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In order to create a mass-efficient design that satisfies a strict performance requirement, a Carbon Fibre Reinforced Polymer (CFRP) hydrofoil wing was structurally optimised. The main goal was to reduce the component's mass whist ensuring that, under a 500 N service load, its maximum deflection did not surpass the 0.0086 m limit established by a baseline made of steel that was 2 mm thick. The requirement for a CAE-led design approach was confirmed by the failure by 244% of an initial, non-optimized CFRP lay-up. In order to concentrate material in the principal load-bearing plies, the final design used Sizing Optimisation (Topometry) to deliberately vary the thickness of the five distinct composite layers. With a final displacement of 0.0076 m, the resulting manufacturable lay-up greatly exceeded its steel counterpart. In comparison to the steel baseline, the final component's mass was decreased by 63.42%, which led to an incredible 176.55% improvement in the stiffness-to-weight ratio. This result demonstrates that hydrostructural optimisation is crucial for producing lightweight, high-performance marine components. An obligatory Test-Analysis Correlation (TAC) methodology is suggested in the report's conclusion as a way to calibrate the Finite Element model against actual manufacturing factors.
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1.0 [bookmark: _Toc212211471]Introduction.	

This report details the design and optimization of a kitesurf hydrofoil’s structure. The component is intended to be manufactured using unidirectional (UD) carbon fibre reinforced plastic (CFRP) composite. The primary objective is to minimize the component’s mass whilst complying with specific constraints; deflection of under a 500N service load not exceeding that of a 2mm thick steel wing. 

Composite materials are highly complex due to their anisotropic nature, leveraging their superior properties requires careful consideration of their ply stacking sequence. This necessitates the use of advanced numerical methods. The project utilises finite element analysis to accurately simulate structural behavior of the wing under the assumed fluid loads and boundary conditions. 

The technical report will address five distinct, yet related tasks: 

1. FEA techniques, historical development, and future trends of FEA methodologies.
2. Creation and assessment of an FE model of the board with correct material properties. The boundary conditions and assumed forces from fluid flow will be represented.
3. Structural optimisation of this model, determining the ideal number of plies at -90 degrees, -45 degrees, zero degrees, 45 degrees, and 90 degrees. 
4. The proposal of an experimental testing methodology required to validate the optimized design and correlate simulation results with real-world performance.
5. A review of relevant technical literature, including composite failure criteria and laminate design principles.

Ultimately, this report will demonstrate a thorough, efficient, and robust engineering methodology for designing weight-critical composite structures by integrating FE simulation with a mass minimisation strategy.


[bookmark: _Toc212211472]2.0 FEA Theory and Development.
[bookmark: _Toc212211473]2.1 Theoretical Foundation of the Finite Element Method. 

Finite element analysis (FEA) is the method used to predict a component’s behavior through calculations made using the finite element method (FEM). FEM in principle operates under discretization. This is where a complex continuous domain (such as a hydrofoil wing) is subdivided into an interconnected and finite number of simple subdomains called elements (ANSYS, 2025). FEA is simply the context in which the FEM is applied. FEA and FEM are the basis of many simulations software which are used to validate and test designs without performing real world testing. 

To comprehensively quantify physical phenomena, all processes are described through partial differential equations (PDEs). The compatibility of the PDE type regarding FEM must be considered. Three main types of PDEs exist: the Poisson equation (elliptic), the Wave equation (hyperbolic), and the Fourier law (parabolic). Failure to consider compatibility results in solutions that are improperly imposed, in comparison to well-imposed solutions that have a unique solution that exist consistently for the given data (Harish, 2024). 

The primary principle that governs FEA is the concept of minimisation of energy. Given a fixed set of loads and boundary conditions, the actual displacement is the one that minimises the structure’s total potential energy (PE). To determine the point where deformation reaches equilibrium, the PE must be extremised. And between the two extremes (minimum or maximum), the minimum is said to be stable (Ananthasuresh, n.d). 

