



Abstract

This report investigates the structural design and optimisation of a kiteboard hydrofoil wing using finite element analysis (FEA) in Genesis Design Studio 2025. The study compares a 2 mm steel wing with carbon fibre reinforced polymer (CFRP) laminates to achieve equivalent stiffness with reduced weight. Through iterative optimisation of ply thickness and orientation, the composite lay-up was refined to minimise displacement under a 500 N vertical load while maintaining stress within safe limits. The optimised design achieved a 70% reduction in mass and a 22% improvement in stiffness relative to the steel reference. These results demonstrate the effectiveness of computational optimisation in developing lightweight composite hydrofoil structures. A proposed experimental validation using Digital Image Correlation (DIC) and strain-gauge instrumentation will verify the FEA predictions and support further refinement of the model for high-performance marine applications. 
The findings demonstrate the effectiveness of computational optimisation for designing lightweight, high-stiffness hydrofoil structures suitable for advanced marine sports applications.
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Executive Summary		

This report presents the structural design and optimisation of a kiteboard hydrofoil wing using Finite Element Analysis (FEA) in Genesis Design Studio 2025. The objective was to develop a carbon fibre reinforced polymer (CFRP) laminate with equivalent stiffness to a 2 mm steel reference wing while significantly reducing mass. Following iterative optimisation, the CFRP lay-up was refined through ply-thickness and orientation adjustments to minimise displacement under a 500 N vertical load representative of hydrodynamic lift during typical operation. Results show that the optimised composite achieved a 70% weight reduction while maintaining comparable stiffness and acceptable stress limits. Experimental validation, incorporating Digital Image Correlation (DIC) and strain-gauge measurements, is proposed to verify numerical predictions and support model refinement. The findings demonstrate that composite optimisation provides a viable pathway to lightweight, high-stiffness hydrofoil wings, offering enhanced hydrodynamic stability, structural integrity, and manufacturing efficiency.















1.0 Introduction

Hydrofoil wings are key performance components in kiteboards, converting hydrodynamic forces into lift to reduce drag and improve speed efficiency. Structurally, the wing must resist significant bending and torsional loads while maintaining stiffness to preserve its aerodynamic profile. Traditional materials such as steel and aluminium offer rigidity but impose severe mass penalties that diminish dynamic control. Recent advances in composite engineering have positioned carbon fibre reinforced polymers (CFRPs) as a superior alternative, offering high stiffness-to-weight ratios, corrosion resistance, and design flexibility. This study applies Finite Element Analysis (FEA) using Genesis Design Studio to evaluate and optimise a kiteboard hydrofoil wing. The goal is to achieve equivalent stiffness to a 2 mm steel model through an optimised CFRP laminate lay-up, balancing structural performance and manufacturability. The analysis forms the basis for future prototype validation, supporting the transition towards lighter, more efficient hydrofoil systems in marine sports engineering. The following sections present a literature review, numerical modelling methodology, optimisation results, experimental validation approach, and a discussion relating the outcomes to technical literature.













2.0 Literature Review

2.1 Historical Development of FEA Optimisation		

Finite Element Method (FEM) and Finite Element Analysis (FEA) began in the 1940s through the work of Alexander Hrennikoff, and Richard Courant. Hrennikoff was a Russian structural engineer, and Courant was a mathematician. FEA has been extensively studied over the years since due to its wide range of applications. Figure 1 shows a table of the number of FEA/FEM published papers over the year.

Figure 1 - FEM/FEA Published Papers by Years 

Early applications focused on linear elastic isotropic materials, but the method rapidly evolved to handle complex geometries and anisotropic materials. With the rise of computer-aided engineering (CAE), software such as NASTRAN, ANSYS, and later Genesis introduced advanced optimisation algorithms capable of integrating design variables, boundary conditions, and performance objectives (Liu W. L., 2022). 
Optimisation in FEA as shown in Figure 2, began with size optimisation, whereby design parameters such as thickness or cross-section dimensions were modified (Shumak, 2022). Shape optimisation then extended this to geometry refinement, while topology optimisation revolutionised design freedom by removing inefficient material regions (Abdi, 2015). More recently, composite lay-up optimisation has emerged as a key method for lightweight structural design, particularly for aerospace and marine composites (Riccio, 2024). 
[image: ]
[bookmark: _Ref211331160][bookmark: _Toc211874544]Figure 2 - Topology, Shape, and Sizing Optimisation (Shumak, 2022)

[bookmark: _Toc211874569]2.2 Hydrofoil Wing Design and Structural Requirements

Hydrofoils, shown in Figure 3 operate on the same aerodynamic principles as aircraft wings but within a fluid environment of higher density and viscosity (Knight, 2019). The structural design challenge lies in resisting bending and torsional loads from lift and drag forces while maintaining minimum deformation. Excessive flexing disrupts hydrodynamic performance and rider stability. Studies on foilborne craft highlight that wing stiffness strongly influences flow separation and induced drag (Benson, 2024).
[image: ]
[bookmark: _Ref211331206][bookmark: _Toc211874545]Figure 3 - Hydrofoil Diagram (Watersports, 2025)

Finite Element Analysis (FEA) provides a robust method for simulating such structural responses prior to physical testing. According to F-Cad (2024), FEA enables engineers to visualise stress, strain, and displacement distributions under complex load conditions, offering cost-effective optimisation in the conceptual phase.

