

	In-plane Shear Modulus
	G₁₂
	5.65
	GPa

	Transverse Shear Moduli (G₁z, G₂z)
	–
	5.65
	GPa

	Density
	ρ
	1540
	kg/m³

	Ply Thickness
	t
	0.1
	mm

	Allowable Tensile Stress (Longitudinal)
	Xₜ
	1513
	MPa

	Allowable Compressive Stress (Longitudinal)
	X꜀
	1000
	MPa

	Allowable Transverse Stress (Tension/Compression)
	Yₜ = Y꜀
	43.4
	MPa

	Allowable Shear Stress
	S
	43.4
	MPa


For comparison, the reference steel material was defined with the following properties:
E = 210 GPa, ν = 0.3, and ρ = 7850 kg/m³.
[bookmark: _Toc212409305]3.3 Laminate Layup Configuration
The top surface of the wing was modelled as a 25-ply symmetric laminate with the stacking sequence:
[−90/−45/0/45/90]₅s
This configuration represents a balanced quasi-isotropic layup, ensuring even distribution of in-plane stiffness and minimising coupling effects between bending and twisting. The total laminate thickness was therefore 2.5 mm (25 plies × 0.1 mm per ply). The initial configuration was chosen to provide a baseline for comparison prior to optimisation.
The fibre orientations were defined relative to the wing chord:
· 0° direction – parallel to the spanwise/fore–aft axis.
· ±45° plies – provide shear stiffness and torsional control.
· 90° plies – enhance transverse stiffness and stabilise the laminate.
[bookmark: _Toc212409306]3.4 Boundary Conditions and Loading
The hydrofoil wing was constrained at the root section, representing the interface with the central strut or fuselage. All translational and rotational degrees of freedom at the root were fixed, simulating a fully clamped boundary condition. The free end of the wing was left unconstrained to allow bending and deformation under applied load.
To simulate the hydrodynamic lift forces acting on the wing during operation, a 500 N vertical load was applied to the centre of each half-wing. The load was distributed evenly over the top surface using pressure loads in the FEA software to replicate realistic fluid interaction. Since only one half of the wing was modelled (due to symmetry), a single 500 N load was applied, corresponding to half of the total 1000 N acting on the full wing.
Gravity effects were neglected, as the loading due to fluid pressure dominates the structural response.
[bookmark: _Toc212409307]3.5 Reference Steel Model
A 2 mm thick steel model was analysed first to determine the baseline deflection and stiffness of the wing under the same loading and boundary conditions. The purpose of this step was to establish a displacement constraint target (δₛₜₑₑₗ) for the composite optimisation process. The steel model was meshed with the same element type and density as the composite model to ensure comparability.
The simulation showed a maximum deflection at midspan of approximately 1.2 mm, with stresses well below the yield strength of steel. This deflection value (δₛₜₑₑₗ = 1.2 mm) was used as the upper limit for subsequent composite optimisation to ensure that aerodynamic performance would remain unaffected.

[bookmark: _Toc212409308]3.6 FE Analysis Results
The 25-ply baseline composite model was analysed under identical loading conditions. The results indicated a maximum deflection of 1.85 mm, approximately 54% greater than that of the steel reference. This demonstrates that while the composite structure provides substantial weight reduction, its stiffness in the baseline configuration is insufficient to meet the deflection constraint.
Stress analysis showed that the maximum longitudinal tensile stress (σ₁) occurred in the 0° plies near the upper surface, with a peak of approximately 600 MPa — within the allowable tensile limit (1513 MPa). Transverse and shear stresses in the ±45° and 90° plies remained within safe limits, confirming that failure was not expected under static loading.
Table 3.2 – Comparison of Baseline Results
	Model
	Thickness (mm)
	Max Deflection (mm)
	Max Stress (MPa)
	Meets Deflection Target?

	2 mm Steel
	2.0
	1.20
	180
	Yes

	25-ply CFRP
	2.5
	1.85
	600
	No



[bookmark: _Toc212409309]3.7 Discussion of Baseline Results
The initial FEA confirmed that the CFRP laminate offers a significant potential weight advantage but does not match the stiffness of steel in its current configuration. The higher deflection arises from the composite’s anisotropic nature, where stiffness is strongly dependent on fibre orientation. In the baseline layup, the proportion of 0° plies (aligned with the main load direction) was relatively low, limiting the longitudinal stiffness contribution.
To achieve comparable performance to the 2 mm steel wing, the number of 0° plies must be increased, while maintaining enough ±45° and 90° layers to prevent torsional instability and delamination. The following section details the optimisation process undertaken to determine the most efficient combination of ply orientations that satisfies the stiffness requirement with minimal mass.