[bookmark: _Toc212211474]2.2 Historical Development of FEA and Optimisation.

The foundations of FEA predate modern computers, rooted in the necessity of discretizing complex structural domains. The pioneering of these methods began in 1940’s through the work of engineer, Alexander Hrennikoff and mathematician, Richard Courant. Despite being highly dissimilar, both men’s work focused on discretization of continuous domains into multiple elements. Hrennikoff’s work studied lattice discretization whilst Courant’s work centered around triangular elements (Madier, 2021). 

Their methods achieved formal matrix structures due to the need of analysing complex aircraft components during the 1950s. Clough, Turner, Martin, and Topp released a paper in 1956 formalising the Matrix Stiffness Method, early standardising of the algebraic framework for computational structural analysis (Turner et al., 1956). Ray w. Clough then coined the term “Finite Element Method” in 1960, ending this period. Later, government-funded programmes such as NASTRAN (NASA Structural Analysis), fully standardized the implementation, consequently leading to widespread adoption across sectors (Featech, 2023). 

With exponential development in computing power, FEA shifted focus from basic analysis to structural optimisation. Early attempts were largely limited to sizing and shape alterations on predefined components. Breakthroughs came in the 1980s, with the surfacing of topology optimisation techniques. Engineers were now able to determine optimal material distribution and conceptual load paths through methods such as Homogenization Method (Bendsøe & Kikuchi, 1988) and the Evolutionary Structural Optimisation (ESO) Method (Xie & Steven, 1993). This monumental approach is a direct precursor to the mass and stiffness minimisation methodologies used in modern FEA today (Lógó & Ismail, 2020). 
[bookmark: _Toc212211475]2.3 Evolution and Mechanism of Structural Optimization Techniques.

The evolution of FEA has led to three fundamental mechanisms of structural optimisation. Each of these are built upon the limitations and goals of the previous method. Structural optimisation aims to find the minimum of an objective function (such as mass or volume), given specified constraints (max deflection, stress, etc.). 

Size Optimisation predates the other methods, emerging in the 1960s. This method focuses on optimizing a fixed set of predefined geometric parameters (Haftka & Gürdal, 1992). The topology and shape of the component remain constant throughout the process. Beams, panels, and joints for example can undergo size optimisation, where material thickness and cross-sections are altered for ideal performance (Suchdeo, 2024). Specialised applications such as Topometry Optimisation are also utilised, where the distribution of material thickness across the surface is optimised; therefore, refining the stiffness of the structure (Bendsøe & Sigmund, 2003). 

Size optimisation had its limitations, it could not reduce stress concentrations caused by poorly defined initial boundary curves (Haftka & Gürdal, 1993). This led to the development of Shape Optimisation, that emerged in the 1970s. The method works under the basis of modifying external boundaries or profiles of the structure to reduce said stresses. Not only altering simple dimensional changes but also modifying the shape. A specialised refinement of this method is Topography Optimisation, where a surface is optimised through shallow features such as ribs or beadings. These features stiffen the cross section (Bendsøe & Sigmund, 2003).

Finally, Topology Optimisation emerged in the late 1980s and is the most sophisticated method from the three. The core principle to this method is to distribute material as efficiently as possible across the model to minimize strain energy within a fixed domain. This results in entirely new and highly efficient structural components (Lógó & Ismail, 2020). Techniques such as Solid Isotropic Material with Penalisation (SIMP) are employed, where element stiffness is graded against a density variable, voiding non-structural material. Results from this method often lead to complex geometry, requiring further refinement for manufacturing with little regard to aesthetics and a larger emphasis on performance (Suchdeo, 2024). These techniques are also applied to non-isotropic materials, categorised as Composite Optimisation, will be quintessential for layered composite materials such as the hydrofoil. This development process allows engineers to refine a design starting from a conceptual layout and finalising component sizing. The design process then allows for virtual prototyping and achieving optimised stiffness-to-weight ratios. Figure 1 depicts a useful image of how the differing methods function. 