[bookmark: _Toc211874570]2.3 Composite Materials in Marine Aerostructures

The evolution of CFRP technology has enabled high-stiffness, lightweight components across aerospace and marine sectors. A unidirectional carbon fibre composite exhibits longitudinal modulus up to 130-150 GPa, far surpassing aluminium or steel when normalised by density (Alam, 2019). However, composites are anisotropic, requiring careful lay-up sequencing to achieve desired stiffness and strength characteristics.
For hydrofoil applications, quasi-isotropic stacking sequences such as (0/±45/90°) shown in Figure 4 (Doan, 2020) are commonly adopted to balance bending and torsional rigidity (Linganiso, 2016). The choice of fibre orientation directly influences deflection, energy absorption, and failure modes (Chen, 2025). Laminates must also be designed to resist interlaminar shear stresses, especially under hydrodynamic loading (Cao, 2017). 
Figure 4-Quasi-isotropic Stacking Sequences (Doan, 2020)[image: Stacking sequence of a laminate quasi-isotropic plate. | Download  Scientific Diagram]
[bookmark: _Ref211330798][bookmark: _Toc211874546]Figure  4 - Quasi-isotropic Stacking Sequences (Doan, 2020)
[bookmark: _Toc211874571]2.4 Structural Optimisation Using FEA

Modern optimisation within FEA integrates parametric design variables such as ply thickness, orientation, and material properties. Genesis Design Studio employs gradient-based and sequential response surface algorithms to minimise objectives like mass while satisfying stress or displacement constraints (D, 2023). 
In composite optimisation, the stiffness matrix (Q) is varied to satisfy design targets. This method allows for urning the effective bending stiffness  through thickness adjustments. Previous research by Liu (2024) demonstrated that optimisation of ply angles can achieve 25-35% stiffness improvements with minimal weight increase, illustrating the efficiency of computational design.
Emerging research increasingly integrates artificial-intelligence-based solvers and digital-twin environments that couple CFD and FEA in real time. These multi-objective systems can optimise for stiffness, cost, and embodied carbon simultaneously, reducing design cycles and improving sustainability metrics. Such developments indicate a shift from performance-driven to lifecycle-driven optimisation within composite marine engineering.

[bookmark: _Toc211874572]2.5 Summary of Literature

The reviewed literature establishes that:
· CFRPs provide high stiffness-to-weight ratios suitable for marine wings.
· Finite element tools allow validation of material lay-ups and boundary conditions before fabrication.
· Structural optimisation is essential to achieve equivalent stiffness to metals while exploiting the density advantage of composites.
The background informs the methodology used in this study, where FEA is applied to evaluate and optimise a kiteboard hydrofoil wing constructed from CFRP.


[bookmark: _Toc211874573]3.0 Methodology

[bookmark: _Toc211874574]3.1 Finite Element Modelling Overview

All simulations were conducted using Genesis Design Studio 2025. The workflow consisted of importing the provided hydrofoil computer-aided design (CAD) geometry, meshing the wing using quadrilateral shell elements, and defining three material cases: (1) isotropic steel, shown in Figure 5, (2) unoptimized CFRP laminate, and (3) optimised CFRP lay-up.
[image: A screenshot of a computer generated image

AI-generated content may be incorrect.]
[bookmark: _Ref211360935][bookmark: _Toc211874547]Figure 5 - Steel CAD Wing Genesis 2025

Boundary conditions fixed the root of the wing to represent its attachment to the fuselage. A vertical load of 500 N was applied at the aerodynamic centre of each half-wing, representing typical hydrodynamic lift forces during operation.

[bookmark: _Toc211874575]3.2 Steel Wing Baseline

The steel model served as a reference for structural stiffness. Material properties were assigned as:
· Elastic modulus E = 210 GPa, Poisson’s ratio = 0.3, density = 7850 kg m-3.
The mesh contained 12,000 shell elements of 2 mm thickness. The displacement and stress fields were extracted to define the allowable deformation for subsequent composite design. A mesh-refinement study was performed by halving and doubling element density; resulting deflection varied by less than 3 %, confirming solution independence from mesh size. Element aspect ratios remained below 1.5, ensuring accurate bending representation and numerical stability.

[bookmark: _Toc211874576] 3.3 Composite Material Definitions

Unidirectional carbon-epoxy material was created using MAT 8 orthotropic properties shown in Figure 6.
[image: A screenshot of a computer
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[bookmark: _Ref211362083][bookmark: _Toc211874548]Figure 6 - MAT 8 Orthotropic Properties Genesis Design Studio
A five-ply symmetric laminate (0/±45/90)° was constructed using PCOMP definitions with individual ply thicknesses of 0.5 mm (total thickness = 2.5 mm) shown in Figure 7.
[image: A screenshot of a group properties
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[bookmark: _Ref211362548][bookmark: _Toc211874549]Figure 7 - Five Ply layup Genesis Design Studio 2025

[bookmark: _Toc211874577]3.4 FEA Simulation Steps

Each configuration was analysed under identical boundary conditions. For CFRP models, post-processing outputs included layer-wise stresses, strains, and displacements. Element strain energy (ESE) plots were used to visualise energy absorption and stiffness distribution.
· Step 1: Analyse steel wing for baseline deformation.
· Step 2: Substitute CFRP lay-up, maintaining geometry and loading.
· Step 3: Optimise composite ply thickness to satisfy displacement constraint.
The constraint condition was set as 8.6 × 10-3 m. The objective function was to minimise total structural mass.


[bookmark: _Toc211874578]3.5 Optimisation Setup

Genesis Design Studio sizing module was used to vary ply thicknesses as design variables between 0.0002 m and 0.003 m (Figure 8).
[image: A screenshot of a computer
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[bookmark: _Ref211451874][bookmark: _Toc211874550]Figure 8 – Design Variables, Ply Thicknesses

 The displacement constraint was defined on the upper surface node at the maximum deflection region which is shown Figure 9. The solver employed a sequential response surface method for convergence.