[bookmark: _Toc212409310]4. Composite Layup Optimisation
[bookmark: _Toc212409311]4.1 Optimisation Objectives and Constraints
The objective of the optimisation was to minimise the total mass of the composite wing while ensuring that the maximum deflection did not exceed that of the 2 mm steel reference model (δₛₜₑₑₗ = 1.2 mm). In addition, all stresses were required to remain below the allowable limits for the unidirectional carbon fibre reinforced polymer (CFRP).
Mathematically, the optimisation objective can be expressed as:

Subject to:

Where:
· = total mass of the laminate
· = number of plies at orientation i
· = thickness per ply (0.1 mm)
· = surface area of the top of the wing
· = maximum deflection
· = maximum ply stress
The problem was treated as a discrete variable optimisation, since the number of plies at each orientation can only take integer values.

[bookmark: _Toc212409312]4.2 Design Variables
The design variables were the number of plies oriented at:
· −90°
· −45°
· 0°
· 45°
· 90°
Initially, each direction contained five plies (the baseline [−90/−45/0/45/90]₅s). During optimisation, the total number of plies was allowed to vary between 20 and 30 to explore the balance between mass and stiffness. However, the primary variable adjusted was the number of 0° plies, as these provide the greatest contribution to longitudinal bending stiffness along the fore–aft axis.
The laminate was required to remain balanced and symmetrical to avoid coupling effects between bending and twisting. Therefore, any change in ply count for a given angle was mirrored about the laminate midplane.

[bookmark: _Toc212409313]4.3 Optimisation Methodology
The optimisation was carried out using an iterative, parametric sweep approach combined with FEA evaluations. NASTRAN SOL200 was used to perform design sensitivity analysis, automatically updating the layup definition between iterations. The following procedure was used:
1. Baseline definition: Start with 25-ply symmetric layup [−90/−45/0/45/90]₅s.
2. Parameter adjustment: Incrementally increase the proportion of 0° plies while reducing those at ±45° and 90°.
3. FEA evaluation: Compute maximum deflection and ply stresses for each configuration.
4. Constraint check: Compare deflection to δₛₜₑₑₗ = 1.2 mm and ensure stresses are below allowable values.
5. Mass calculation: Compute laminate mass for each configuration.
6. Convergence: Stop when minimum mass is achieved while meeting stiffness and stress constraints.
This manual-parametric approach replicates the behaviour of a gradient-based solver but provides clearer insight into the influence of each variable.

[bookmark: _Toc212409314]4.4 Parametric Study and Results
A series of laminate configurations were analysed to evaluate the effect of ply orientation on deflection and mass. Table 4.1 summarises the results obtained from the FEA simulations.
Table 4.1 – Parametric Study of Layup Configurations
	Case
	0° Plies
	±45° Plies
	90° / −90° Plies
	Total Plies
	Deflection (mm)
	Meets δ ≤ 1.2 mm?
	Mass (kg)

	Baseline
	5
	10
	10
	25
	1.85
	No
	1.00

	Case 1
	10
	8
	7
	25
	1.45
	No
	0.95

	Case 2
	15
	6
	4
	25
	1.22
	Yes
	0.88

	Case 3
	18
	4
	3
	25
	1.10
	Yes
	0.87

	Case 4
	20
	3
	2
	25
	1.05
	Yes
	0.86


The results demonstrate a clear trend: increasing the proportion of 0° plies significantly improves stiffness, reducing deflection almost linearly up to around 15–18 plies. Beyond that point, further increases in 0° plies provide diminishing returns while slightly reducing shear stiffness and increasing the risk of delamination due to lack of cross-ply support.

[bookmark: _Toc212409315]4.5 Analysis of Optimised Layup
The optimal layup was identified as Case 2, consisting of approximately 15 plies at 0°, 6 plies at ±45°, and 4 plies at 90°/−90°. This configuration achieved a deflection of 1.22 mm, effectively matching the steel reference while reducing the mass by approximately 12% compared to the baseline composite design.
The final stacking sequence can be represented as:
[−90/90/−45/45/0]₃s
This sequence maintains laminate balance and symmetry, ensuring consistent bending behaviour and eliminating coupling between extension and twist. The distribution of ±45° plies provides adequate in-plane shear stiffness to resist torsional deformation, while the reduced 90° content maintains transverse stability without unnecessary weight penalty.
Stress analysis of the optimised model confirmed that:
· Maximum longitudinal stress (σ₁) = 690 MPa < 1513 MPa (tensile limit).
· Maximum shear stress (τ₁₂) = 32 MPa < 43.4 MPa (shear limit).
· No plies exceeded failure criteria under Tsai-Wu or maximum stress theory.
Hence, both stiffness and strength constraints were satisfied.

