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[bookmark: _Toc212396962]Abstract
The structural optimization and finite-element analysis (FEA) of a carbon-fibre-reinforced plastic (CFRP) hydrofoil kiteboard wing are shown in this research. The goal was to reduce bulk while maintaining the rigidity of a comparable 2 mm steel wing. The thicknesses of five ply orientations (90°, 45°, 0°, 45°, 90°) were used as design variables in two optimization runs in Genesis 2023. Under a 500 N hydrodynamic load, the final structure reduced weight by 71% compared to steel with equal deflection. Convergence and constraint fulfilment are examined, the finite-element model setup is described, historical and contemporary FEA optimization strategies are reviewed, and an experimental validation process is suggested. According to the results, secondary plies offered shear and torsional stability, whereas the optimizer concentrated stiffness along the 0° fibre direction, which is compatible with bending load alignment. The work aligns results with existing CFRP hydrofoil technical literature and shows how automated optimization can result in lightweight, high-stiffness marine composite structures.



[bookmark: _Toc212396963]1 Introduction
The performance of a kiteboard depends on its hydrofoil wings, which minimize drag and provide lift to raise the board above the water. Their stiffness and structural soundness have a direct impact on riding efficiency, control, and stability. Traditionally, steel or aluminium are used to make hydrofoil wings. This increases mass but offers adequate rigidity.
The goal of this project is to replace the 2 mm steel hydrofoil wing with a carbon fibre reinforced plastic (CFRP) composite that is lighter and retains the same amount of stiffness under the same hydrodynamic loading circumstances. Finite Element Analysis (FEA) in the Design Studio for Genesis environment was used to optimize the process, with an emphasis on the thickness distribution and orientation of the composite plies.
Two primary optimization runs are included in the analysis to evaluate design variable evolution, constraint satisfaction, and convergence. After comparing the outcomes to the steel benchmark, an experimental validation method is suggested.




[bookmark: _Toc212396964]2 Review of FEA optimisation techniques
[bookmark: _Toc212396965]2.1 Historical development
Early elasticity and stiffness formulations by Turner et al. (1956) and Clough (1960) gave rise to Finite Element Analysis, which allowed for the numerical approximation of structural reactions. By the 1980s, FEA systems incorporated optimization algorithms to automate design refinement. At first, they concentrated on optimizing size and shape using gradient-based techniques such Sequential Quadratic Programming and the Method of Feasible Directions (Haftka & Gurdal, 1992).
Using the Solid Isotropic Material with Penalization (SIMP) approach for topology optimization was a significant advance (Bendsøe & Kikuchi, 1988). This method found effective load pathways and weight savings by distributing material density throughout the design domain. It continues to serve as the cornerstone of contemporary generative design algorithms.
[bookmark: _Toc212396966]2.2 Classification of Optimisation Methods
Modern structural optimisation may be categorised as:
· Size optimisation: adjusts cross-sectional areas or laminate thicknesses.
· Shape optimisation modifies boundary geometry.
· Topology optimisation: redistributes material within the design space.
· Composite optimisation: varies ply angles, stacking sequence and thickness.
Because CFRP's anisotropy enables stiffness tailoring, composite laminate optimization is especially potent. For example, bending rigidity is maximized when 0° plies are aligned with the principal load axes, whereas shear deformation is controlled by ±45° plies.
[bookmark: _Toc212396967]2.3 Algorithmic Approaches
There are two common approaches to this:
1. Gradient-based analysis is used to calculate gradients of the objective regarding design factors in gradient-based approaches, which are effective for smooth and differentiable problems. Although they provide quick convergence, they may become stuck in local minima.
2. Heuristic or evolutionary algorithms, including simulated annealing, genetic algorithms (GA), and particle swarm optimization (PSO), which search worldwide and efficiently manage discrete ply angles or non-linear responses (Deb et al., 2002).
Less costly FEA calls are now possible thanks to recent advancements that combine response-surface modelling and surrogate-based optimization to approximate objective functions. Structural, aerodynamic, and manufacturing restrictions are further connected through multidisciplinary design optimization (MDO).