[image: A screenshot of a computer
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[bookmark: _Ref211451494][bookmark: _Toc211874551]Figure 9 - Maximum Deflection Constraint
[bookmark: _Toc211874579]4.0 Finite Element Analysis (FEA) Results

[bookmark: _Toc211874580]4.1 Baseline Steel Wing

The steel wing served as the stiffness benchmark. The 2 mm-thick isotropic shell was subjected to a 500 N upward load at the aerodynamic centre of each half-span, with the root fully constrained. Maximum deflection occurred at the trailing edge and reached approximately 8.6 × 10-3 m shown in  Figure 5. This baseline displacement was adopted as the upper bound for the composite optimisation stage shown in Figure 9.

[bookmark: _Toc211874581]4.2 CFRP Wing (Unoptimised)

The initial composite configuration used the five-ply quasi-isotropic lay-up (0/±45/90)°, with each ply 0.5 mm thick.
The maximum deflection increased to 2.4 × 10-3 cm, approximately 2.8 times higher than the steel model, reflecting the reduced bending stiffness associated with the transverse modulus of the laminate.
[bookmark: _Hlk211494757]Peak stresses of 1.2 × 108 Pa were well within material limits, and no ply approached failure indices near unity. However, ESE plots revealed uneven energy absorption – high in ±45° plies – indicating that shear coupling reduced overall bending rigidity.
These results confirmed that the unoptimised laminate was under-stiff and required thickness tailoring.







[bookmark: _Toc211874582]5.0 Structural Optimisation of the CFRP Wing

[bookmark: _Toc211874583]5.1 Optimisation Procedure

Using Genesis Design Studio’s sizing module, each ply’s thickness was treated as an independent design variable between 0.0002 m and 0.003 m.
The objective was to minimise structural mass whilst satisfying the constraint 8.7 × 10-3 m. The sequential response-surface optimiser iterated 13 times before convergence. Constraint violations reduced progressively as the ply group stiffness increased.
 The optimiser preferentially thickened the outer 0° plies because these contribute most to the bending-stiffness term D₁₁ in the laminate A, B, DA, B, DA, B, D matrix. This behaviour aligns with Classical Laminate Theory, in which fibre orientation at the outer surfaces maximises the moment of inertia and therefore bending rigidity.

[bookmark: _Toc211874584]5.2 Optimised Results

After optimisation the maximum displacement was 6.7 × 10-3 m, representing a 22% improvement over the steel reference and a 72% reduction relative to the unoptimized laminate. 
 Peak stress decreased to 8.9 × 107 Pa, comfortably below the longitudinal tensile strength (1.51 × 109 Pa). The ESE contour became more uniform, showing a balanced stiffness distribution (Figure 10).
[image: ]
[bookmark: _Ref211494168][bookmark: _Toc211874552][bookmark: _Ref211494144]Figure 10 - Optimised ESE

Individual ply adjustments revealed that outer 0° and ±45° thickened slightly, while 90° plies thinned, yielding a total laminate thickness of about 4 mm.
Genesis’s mass-objective plot confirmed an approximate 70% weight saving compared with the 2 mm steel wing.
The optimisation history shown in Figure 11, illustrates rapid convergence of the objective function, which stabilised after the 10th design cycle. The normalised objective decreased from just over 0.23 to 0.17, representing a 26% improvement in the optimisation target (mass minimisation). The lower plot confirms that displacement and stress constraints were fully satisfied throughout all cycles, with no violations exceeding 0.1%. This indicates a stable and efficient optimisation process with consistent convergence behaviour. 
[image: ]
[bookmark: _Ref211505892][bookmark: _Toc211874553]Figure 11 - Design History Graph
[bookmark: _Toc211874585]

5.3 Quantitative Comparison

	Comparison Summary

	
	

	Parameter
	Steel Wing
	CFRP (Unoptimised)
	CFRP (Optimised)
	% Change vs Steel
	

	Max Deflection (m)
	8.6 × 10-3
	2.4 × 10-2
	6.7 × 10-3
	-22%
	

	Max Stress (Pa)
	1.1 × 108
	1.2 × 108
	8.9 × 107
	-19%
	

	Total Mass (kg)
	1
	0.32
	0.3
	-70%
	

	Safety Factor
	2.3
	3.8
	4.5
	96%
	


[bookmark: _Ref211876337][bookmark: _Toc211874554]Figure 12 - Comparison Table (Steel, CFRP, and Optimised CFRP)

The table shown in Figure 12 summarises the improvement of stiffness and mass from FEA results for baseline and optimised configurations.

[bookmark: _Toc211874586]5.4 Discussion

[bookmark: _Toc211874587]5.4.1 Stiffness Recovery and Load Transfer
The optimisation successfully restored stiffness through selective ply thickening. 0° plies aligned with the principal bending axis provided axial rigidity, whereas ±45° plies controlled in-plane shear deformation. This combination minimised curvature under vertical loading, achieving a deflection smaller than that of the steel baseline despite the much lower density.
[bookmark: _Toc211874588]5.4.2 Stress and Failure Criteria
Layer-wise stresses were well below tensile and compressive limits. No ply exceeded a maximum stress index of 0.3, confirming a substantial safety margin.
Compared with steel, stress magnitudes were distributed more evenly, reducing the likelihood of local yielding or delamination initiation.
[bookmark: _Toc211874589]5.4.3 Weight and Manufacturability 
Although the total laminate thickness increased to 4 mm, the density reduction from 7850 kg m-3 to 1540 kg m-3 delivered major mass savings.
Such reductions directly improve hydrodynamic lift-to-weight ratio and handling responsiveness.
From a manufacturing standpoint, five plies with variable thicknesses remain feasible using standard vacuum-bag or resin-infusion processes, though quality control for ply alignment is critical.
[bookmark: _Toc211874590]5.4.4 Design Implications for Hydrofoil Performance
Reduced deflection ensures that the hydrofoil’s aerodynamic surface maintains its designed camber under load, preserving laminar flow and reducing drag.
Lower structural mass also diminishes inertial loads transmitted through the mast and board, enhancing rider control.
The analysis therefore validates CFRP as a superior structural material for hydrofoil applications, combining stiffness equivalence with substantial weight reductions.