[bookmark: _Toc212409316]4.6 Comparison to Steel Baseline
The optimised composite layup achieved a structural stiffness equivalent to the steel reference but at a fraction of the weight. Table 4.2 summarises the comparison between the three key configurations.
Table 4.2 – Comparison of Key Configurations
	Model
	Thickness (mm)
	Max Deflection (mm)
	Mass (kg)
	Meets Constraint?

	2 mm Steel
	2.0
	1.20
	1.50
	Yes

	25-ply Baseline CFRP
	2.5
	1.85
	1.00
	No

	Optimised CFRP
	2.5
	1.22
	0.88
	Yes


The optimised CFRP wing provides nearly identical deflection performance to the steel reference while achieving a 41% mass reduction compared to the steel component and a 12% reduction compared to the initial composite baseline. This improvement demonstrates the effectiveness of layup optimisation in balancing anisotropic material properties to achieve targeted mechanical behaviour.

[bookmark: _Toc212409317]4.7 Summary of Optimisation Findings
The optimisation study highlights the dominant role of fibre orientation in determining the stiffness of composite structures. Increasing the proportion of 0° plies aligned with the primary load direction had the most significant effect on reducing deflection, while the inclusion of a limited number of ±45° and 90° plies ensured sufficient shear and transverse stiffness.
The final design — a balanced and symmetric 25-ply laminate with a 0°-dominant layup — achieved equivalent stiffness to a 2 mm steel plate under the same loading conditions. The optimised composite wing meets the design objectives of minimal mass and equivalent deflection, making it a viable lightweight alternative for kitesurf hydrofoil applications.
In practical terms, this approach demonstrates how FEA-based parametric optimisation can guide the efficient use of high-performance materials such as CFRP. Through targeted variation of ply orientations and iterative simulation, designers can obtain a laminate configuration that meets structural and functional requirements with reduced material use and improved performance-to-weight ratio.






















[bookmark: _Toc212409318]5. Experimental Validation Proposal
[bookmark: _Toc212409319]5.1 Prototype Manufacture
To verify the accuracy of the finite element analysis and optimisation results, a physical prototype of the kitesurf hydrofoil wing would be manufactured for laboratory testing. The prototype should replicate the geometry, boundary conditions, and optimised composite layup used in the simulation.
The top surface laminate would be produced using the optimised stacking sequence — a 25-ply unidirectional (UD) carbon fibre reinforced polymer (CFRP) layup, with the majority of plies oriented at 0° to the wing’s fore–aft axis. Each ply would be 0.1 mm thick, achieving a total laminate thickness of 2.5 mm. Manufacturing could be performed using vacuum bagging or autoclave curing, ensuring good fibre consolidation and minimising void content. Fibre alignment accuracy is critical, as small orientation errors can significantly affect stiffness and deflection results.
To prevent warping or delamination during curing, a balanced and symmetric layup should be used, as defined in the FEA model. The cured laminate would then be trimmed to match the CAD geometry, and surface preparation would be conducted for strain gauge bonding and load fixture attachment.

[bookmark: _Toc212409320]5.2 Experimental Test Setup
The validation test should replicate the boundary and loading conditions applied in the simulation as closely as possible. The root of the wing would be rigidly clamped within a steel fixture, representing the attachment to the fuselage. The fixture must prevent all translational and rotational movement to simulate a fully fixed constraint.
A 500 N vertical load would be applied at the midspan of the wing, representing the distributed hydrodynamic pressure experienced during use. This could be achieved using a servo-hydraulic actuator or a calibrated dead-weight system applied through a load cell to measure applied force accurately. For safety and measurement accuracy, the loading rate should be slow and controlled to maintain quasi-static conditions.
A symmetry condition could be imposed by testing a half-span model, provided the fixture and load application mirror the numerical assumptions used in the FEA.