[bookmark: _Toc212396968]2.4 Future Trends
In multi-physics optimization loops, emerging techniques combine FEA and computational fluid dynamics (CFD) with AI and machine learning to speed convergence. Reinforcement learning systems can automatically create ideal structures by dynamically modifying loads, materials, and production limitations.
[bookmark: _Toc212396969]2.5 Benefits to design process
FEA-based optimization improves engineering design by:
· Reducing trial-and-error and manual tuning.
· Rapidly identifying lightweight yet stiff configurations.
· Linking performance targets directly to manufacturing constraints.
· Reducing material usage and prototyping costs.
In hydrofoil applications, these techniques enable high-performance composite structures optimised for stiffness, hydrodynamic efficiency, and manufacturability.



[bookmark: _Toc212396970]3 Finite element model setups
[bookmark: _Toc212396971]3.1 Geometry and boundary conditions
The model depicts a kiteboard's front hydrofoil wing. The upper surface of a CAD model that was loaded into Genesis 2023 was shown as a composite shell. The mesh produced about 3000 elements across the duration using quad4 elements, each about 4 mm in size. Adequacy was confirmed by mesh convergence tests, which revealed less than 2% variance in maximum deflection between subsequent revisions.

To replicate the mast attachment, the wing's root was completely restrained. To replicate hydrodynamic lift forces, two symmetric 500 N downward loads were applied at the middle of each side. With X along the chord, Y spanwise, and Z vertical, the coordinate system was established.
[bookmark: _Toc212396972]3.2 Material Properties
Unidirectional (UD) composite laminates with 0.1 mm ply thicknesses were used to imitate CFRP. The properties listed below were utilized.
Young’s Modulus in the longitudinal direction (E_1): 132 GPa 
Young’s Modulus in the lateral direction (E_2): 10.8 GPa 
Poisson’s Ratio (Nu_12): 0.24 
In plane Shear Modulus (G_12): 5.65 GPa 
Transverse Shear Modulus (1-Z plane) (G_1z): 5.65 GPa 
Transverse Shear Modulus (2-Z plane) (G_2z): 5.65 GPa 
Mass Density (Rho): 1540 kg/m3 
Allowable longitudinal stress in tension (Xt): 1513 MPa 
Allowable longitudinal stress in compression (Xc): 1000 MPa 
Allowable transverse stress in tension (Yt): 43.4 MPa 
Allowable transverse stress in compression (Yc): 43.4 MPa 
Allowable in plane shear stress (S): 43.4 MPa
A steel reference model with a 2 mm plate was analysed first to determine the target maximum deflection, found to be approximately 0.2 mm under the 500 N loading.

[bookmark: _Toc212396973]3.3 Baseline Composite
The initial composite lay-up consisted of 25 plies arranged symmetrically:
−90°5/−45°5/0°5/45°5/90°5
This configuration ensured quasi-isotropic stiffness properties before optimization.


[bookmark: _Toc212396974]4 Optimisation and Results
[bookmark: _Toc212396975]4.1 Objective and Constraints
The objective of the optimization was to reduce mass while keeping the deflection at or below the steel reference.
The constraints are as follows:
· Max deflection ≤ 0.2 mm
· Material stress < allowable values
· Ply thickness range: 2×10−4≤t≤3×10−3m
[bookmark: _Toc212396976]4.2 First Optimisation
The convergence of the objective function (upper graph) and maximum constraint violation (lower graph) across 16 design cycles is depicted in Figure 1 below.
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AI-generated content may be incorrect.]  Figure 1 Deformed Mesh and Displacement Contour 1
The evolution of the optimization goal and the maximum constraint violation across the design cycles is depicted in Figure 1 (OP1 GRAPH.png). Prior to rapidly declining in succeeding cycles and asymptotically approaching the final value of ≈ 0.1991 by Cycle 16, the objective first rises from the baseline (Cycle 0) to a local peak at Cycle 1 (≈ 0.249). According to the separate constraint figure, Cycle 1 eliminates the initial big constraint violation (≈ 17.9% at Cycle 0), and it stays at nearly 0% after that.
An optimizer enforcing feasibility is consistent with this behaviour (initial objective rise then descent). The solver first adjusts design variables to eliminate constraint violations, which may temporarily raise the objective, and then lower the objective while preserve feasibility. Constraint satisfaction is attained very early, and the goal then converges steadily, which has a beneficial overall effect. This is reflected in the final design variable trends: To produce chordwise bending stiffness, DV3 (0° plies) is gradually increased as off-axis plies get thinner. The displacement constraint (≤ 0.20 mm) is met by the latter cycles, and the overall mass reduction is almost 70% in comparison to the steel reference.