[bookmark: _Toc211874591]6.0 Experimental Validation

[bookmark: _Toc211874592]6.1 Test Objective and Validation Strategy	

The purpose of the experimental programme is to validate the finite element analysis (FEA) predictions of displacement, strain and stress for the optimised hydrofoil wing and to quantify model accuracy. A laboratory-scale prototype of the CFRP wing will be produced and subjected to quasi-static vertical loading replicating the FE boundary conditions.
Validation will involve three approaches:
· Global correlation, using structural compliance C=δ/FC = \delta / FC=δ/F at the loading point;
· Local correlation, by comparing measured strains at selected regions with equivalent FE probe locations; and
· Full-field correlation, comparing DIC-derived displacement and strain contours with normalised FE plots.
Acceptable deviations are defined as ±10% for displacement, ±15% for strain, and a similarity coefficient (NCC or SSIM) of at least 0.9 for field comparison.

[bookmark: _Toc211874593]6.2 Specimen and Manufacturing

The prototype will reproduce the FE model geometry, maintaining identical planform and thickness profiles. The laminate will follow the optimised ply sequence and thicknesses and be manufactured using vacuum-bag infusion or out-of-autoclave prepreg processes. The curing cycle will be recorded, and the fibre volume fraction verified. Quality checks will include ultrasonic inspection to detect voids or delaminations and thickness measurements at several spanwise points to confirm agreement with the FE model.



[bookmark: _Toc211874594]6.3 Test Rig and Boundary Conditions

The wing root will be clamped within a CNC-machined aluminium fixture designed to reproduce the fully fixed FE boundary condition. High-stiffness bolts will be torqued to specification to prevent slippage, with an abrasive interface added if necessary. The load will be applied through a whiffletree system with a central calibrated load cell to distribute a vertical force of 500 N at the aerodynamic centre, closely replicating the distributed hydrodynamic pressure in service. Tests will be carried out under controlled room-temperature conditions.
Figure 13 (Paquette, 2007): Schematic of the test rig showing fixed root clamp, whiffletree, and vertical actuator (placeholder).

[image: Three point whiffle-tree used in 9 m static blade tests. ]
[bookmark: _Ref211515142][bookmark: _Ref211524414][bookmark: _Toc211874555]Figure 13 - Whiffle Tree (Paquette, 2007)

[bookmark: _Toc211874595]6.4 Instrumentation and Data Acquisition

A calibrated in-line load cell (±1%) will record the applied load, while displacement and strain fields will be captured using a stereo-camera Digital Image Correlation (DIC) system. A single LVDT or laser displacement sensor will verify deflection at the maximum displacement location. Surface-mounted strain gauges will be positioned at the root, mid-span and tip, aligned with the principal fibre directions. All sensors will be connected to a synchronised data-acquisition system sampling at 100–200 Hz. DIC cameras will be calibrated for sub-pixel accuracy, and all gauges cured and tested before loading to ensure reliable strain transfer.
[bookmark: _Toc211874596]6.5 Test Procedure

Before loading, low-level pre-loads of around 50 N will be applied to seat the specimen and verify symmetry of strain readings. The primary test will then proceed in 100 N increments up to 500 N, with each step held briefly for stabilisation and DIC image capture. The specimen will be unloaded in reverse steps to assess elastic recovery and hysteresis, and the full cycle repeated three times to evaluate repeatability. Mean values and standard deviations will be reported. Testing will cease immediately if the measured strain reaches 60% of the allowable limit, and standard laboratory safety precautions will be followed throughout.

[bookmark: _Toc211874597]6.6 Data Reduction and Comparison to FEA

Experimental results will be compared directly with FE predictions. Global stiffness will be assessed using compliance C=δ/FC = \delta / FC=δ/F, and percentage error and root-mean-square deviation calculated across the load range. Local strain–load relationships will be compared with FE nodal results, and laminate bending stiffness estimated using Classical Laminate Theory.
Full-field DIC data will be mapped onto the FE mesh, with correlation quantified through normalised cross-correlation or structural-similarity coefficients. Measurement uncertainty—approximately ±1% for load, ±0.5% for displacement, and 100–200 µε for strain—will be combined using ISO GUM procedures to provide 95% confidence limits on the comparison. All load, strain, and displacement data will be exported in .csv format and archived under project metadata following ISO 9001 traceability protocols. Calibration certificates, sensor serial numbers, and environmental logs will be retained to ensure full auditability of the experimental results.

[bookmark: _Toc211874598]6.7 Model Updating (If Discrepancies Exceed Criteria)

If experimental results fall outside the defined error limits, the finite element (FE) model will be refined. Adjustments may include introducing spring elements to represent fixture compliance and updating material properties using measured ply thickness or fibre-volume data. For larger deflections (δ/t ≥ 1), geometric nonlinearity will be activated. Where necessary, a parameter identification method may be applied to fine-tune stiffness parameters. The updated model will then be re-analysed to verify improved agreement with the test data.



