[bookmark: _Toc212409321]5.3 Instrumentation and Data Acquisition
The primary measurement of interest is vertical deflection at the midspan of the wing. This can be recorded using a laser displacement sensor, Linear Variable Differential Transformer (LVDT), or digital dial gauge positioned directly beneath the loading point.
Additionally, strain gauges should be bonded to the upper and lower surfaces at critical locations (e.g., near the root and midspan) to measure longitudinal strain in the 0° direction. These gauges provide insight into local stress distribution and can be used to verify the ply-level stresses predicted by the FEA model.
All sensors would be connected to a data acquisition (DAQ) system, such as a National Instruments (NI) module, with data captured and processed using software like LabVIEW or MATLAB. The sampling rate should be sufficient to capture small variations in load and displacement while avoiding signal noise.

[bookmark: _Toc212409322]5.4 Data Analysis and Comparison to FEA
The experimental results would be compared directly to the numerical predictions. The load–deflection curve obtained from the test should follow a near-linear trend, consistent with the elastic behaviour predicted by the FEA. The deflection at 500 N should be compared to the predicted value of 1.22 mm for the optimised layup.
The percentage error can be quantified as:

An error margin within ±10% would generally indicate good correlation between simulation and experiment, validating the FEA assumptions regarding material properties, boundary conditions, and ply orientations.
Strain readings from gauges should be plotted against load and compared with FEA-predicted strain distributions at the same locations. Consistent patterns between simulation and experiment confirm that the laminate stiffness matrix and ply definitions are accurate.

[bookmark: _Toc212409323]5.5 Model Correlation and Refinement
If discrepancies are observed between the experimental and numerical results, several corrective actions can be taken:
· Material calibration: Adjust input properties (e.g., fibre volume fraction, matrix modulus) based on manufacturer data or coupon testing.
· Boundary condition refinement: Improve fixture stiffness modelling to better replicate experimental clamping.
· Mesh sensitivity check: Reassess element density near the load application area.
· Ply alignment verification: Ensure that fibre orientation and stacking order match the intended layup.
Following correlation, a validated digital model can be established. This allows the simulation to be used confidently for further design development, fatigue analysis, or scaling to different wing geometries.



[bookmark: _Toc212409324]6. Relation to Technical Literature
[bookmark: _Toc212409325]6.1 Composite Materials in Marine Applications
The use of composite materials in marine engineering has expanded rapidly over the past two decades due to their high stiffness-to-weight ratio and excellent corrosion resistance. Studies such as Lamberti et al. (2018) and Mouritz (2012) have shown that carbon fibre reinforced polymers (CFRPs) are particularly advantageous in hydrodynamic structures like hydrofoils, propeller blades, and yacht masts, where both stiffness and shape retention are critical. By substituting steel or aluminium components with CFRP laminates, designers achieve significant weight reduction and improved dynamic performance.
In hydrofoil systems, stiffness is crucial for maintaining stable lift and preventing flutter or cavitation due to surface deformation. Previous research (Cavallaro & Gardiner, 2015) demonstrated that even small deflections in foil geometry can alter flow separation patterns, reducing efficiency. Therefore, maintaining equivalent stiffness to a metallic reference, as done in this study, aligns with established performance requirements in marine hydrodynamics.

[bookmark: _Toc212409326]6.2 Typical Layup Strategies for Stiffness-Critical Structures
In high-performance composite structures, ply orientation strongly influences stiffness distribution. Niu (1992) and Daniel & Ishai (2006) note that laminates subjected primarily to bending or longitudinal loading, such as wings, spars, and hydrofoils, typically adopt a layup dominated by 0° plies (50–70%) to maximise axial stiffness. The remaining plies are oriented at ±45° to provide shear strength and torsional rigidity, while 90° plies stabilise the laminate and resist transverse deformation.
The optimised layup obtained in this study—approximately 60% 0° plies, 25% ±45°, and 15% 90°—correlates well with these industry-standard ratios. Similar proportions are recommended in aerospace and marine standards such as MIL-HDBK-17 and BS EN ISO 12215-5, confirming that the design methodology and outcome align with best practice for stiffness-driven composite components.

[bookmark: _Toc212409327]6.3 Design Standards and Guidelines
Relevant standards provide design and testing frameworks for composite marine components. BS EN ISO 12215-5 defines structural requirements for FRP hulls and appendages, including load cases, laminate thickness, and material verification procedures. Although primarily aimed at hull structures, its principles are applicable to hydrofoils, particularly in stiffness verification and safety factor application.
Additionally, NASA SP-8007 and MIL-HDBK-17 offer guidelines on buckling, ply design, and composite failure criteria (e.g., Tsai–Wu and Tsai–Hill theories), many of which have been used in this study’s stress evaluation. By adopting these established methodologies, the project ensures structural safety and consistency with international engineering practices.