 
[image: 1: Comparison of size optimization, shape optimization, and topology... |  Download Scientific Diagram]
Figure 1 - Visual of how each structure optimisation technque functions (Haertel, 2017).

[bookmark: _Toc212211476]2.4. Future Trends in FEA Technology.

Future trends in FEA primarily focus on greater computational efficiency and improved integration with operational data. This shift is mostly driven by Artificial Intelligence (AI) and High-Performance Computing (HPC). Machine Learning (ML) algorithms are being developed to generate more accurate models which can further improve the efficiency of FEA solutions within optimisation loops. This can greatly reduce workflow from days or weeks to hours. This framework underpins the concept of Digital Twins, which link FEA models to real-time Internet of Things (IoT) data, allowing for predictive information of components (Grieves, 2016).

[bookmark: _Toc212211477]2.5. Improvement of the Design Process via FEA Optimization.

Integration of FEA into design workflow results in an abundance of benefits. The most significant of which is the transformation from time-consuming, trial and error, traditional approach (CAD led design) to predictive and generative methodologies (CAE led design). Virtual prototyping and concurrent engineering are enabled through optimisation, allowing engineers to test thousands of iterations before any manufacturing occurs. Performance and compliance constraints such as minimum mass, maximum stiffness, and costs can now be met without the wasteful nature of destructive testing. This differs greatly from more traditional CAD based workflows where initial prototypes would be based on previous experience whilst repeatedly testing and redesigning (Kyratsis et al., 2020). Figure 2 highlights the significant savings in cost and time through incorporation of FAE-led design workflows. 

[image: A diagram of a design process
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Figure 2 - CAD vs CAE led Workflows (Siemens, 2025).

This capability reduces dependency on time-consuming (and costly) physical build-and-break workflows. In more complex projects, FEA facilitates multi-disciplinary optimisation (MDO). This is where structural performance, thermal management, and manufacturability are simultaneously considered. Late-stage failures and over-engineering are avoided through identification of optimal load paths and material distribution early into the design cycle. Furthermore, the ability to rapidly explore vast design iterations ensures the final component is optimised for performance. This therefore results in a significant acceleration of time-to-market and a substantial reduction in material waste, directly enhancing asset reliability, commercial efficiency, and environmental sustainability (Ananthasuresh, n.d).
[bookmark: _Toc212211478]
3.0 FEA Model and Baseline Assessment. 

This section of the report details the set-up and baseline assessment of the composite hydrofoil model, benchmarking its performance against the provided 2mm steel baseline from the brief. 

[bookmark: _Toc212211479]3.1. FEA Model & Boundary Conditions.

The provided NASTRAN deck models the wing using shell elements (2D formulation). Shell elements massively increase computational efficiency in comparison to solid element modelling. This approach represents the geometry as a mid-plane with the thickness as a numerical property (Altair Engineering 2025). The wing roots were modeled as a fixed constraint (DOF 1-6 fixed) to simulate rigid attachment to the main fuselage of the kitesurf. The load-case consists of a 500N load, applied vertically in the centre of each half-wing to represent fluid flow forces. 

The material was defined as Orthotropic (UD CFRP) as the mechanical asymmetry between the 0° fibre direction and the 90° transverse direction was very apparent. Design studio requires the use of SI units, units from the data provided were therefore converted. The material property card was configured using the Stress Limits failure criterion, allowing the software to check against the provided Xt, Xc, Yt, Yc, and S values. The 0° fiber orientation was aligned fore/aft along the wing to maximize bending stiffness along the chord.

[bookmark: _Toc212211480]3.2. Non-Optimised Lay-up and Performance.

The initial, non-optimised lay-up consisted of 5 layers, each with 5 plies of 0.1mm thickness, resulting in a total thickness of 2.5mm (2.5E-3 m). The layers were evenly distributed across 5 orientations of -90°, -45°, 0°, 45°, 90° respectively. 