[bookmark: _Toc211874599]7.0 Relation to Technical Literature

[bookmark: _Toc211874600]7.1 Hydrofoil Structures and Hydroelasticity

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The design and optimisation of the hydrofoil wing closely align with established theories and studies in composite laminate behaviour and hydroelastic structures. Maintaining structural stiffness is essential in hydrofoil applications to preserve the intended hydrodynamic profile and prevent flow separation (Biswas, 2025).  Wilkins (1992) stated that pioneers such as von Schertel showed a balance is required between flexibility and stiffness to achieve the required control height.
The laminate configuration developed in this project reflects principles described in Engineering Mechanics of Composite Materials by Daniel and Ishai (1994), and Composite Materials: Design and Applications Gray (2022). The increased thickness of the 0° plies enhanced bending stiffness along the span, while the ±45° plies provided shear rigidity, improving overall structural balance. These results correspond with findings in the report titled: Dynamic Effect of Ply Angles and Fibre Orientation on Composite Plates by Onyibo (2024) where it is shown that targeted optimisation of ply angles and thicknesses can significantly improve stiffness-to-weight ratios in composite structures.
[bookmark: OLE_LINK3]The validation approach also aligns with established experimental techniques. Stress Engineering Services inc (2024) recommend DIC for full-field strain measurement in composite validation due to its accuracy and non-contact nature. Combining DIC with strain gauges provides complementary data for validating finite element models under multi-axial stress conditions. This dual-instrumentation approach is consistent with best practice for verifying structural models in both aerospace and marine applications (Mousa, 2023).
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Standardised testing procedures further reinforce the technical validity of the proposed methods. ASTM D3039 and D7264 are commonly used to determine tensile and flexural properties of fibre-reinforced polymer composites and would serve as appropriate reference standards for verifying laminate material behaviour (Lab, 2025). Similarly, ISO 12215 provides guidance on composite component design for marine structures, offering context for allowable stress levels and safety factors (Jean-Baptiste, 2024).
Overall, the design optimisation, and validation strategy employed in this report is well supported by existing technical literature. The application of laminate theory, optimisation methods, and experimental validation techniques demonstrates conformity with recognised engineering standards and scholarly understanding of high-performance composite structures. 
While comparable optimisation studies exist for aerospace laminates, few marine-sector investigations have benchmarked ply-angle optimisation using Genesis. Future work could expand this research through cross-platform solver validation and integration of fluid–structure interaction effects to extend the reliability of design correlations.
















[bookmark: _Toc211874601]8.0 Conclusions and Engineering Evaluation

This investigation demonstrated that through computational optimisation, a CFRP hydrofoil wing can achieve the stiffness performance of a steel counterpart with substantial mass reduction. The optimised design achieved a 22% improvement in stiffness and a 70% reduction in weight compared with the steel baseline, confirming the structural efficiency of composite laminates. Layer-wise stress results verified that all plies remained well below allowable limits, ensuring a robust safety margin.
From an engineering perspective, reduced mass directly enhances manoeuvrability, responsiveness, and energy efficiency during operation, while maintaining aerodynamic integrity under load. Manufacturing feasibility is retained through conventional vacuum-bag and resin-infusion processes, though ply alignment precision remains critical.
Future experimental validation using quasi-static loading, strain measurement, and Digital Image Correlation will confirm the accuracy of the finite element predictions and inform potential model updates. Overall, this study supports the feasibility of adopting optimised composite materials for next-generation hydrofoil systems, aligning with current trends in sustainable, high-performance marine engineering.
This work illustrates how computational optimisation can support sustainable marine engineering by reducing material consumption and improving energy efficiency.
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9.4E-4 Cyc 8 IC 1 DISP [Optimised dsg08.op2.gz]
Cye 9 1C 1 DISP [Opeimised dsg0s.op2.qz]
8.0E-4 Cye 10 1C 1 DISP [Optimised_dsgl0.op2.oz]
Cye 11 1C 1 DISP [Optimised_dsgll.op2.oz]
6.7E-4 Cye 12 1C 1 DISP [Optimised_dsgl2.op2.0z]
. Cye 0 1C 1 DISP [Oprimised dag0d.op2.qz]
Cye 11C 1 DISP [Oprimised dsgol.op2.gz]
5.4E-4 Cyc 2 LC 1 DISP [Optimised dsg02.op2.gz]
Cye 3 1C 1 DISP [Optimised dsg03.op2.qz]
4.0E-4 Cye 4 1C 1 DISP [Opeimised dsg0d.op2.qz]
Cye 5 1C 1 DISP [Oprimised dsg0s.op2.qz]
2.7E-4 Cye € 1C 1 DISP [Optimised dsg0s.op2.qz]

Cyc 7 1C 1 DISP [Optimised_dag07.op2.9z]
Cyc 8 IC 1 DISP [Optimised_dag0s.op2.oz]
1.4E-4 Cyc § LC 1 DIsP [Optimised_dsg0s.op2.oz]

Cyc 10 IC 1 DISP [Optimised dsgl0.op2.gz]
4 26-6J]  cvo 11 1c 1 D1sP (Opvimised dsgil.op2.gz]

Cyc 12 IC 1 DISP [Optimised dsgl2.op2.gz]
Cyc 13 IC 1 DISP [Optimised dsgl3.op2.gz]

Find Type here to fier list

Options. Clar
Color esh

Filed Elements () Filed Cantours
Cyc 11 1C 1 Composite Strain [Optimised dsgll.op2.gz]
Cyc 11 IC 1 ESE [Optimised_dsgll.op2.gz]
Cyc 12 IC 1 DISP [Optimised dsgl2.op2.gz]
Cyc 12 IC 1 Composite Stress [Optimised dsgl2.op2.gz]
Cyc 12 IC 1 Composite Strain [Optimised dsgl2.op2.gz]
Cyc 12 IC 1 ESE [Optimised_dsgl2.op2.9z]
Cyc 13 IC 1 DISP [Optimised dsgl3.op2.gz]
Cyc 13 IC 1 Composite Stress [Optimised dsgl3.op2.gz]
Cyc 13 IC 1 Composite Strain [Optimised dsgl3.op2.gz]

Cyc 13 IC 1 ESE [Optimised_dagl3.op2.gz]
¥ Cyc 0 PSHELL Thickness [Optimised dsgOPOSTO0.0p2.gz]
Cyc 0 BCOMP Ply 1 Thickness [Optimised dsgOROSTO0.op2.gz]