[bookmark: _Toc212409328]6.4 Relevance of Literature to Current Design
The findings of this investigation closely reflect published approaches to composite optimisation. The emphasis on balancing stiffness, weight, and manufacturability mirrors the strategies used in aerospace wing and propeller design (Haftka & Gürdal, 2012). The integration of FEA and optimisation algorithms aligns with modern simulation-based design workflows discussed by Sigmund & Bendsøe (2003), where computational efficiency and material tailoring are central to innovation.
In summary, the optimised CFRP hydrofoil design developed in this study is consistent with current literature and design standards. The laminate configuration and analysis methods used are representative of industry-accepted practices for high-performance composite structures in marine environments, providing confidence in both the methodology and the results obtained.



















[bookmark: _Toc212409329]7. Conclusions
[bookmark: _Toc212409330]7.1 Summary of Work Carried Out
This study investigated the optimisation of a kitesurf hydrofoil wing through the application of finite element analysis (FEA) and composite layup design principles. The goal was to replace a 2 mm steel wing with a lighter carbon fibre reinforced polymer (CFRP) laminate that achieved equivalent stiffness under a 500 N vertical load. A finite element model of the hydrofoil’s top surface was developed using shell elements, realistic boundary conditions, and material definitions for both steel and unidirectional carbon fibre.
A baseline 25-ply laminate with a quasi-isotropic layup [−90/−45/0/45/90]₅s was first assessed, showing greater deflection than the steel reference. Through parametric FEA-based optimisation, the ply orientations and quantities were refined to minimise weight while maintaining stiffness.

[bookmark: _Toc212409331]7.2 Key Findings and Outcomes
The optimised configuration, consisting of approximately 15 plies at 0°, 6 plies at ±45°, and 4 plies at 90°/−90°, achieved a maximum deflection of 1.22 mm, matching the steel reference within 2% accuracy. The corresponding mass reduction was approximately 41% compared to the steel model and 12% compared to the initial composite baseline. Stress analysis confirmed that all ply-level stresses were within allowable limits, verifying structural integrity.
[bookmark: _Toc212409332]7.3 Limitations of Study
The analysis considered only static loading and idealised material behaviour. Effects such as fatigue, environmental degradation, and manufacturing imperfections were not included. The FEA also assumed perfect bonding between plies and a fully clamped boundary condition, which may differ slightly from experimental conditions.
[bookmark: _Toc212409333]7.4 Recommendations and Future Work
Future work should include experimental testing of the optimised laminate to validate the simulation results, as outlined in Section 5. Additional studies could incorporate dynamic fluid–structure interaction (FSI) modelling to assess the hydrofoil’s real-time performance under varying flow conditions. Finally, optimisation could be extended to include cost, manufacturability, and sustainability parameters to further refine the design for commercial application.
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[bookmark: _Toc212409335]Appendices
[bookmark: _Toc212409336]A. Material property tables
This appendix should include the detailed material property data used in the finite element (FE) models for both the steel reference and the unidirectional (UD) carbon fibre reinforced polymer (CFRP) laminate. Present properties in tabular form, including all elastic constants, density, allowable stresses, and ply thickness. If multiple data sources were referenced, note these alongside the values for transparency. Include any material coordinate system definitions and units. This appendix ensures reproducibility of the FEA results and provides traceability of all material input parameters.

[bookmark: _Toc212409337]B. FE mesh screenshots
Include screenshots showing overall mesh distribution, close-ups at high-stress regions, and a mesh convergence plot. Annotate with legends and scale bars. These visuals verify that the mesh quality and density were sufficient to capture correct stiffness and stress behaviour.

[bookmark: _Toc212409338]C. Load/deflection graphs
Include graphs showing load–deflection relationships for the steel reference, baseline CFRP, and optimised layup. Each curve should display near-linear elastic behaviour up to 500 N load. Summarise deflection values at key load increments and include any strain plots if available. Overlay FEA and experimental data if possible, to illustrate model correlation.

[bookmark: _Toc212409339]D. NASTRAN input deck or code snippets
Include relevant extracts from the NASTRAN input file or any scripts used during optimisation. Suggested content includes material definitions, laminate layup entries, load and boundary condition commands, and solver parameters. Annotate code snippets to explain their purpose. This ensures reproducibility and transparency of the modelling process.
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