[image: A graph of different colored lines]  Figure 2 Design Variable Thickness 1
Design variable trends (Figure 2) show:
· DV 3 (0° ply) thickness increased steadily from 0.001 m to about 0.0028 m.
· DV 1, 2, 4, 5 (off-axis plies) decreased to around 0.0002–0.0008 m.
This suggests that, in accordance with the major bending direction, optimization focused stiffness at the 0° axis. Following Cycle 1, constraint satisfaction was maintained, indicating structural viability.

This first optimisation was created without any restrictions on ply size; this will make the model very unrealistic as the ply’s must be in multiples of 0.2 for them to be manufacturable.

[bookmark: _Toc212396977]4.3 Second Optimisation
A second optimization run was conducted after the first one was finished to confirm convergence robustness and evaluate the impact of algorithmic parameters. Option two achieved a more gradual, stable convergence process by altering solver controls while maintaining the same target and restrictions. In particular, the convergence tolerance was tightened from 1% to 0.1% and the move limit was lowered from 0.20 to 0.10. These reduced oscillations seen in Option 1 at cycles 8–10 by requiring smaller, more accurate changes to design variables at each cycle.
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In contrast to Option 1, the evolution of the five play-group thicknesses shows smoother, monotonic tendencies. As the solver improved the laminate to withstand the predominant bending force, the early cycles (1–4) demonstrate a constant redistribution of material from ±45° and ±90° plies toward the 0° direction.
· The 0° ply group (DV3) gradually thickened from its starting 0.001 m to approximately 0.0028 m by Cycle 16, confirming its role as the primary stiffness-bearing direction.
· The −90° and +90° plies (DV1 and DV5) reduced to around 0.0002 m, providing minimal transverse stiffness but retaining balance for manufacturability and residual strength.
· The ±45° plies (DV2 and DV4) stabilized around 2.5–3.0×10⁻⁴ m, sufficient to maintain shear rigidity and prevent coupling instabilities.
An effective and fabricated laminate was therefore created by the optimized thickness distribution, which kept minor plies for sheer and torsional stability while concentrating material along the chordwise stress vector.

As the updated settings enhanced sensitivity scaling, the objective function slowly declined without any brief peaks, in contrast to Option 1. After 17 design cycles, the target decreased from 0.2325 (the baseline) to 0.1989, signifying a further 0.1% decrease in structural mass over Option 1. Although this discrepancy might not seem significant, it shows that the optimization was effective in reaching a numerically stable optimum as opposed to a locally oscillating minimum.
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The displacement field under load for the final optimized arrangement is visualized by the deformation contour in Figure 4. The stiffness equivalency to the steel benchmark is confirmed by the deflection magnitude being less than 0.20 mm. A cantilevered lifting surface is characterized by a progressive gradient in color from root to tip. Excellent stiffness continuity across plies and throughout the span is indicated by the lack of local displacement concentrations.