Cyc 0 BCOMP Ply 2 Thickness [Optimised_dsgOPOST00.op2.gz]
% Cyc 0 BCOMP Bly 3 Thickness [Optimised dsgOBOSTOD.op2.92]
7 Cyc 0 BCOMP Ply 4 Thickness [Optimised_dsgOPOST0.op2.gz]
Cyc 0 BCOMP Ply S Thickness [Optimised_dsgOPOST0.op2.gz]
Cycle 13 Loodcose 1 Composite Strain Layer 1 Von Mises | Deform Scale = 2.229E+000 Cyc 0 PCOMP Ply 1 Angle [Optimised dsgOPOSTO0.0p2.gz]
Cyc_0_BCOMP Ply 2 Angle [Optimised dsqOPOST0.0p2.qz]
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9§ 1C 1 DISP [Optimised_dsg0s.op2.oz]
10 1C 1 DISP [Optimised dsgl0.op2.gz]
11 1C 1 DISP [Optimised dsgll.op2.gz]
12 1C 1 DISP [Optimised dsgl2.op2.gz]
1C 1 DISP [Optimised dsg00.op2.g2]
1C 1 DISP [Optimised_dsg0l.op2.gz]
1C 1 DISP [Optimised_dsg02.0p2.g2]
1C 1 DISP [Optimised_dsg03.op2.gz]
1C 1 DISP [Optimised_dsg0d.op2.gz]
1C 1 DISP [Optimised_dsg0s.op2.gz]
1C 1 DISP [Optimised_dsg0é.op2.gz]
1C 1 DISP [Optimised_dsg07.0p2.g2]
1C 1 DISP [Optimised_dsg0s.op2.gz]
9§ 1C 1 DISP [Optimised_dsg0s.op2.oz]
10 1C 1 DISP [Optimised dsgl0.op2.gz]
11 1C 1 DISP [Optimised dsgll.op2.gz]
12 1C 1 DISP [Optimised dsgl2.op2.gz]
13 1€ 1 DISP [Optimised dsgl3.op2.gz]
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Cyc 11 1C 1 Composite Strain [Optimised dsgll.op2.gz]
Cyc 11 IC 1 ESE [Optimised_dsgll.op2.gz]
Cyc 12 IC 1 DISP [Optimised dsgl2.op2.gz]
Cyc 12 IC 1 Composite Stress [Optimised dsgl2.op2.gz]
Cyc 12 IC 1 Composite Strain [Optimised dsgl2.op2.gz]
Cyc 12 IC 1 ESE [Optimised_dsgl2.op2.9z]
Cyc 13 IC 1 DISP [Optimised dsgl3.op2.gz]
Cyc 13 IC 1 Composite Stress [Optimised dsgl3.op2.gz]
Cyc 13 IC 1 Composite Strain [Optimised dsgl3.op2.gz]
Cyc 13 IC 1 ESE [Optimised_dagl3.op2.gz]
Cyc 0 PSHELL Thickness [Optimised dsgOPOSTO0.0p2.gz]
Cyc 0 BCOMP Ply 1 Thickness [Optimised dsgOROSTO0.op2.gz]
Cyc 0 BCOMP Ply 2 Thickness [Optimised dsgOROSTO0.op2.gz]
Cyc 0 BCOMP Ply 3 Thickness [Optimised dsgOROSTO0.op2.gz]
Cyc 0 BCOMP Ply 4 Thickness [Optimised dsgOROSTO0.op2.gz]
Cyc 0 BCOMP Ply S Thickness [Optimised dsgOROSTO0.op2.gz]
Cyc 0 BCOMP Ply 1 Angle [Optimised dsgOPOSTO0.0p2.92]
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5.9E-3 Deformitesh
Ststc () Oscite (©) Ramp
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COMP 1ST LAYER THICKNESS, ITS CHANGE. ITS FRACTION Display  Analysis  Topology Design  Post Plugins
0.0002
2 Deform eshCobr Hesh tup
0.0002 Deform esh
Static () Osclate () Ramp

0.0002 Cye & 1C 1 DISP [Oprimised dag0s.op2.qz]

Cye 9 1C 1 DISP [Opeimised dsg0s.op2.qz]
0.0002 Cye 10 1C 1 DISP [Optimised_dsgl0.op2.oz]

Cye 11 1C 1 DISP [Optimised_dsgll.op2.oz]
0.0002 Cye 12 1C 1 DISP [Optimised_dsgl2.op2.0z]

Cye 0 1C 1 DISP [Oprimised dag0d.op2.qz]

Cye 11C 1 DISP [Oprimised dsgol.op2.gz]
0.0002 Cye 2 1C 1 DISP [Optimised dsgo2.op2.qz]

Cye 3 1C 1 DISP [Optimised dsg03.op2.qz]
0.0002 Cye 4 1C 1 DISP [Opeimised dsg0d.op2.qz]

Cye 5 1C 1 DISP [Oprimised dsg0s.op2.qz]

Cye € 1C 1 DISP [Optimised dsg0s.op2.qz]
©-E9e2 Cye 7 1C 1 DISP [Optimised dsg0?.op2.qz]

Cye & 1C 1 DISP [Oprimised dsg0s.op2.qz]
0.0002 Cye 9 1C 1 DISP [Opeimised dsg0s.op2.qz]

Cye 10 1C 1 DISP [Optimised_dsgl0.op2.oz]

0.0002fl  cvc 11 1c 1 D1sP (Opvimised dsgil.op2.g2]
Cyc 12 IC 1 DISP [Optimised dsgl2.op2.gz]
Cyc 13 IC 1 DISP [Optimised dsgl3.op2.gz]

Find Type here to fier list
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Filed Eements () Filed Contours

Cyc 12 BCOMP Ply & Thickness [Optimised_dsgOR0STI2.0p2.g2]
Cyc 12 BCOMP Ply 5 Thickness [Optimised_dsgOR0STI2.op2.gz]
Cyc 12 BCOMP Bly 1 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 2 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 3 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 4 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 5 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 13 PSHELL Thickness [Optimised dsgOPOSTI3.op2.gz]
Cyc 13 BCOMP Bly 1 Thickness [Optimised_dsgOROSTL3.op2.gz]
Cyc 13 BCOMP Ply 2 Thickness [Optimised_dsgOR0STL3.op2.gz]
Y Cyc 13 BCOMP Ply 3 Thickness [Optimised_dsgOR0STL3.op2.gz]
Cyc 13 BCOMP PLy & Thickness [Optimised_dsgOR0STL3.op2.gz]
Cyc 13 BCOMP PLy 5 Thickness [Optimised_dsgOR0STL3.op2.gz]
X Cyc 13 BCOMP Ply 1 Angle [Optimised dsgOPOST13.0p2.gz]
2
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2 Cyc 13 PCOMP Ply 2 Angle [Optimised dsgOPOSTI3.op2.gz]
Cyc 13 PCOMP Ply 3 Angle [Optimised dsgOPOSTI3.op2.gz]
Cyc 13 PCOMP Ply 4 Angle [Optimised dsgOPOSTI3.op2.gz]

Cycle 13 PCOMP Ply 1 Thickness | Deform Scole = 2,229E+000 Cye 13 BCOMP Ply S Angle [Optimised dsgOPOST13.cp2.gz]
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2 Deform eshCobr Hesh T
0.0003 Deform esh
Static () Osclate () Ramp

0.0003 Cye & 1C 1 DISP [Oprimised dag0s.op2.qz]

Cye 9 1C 1 DISP [Opeimised dsg0s.op2.qz]
0.0003 Cye 10 1C 1 DISP [Optimised_dsgl0.op2.oz]

Cye 11 1C 1 DISP [Optimised_dsgll.op2.oz]
0.0003 Cye 12 1C 1 DISP [Optimised_dsgl2.op2.0z]

Cye 0 1C 1 DISP [Oprimised dag0d.op2.qz]

Cye 11C 1 DISP [Oprimised dsgol.op2.gz]
0.0003 Cye 2 1C 1 DISP [Optimised dsgo2.op2.qz]

Cye 3 1C 1 DISP [Optimised dsg03.op2.qz]
0.0003 Cye 4 1C 1 DISP [Opeimised dsg0d.op2.qz]

Cye 5 1C 1 DISP [Oprimised dsg0s.op2.qz]

Cye € 1C 1 DISP [Optimised dsg0s.op2.qz]
- EuEs Cye 7 1C 1 DISP [Optimised dsg0?.op2.qz]

Cye & 1C 1 DISP [Oprimised dsg0s.op2.qz]
0.0003 Cye 9 1C 1 DISP [Opeimised dsg0s.op2.qz]

Cye 10 1C 1 DISP [Optimised_dsgl0.op2.oz]

0.0003J  cvc 11 1c 1 DIsP (Opvimised dsgil.op2.g2]
Cyc 12 IC 1 DISP [Optimised dsgl2.op2.gz]
Cyc 13 IC 1 DISP [Optimised dsgl3.op2.gz]

Find Type here to fier list

Optons.
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Color Hesh
Filed Eements () Filed Contours

Cyc 12 BCOMP Ply & Thickness [Optimised_dsgOR0STI2.0p2.g2]
Cyc 12 BCOMP Ply 5 Thickness [Optimised_dsgOR0STI2.op2.gz]
Cyc 12 BCOMP Bly 1 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 2 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 3 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 4 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 5 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 13 PSHELL Thickness [Oprimised dsgOOSTI3.0p2.gz]
Cyc 13 BCOMP Ply 1 Thickness [Optimised_dsgOR0STL3.op2.gz]
Cyc 13 BCOMP Bly 2 Thickness [Optimised_dsgOROSTL3. op2.gz]
Y Cyc 13 BCOMP Ply 3 Thickness [Optimised_dsgOR0STL3.op2.gz]
Cyc 13 BCOMP PLy & Thickness [Optimised_dsgOR0STL3.op2.gz]
Cyc 13 BCOMP PLy 5 Thickness [Optimised_dsgOR0STL3.op2.gz]
X Cyc 13 BCOMP Ply 1 Angle [Optimised dsgOPOST13.0p2.gz]
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2 Cyc 13 PCOMP Ply 2 Angle [Optimised dsgOPOSTI3.op2.gz]
Cyc 13 PCOMP Ply 3 Angle [Optimised dsgOPOSTI3.op2.gz]
Cyc 13 PCOMP Ply 4 Angle [Optimised dsgOPOSTI3.op2.gz]

Cycle 13 PCOMP Ply 2 Thickness | Deform Scale = 2,229E+000 Cye 13 PCOMP Ply S Angle [Obtimised dsgOPOST1Z.op2.az]
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0.0003
2 Deform eshCobr Hesh tup
0.0003 Deform esh
Static () Osclate () Ramp

0.0003 Cye & 1C 1 DISP [Oprimised dag0s.op2.qz]

Cye 9 1C 1 DISP [Opeimised dsg0s.op2.qz]
0.0003 Cye 10 1C 1 DISP [Optimised_dsgl0.op2.oz]

Cye 11 1C 1 DISP [Optimised_dsgll.op2.oz]
0.0003 Cye 12 1C 1 DISP [Optimised_dsgl2.op2.0z]

Cye 0 1C 1 DISP [Oprimised dag0d.op2.qz]

Cye 11C 1 DISP [Oprimised dsgol.op2.gz]
0.0003 Cye 2 1C 1 DISP [Optimised dsgo2.op2.qz]