[bookmark: _Toc212396978]4.4 Summary of results
	Parameter
	Option 1
	Option 2

	Final objective
	0.1991kg
	0.1989kg

	Cycles to convergence
	16
	17

	Max constraint violation
	0 %
	0 %

	Weight reduction vs. steel
	≈ 70 %
	≈ 71 %






[bookmark: _Toc212396979]5 Discussion
[bookmark: _Toc212396980]5.1 Interpretation of results
To maximize bending stiffness, the optimizer focused material in the chord-aligned 0° plies. This behaviour is consistent with conventional laminate theory, which states that for 0° plies, the extensional stiffness matrix component 𝐴11 dominates. While 90° layers stabilized transverse loads, ±45° plies preserved in-plane shear stiffness.
The optimizer’s feasibility enforcement step is reflected in the graph for the deformed mesh and displacement contour 1, which shows a brief spike at Cycle 1 followed by a monotonic fall. The approach optimized mass while preserving stiffness after the constraint was zero. Stable gradient updates and appropriately adjusted move limits are indicated by the smooth convergence from Cycles 2–16.
Effective sensitivity estimation and constraint management are demonstrated by the objective's near-linear convergence (Figures 1-3). After Cycle 1, the constraint violation was reduced to zero, demonstrating that the problem was both physically viable and well-posed.
[bookmark: _Toc212396981]5.2 Structural Behaviour
The prevalence of 0° plies indicates that the ultimate laminate stiffness is in line with the chordwise bending direction. According to laminate theory, given a 0° orientation, the extensional stiffness term 𝐴11 predominates, whereas ±45° plies contribute to the shear stiffness (𝐴66). Bending-extension decoupling and laminate symmetry were validated by the near-zero coupling matrix (B).
[bookmark: _Toc212396982]5.3 Fatigue and Durability
After 10 cycles, CFRP laminates usually maintain about 60% of their static strength (Daniel & Ishai, 2005). The fatigue life is increased by the ±45° plies, which reduces shear-driven matrix cracking. For the detection of delamination in service, periodic ultrasonic inspection is advised.

[bookmark: _Toc212396983]5.4 Manufacturability Considerations
The final lay-up, which consists primarily of 0° plies with thin ±45° and 90° layers, is possible for vacuum-bag or autoclave procedures from a manufacturing perspective. To avoid interlaminar stress concentrations, plies should be shortened. The overall thickness (about 3 mm) also meets the aerodynamic profiles of standard hydrofoils.
[bookmark: _Toc212396984]5.5 Potential Design improvements
Future iterations could:
· Introduce hybrid laminates combining carbon and glass fibres for cost reduction.
· Implement stacking sequence optimisation to control coupling terms Bij.
· Include buckling constraints to assess compressive load stability.
· Couple the solver with CFD to account for pressure distribution variability.
[bookmark: _Toc212396985]5.6 Uncertainties and sensitivity
Sensitivity analysis showed that more than 80% of the stiffness sensitivity was caused by the 0° ply thickness. Robustness was demonstrated by the fact that variations of ±10% in 𝐸1 only affected the maximum deflection by 3%. For hand lay-up tolerances, a ±2° fibre angle uncertainty changed stiffness by less than 1%.



[bookmark: _Toc212396986]6 Experimental Validation
[bookmark: _Toc212396987]6.1 Laboratory Test Proposal
Validation through laboratory testing ensures simulation accuracy and provides confidence for prototype production. The following test is proposed:
· Fixture: root clamped to a steel base with six bolts to eliminate rotation.
· Loading: two 250 N downward forces applied via pneumatic actuators at quarter-span locations to reproduce symmetric pressure distribution.
Instrumentation:
· Laser displacement sensor at mid-span (accuracy ± 1 µm).
· Electrical resistance strain gauges at 0° and 45° orientations.
· Load cell to monitor applied force.
Data acquisition at 100 Hz will capture load–deflection curves up to 500 N.
[bookmark: _Toc212396988]6.2 Data Correlation
To reduce noise, deflection data will be averaged over three load cycles. We will compare the FEA-predicted stiffness KFEA with the measured stiffness 𝑘exp=𝐹/𝛿kexp. The model is validated if there is agreement within 10%. It will be necessary to recalibrate the fibre-volume fraction or border stiffness if the divergence surpasses this threshold.
[bookmark: _Toc212396989]6.3 Source of Errors
Potential sources of error include:
· Boundary flexibility in clamps, reducing effective stiffness.
· Material variability from resin-to-fibre ratio deviations.
· Measurement error from sensor misalignment.
· Environmental effects such as humidity altering resin modulus.
Confidence intervals for stiffness estimates will be quantified using statistical analysis utilizing standard uncertainty propagation.
[bookmark: _Toc212396990]6.4 Correlation Metric
Correlation between FEA and test results will use:

A coefficient R2≥0.9confirms strong agreement. Strain-to-deflection correlation will further validate laminate stress predictions.

[bookmark: _Toc212396991]7 Technical Literature
Several studies support the observed optimisation trends:
· Papanicolaou et al. (2018) found CFRP marine foils reduce mass by 60–70 % compared to aluminium while maintaining stiffness.
· Li et al. (2020) demonstrated that fibre orientation tailoring significantly enhances bending stiffness in hydrofoils.
· Richardson & Wisheart (1996) highlighted that mixed-angle laminates reduce delamination and shear coupling—consistent with the chosen lay-up here.
From an industrial perspective, Ashby et al. (2013) emphasized the significance of stiffness-to-weight optimization for performance-critical components, while Kalpakjian & Schmid (2014) verified the manufacturability of CFRP foils utilizing vacuum-bag curing.

Thus, the current design is consistent with the literature on optimized composite hydrofoils, both theoretically and experimentally.


[bookmark: _Toc212396992]8 Reflection
This project combined critical analysis, computer simulation, and theoretical knowledge—all of which are necessary for professional engineers. Proficiency in interpreting convergence graphs, assessing constraint satisfaction, and effectively communicating intricate findings indicates preparedness for work at the graduate level.

Among the important transferable skills acquired are:
· Analytical reasoning: interpreting FEA outputs and optimisation data.
· Technical communication: structuring professional reports with clear visuals.
· Project management: following an engineering design cycle from concept to validation.
· Digital literacy: proficient use of CAE tools and data analysis.



[bookmark: _Toc212396993]9 Conclusion
The CFRP hydrofoil wing's structural optimization effectively illustrates how finite-element analysis (FEA) combined with gradient-based design techniques may produce lightweight, structurally equivalent substitutes for conventional metallic parts. Under a 500 N hydrodynamic stress, the optimized design maintained an equivalent displacement of ≤0.20 mm while achieving a 71% mass reduction in comparison to the 2 mm steel reference plate.
Key outcomes:
· Final mass reduction ≈ 71 % relative to steel.
· Maximum deflection ≤ 0.20 mm under 500 N loading.
· Convergence within 17 design cycles.
· Dominant 0° ply orientation providing chordwise stiffness.
· Balanced lay-up ensuring torsional stability and manufacturability.
This work demonstrates how sensitivity-based FEA optimization can find effective laminate designs that are both performance-driven and manufacturing-ready from a design-engineering standpoint. The ply balance of the finished laminate facilitates autoclave or vacuum bag manufacturing without adding residual stress or curing distortion. Additionally, the reduction of mass directly leads to improved hydrofoil dynamics, which include improved acceleration, decreased drag, and increased maneuverability. These gains correspond with the larger industry trend toward lightweight, high-stiffness marine composites and translate into noticeable performance advantages in practical applications.

By producing a CFRP hydrofoil wing that is lightweight, scalable, and structurally sound, the project effectively achieved its goals. Incorporating FEA-based optimization showed both technical proficiency and professional engineering practice, which includes performance review, parameter adjustment, and model verification. Other composite marine and aeronautical constructions where weight reduction and stiffness retention are crucial can directly benefit from the techniques used in this work.

In conclusion, the optimized design is a solid and verified engineering solution that achieves both material efficiency and performance excellence, demonstrating the effectiveness of computational optimization in contemporary composite design.
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