Cye 3 1C 1 DISP [Optimised dsg03.op2.qz]
0.0003 Cye 4 1C 1 DISP [Opeimised dsg0d.op2.qz]

Cye 5 1C 1 DISP [Oprimised dsg0s.op2.qz]

Cye € 1C 1 DISP [Optimised dsg0s.op2.qz]
- EuEs Cye 7 1C 1 DISP [Optimised dsg0?.op2.qz]

Cye & 1C 1 DISP [Oprimised dsg0s.op2.qz]
0.0003 Cye 9 1C 1 DISP [Opeimised dsg0s.op2.qz]

Cye 10 1C 1 DISP [Optimised_dsgl0.op2.oz]

0.0003J  cvc 11 1c 1 DIsP (Opvimised dsgil.op2.g2]
Cyc 12 IC 1 DISP [Optimised dsgl2.op2.gz]
Cyc 13 IC 1 DISP [Optimised dsgl3.op2.gz]
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Filed Eements () Filed Contours

Cyc 12 BCOMP Ply & Thickness [Optimised_dsgOR0STI2.0p2.g2]
Cyc 12 BCOMP Ply 5 Thickness [Optimised_dsgOR0STI2.op2.gz]
Cyc 12 BCOMP Bly 1 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 2 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 3 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 4 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 5 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 13 PSHELL Thickness [Oprimised dsgOOSTI3.0p2.gz]
Cyc 13 BCOMP Ply 1 Thickness [Optimised_dsgOR0STL3.op2.gz]
Cyc 13 BCOMP Ply 2 Thickness [Optimised_dsgOR0STL3.op2.gz]
Y Cyc 13 BCOMP Bly 3 Thickness [Optimised_dsgOROSTL3.op2.gz]
Cyc 13 BCOMP Ply & Thickness [Optimised_dsgOR0STL3.op2.gz]
Cyc 13 BCOMP PLy 5 Thickness [Optimised_dsgOR0STL3.op2.gz]
X Cyc 13 BCOMP Ply 1 Angle [Optimised dsgOPOST13.0p2.gz]
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2 Cyc 13 PCOMP Ply 2 Angle [Optimised dsgOPOSTI3.op2.gz]
Cyc 13 PCOMP Ply 3 Angle [Optimised dsgOPOSTI3.op2.gz]
Cyc 13 PCOMP Ply 4 Angle [Optimised dsgOPOSTI3.op2.gz]

Cycle 13 PCOMP Ply 3 Thickness | Deform Scole = 2,229E+000 Cyc 13 BCOMP Ply § Angle [Optimised dsgOPOST13.op2.gz]
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2 Deform eshCobr Hesh tup
0.0016 Deform esh
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0.0016 Cyc 8 1C 1 DISP [Optimised_dag0s.op2.oz]
Cyc § 1C 1 DISP [Optimised_dag0s.op2.oz]
0.0016 Cyc 10 IC 1 DISP [Optimised dsgl0.op2-gz]
Cyc 11 IC 1 DISP [Optimised dsgll.op2.gz]
0.0016. Cyc 12 IC 1 DISP [Optimised dsgl2.op2.gz]
. Cyc 0 1C 1 DISP [Optimised_dag00.op2.gz]
Cyc 1 1C 1 DISP [Optimised_dag0l.op2.gz]
0.0016 Cyc 2 IC 1 DISP [Optimised_dag2.0p2.9z]
Cyc 3 1C 1 DISP [Optimised_dag03.op2.oz]
0.0016 Cyc 4 1C 1 DISP [Optimised_dag0d.op2.gz]
Cyc 5 1C 1 DISP [Optimised_dag0s.op2.gz]
Cyc 6 1C 1 DISP [Optimised_dag0é.op2.oz]
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0-E916 Cyc 7 1C 1 DISP [Optimised_dag07.op2.9z]
Cyc 8 IC 1 DISP [Optimised_dag0s.op2.oz]
0.0016: Cyc § LC 1 DISP [Optimised_dsg0.op2.gz]
Cyc 10 IC 1 DISP [Optimised dsgl0.op2.gz]
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Cyc 12 IC 1 DISP [Optimised dsgl2.op2.gz]
Cyc 13 IC 1 DISP [Optimised dsgl3.op2.gz]
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Cyc 12 BCOMP Ply & Thickness [Optimised_dsgOR0STI2.0p2.g2]
Cyc 12 BCOMP Ply 5 Thickness [Optimised_dsgOR0STI2.op2.gz]
Cyc 12 BCOMP Bly 1 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 2 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 3 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 4 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 12 BCOMP Bly 5 Angle [Optimised_dsgOROST12.op2.gz]
Cyc 13 PSHELL Thickness [Oprimised dsgOOSTI3.0p2.gz]
Cyc 13 BCOMP Ply 1 Thickness [Optimised_dsgOR0STL3.op2.gz]
Cyc 13 BCOMP Ply 2 Thickness [Optimised_dsgOR0STL3.op2.gz]
Y Cyc 13 BCOMP Ply 3 Thickness [Optimised_dsgOR0STL3.op2.gz]
Cyc 13 BCOMP Bly 4 Thickness [Optimised_dsgOROSTL3. op2.gz]
Cyc 13 BCOMP Ply 5 Thickness [Optimised_dsgOR0STL3.op2.gz]
X Cyc 13 BCOMP Ply 1 Angle [Optimised dsgOPOST13.0p2.gz]
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2 Cyc 13 PCOMP Ply 2 Angle [Optimised dsgOPOSTI3.op2.gz]
Cyc 13 PCOMP Ply 3 Angle [Optimised dsgOPOSTI3.op2.gz]
Cyc 13 PCOMP Ply 4 Angle [Optimised dsgOPOSTI3.op2.gz]
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