Figure 3 - Images highlighting displacement between steel baseline and non-optimised lay-up.
The primary constraint data sourced from the steel baseline is its maximum displacement of 8.6E-3 m. This displacement will be the main design objective and constraint of the optimisation exercise, attempting to match the steel wing’s displacement whilst decreasing the mass. The initial composite design achieved a mass of 0.116kg, representing a 75% saving over the steel. However, this weight reduction came at the cost of structural performance, as shown in Table 1. 



Table 1 - Steel Baseline vs Non-Optimised Lay-Up.
	Design Scenario
	Thickness (m)
	Mass (kg)
	Force (N)
	Displacement (m)
	Stiffness (N/m)
	Stiffness to Weight Ratio (N^2/m)

	Steel Baseline

	
0.00200
	
0.46504800
	
500
	
0.00860
	58139.53

	
12743.97

	Non-Optimised Composite 
	
0.00250
	
0.11626200
	
500
	
0.02100
	
23809.52
	
20875.84



The resulting displacement of 2.10E-2 is significantly greater than the baseline, highlighting how simply substituting the baseline with composites will not suffice. This poor performance establishes the evident need for a mass minimisation optimisation strategy (Task 3) to strategically add material for maximum stiffness and minimum weight.




[bookmark: _Toc212211481]4.0 Optimisation and Results 
[bookmark: _Toc212211482]4.1. Optimisation Setup and Constraints.

The optimisation was performed to minimize mass while constraining the maximum deflection to 0.0086 m, which is the deflection limit of the baseline 2 mm steel wing.

The key variables were:

· Objective: Mass (minimized).
· Constraint: Displacement (maximum 0.0086m).
· Design Variables: Thickness of the five individual layers in the lay-up (-90°, -45°, 0°, 45°, & 90°)
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Figure 4 - Design Variable Bounds.
The initial thickness value for each layer was set to 0.001 m, with a lower bound 1E10-4 m (the thickness of a single ply) and an upper bound of 0.003 m (as highlighted in Figure4). The optimisation algorithm then iteratively varied these five thicknesses to achieve the objective within the set constraint.

· Sizing: Each layer of the lay-up is linked to the previously set design variables in this section. Lay-up orientation is also set here, which is set to be as stated from the brief. Figure 5 depicts this. 
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                Figure 5 - Sizing Section of Optimisation Set-up.
[bookmark: _Toc212211483]4.2 Optimized Results and Interpretation
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Figure 6 - Optimisation Convergence.
The software iteratively takes mass away from the component while retaining compliance to the constraint. As shown in the Optimisation Convergence plot (Figure 6), the system reaches hard convergence at 20 design cycles. The top graph indicates the total mass on the y-axis, showing that the objective is achieved when the constraint violation plot (bottom graph) remains at zero.
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Figure 7 - Design History of each Layer.
The Design History Plot (Figure 7) reveals how the software allocates thickness across the layers. Layers with the highest responsibility towards bending stiffness (Layer 1 and Layer 5, both 90° plies) are allocated more mass, while the less critical shear layers (Layers 3 and 4) progressively converge to the lower thickness bound.

Table 2 indicates the final results and demonstrate the success of the optimisation process:

Table 2 - Optimised Lay-up Results
	Design Scenario

	Thickness (m)
	Mass (kg)

	Force (N)
	Displacement (m)
	Stiffness (N/m)
	Stiffness to Weight Ratio (N^2/m)


	Steel Baseline

	0.00200
	0.46504800
	500
	0.00860
	58139.53
	12743.97

	Non-Optimised Composite

	0.00250
	0.11626200
	500
	0.02100
	23809.52
	20875.83

	Optimised Composite

	0.00369
	0.17013920
	500
	0.00850
	58823.52
	35243.39




[bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK1]The optimised composite component achieved a displacement 1.16% better than the steel baseline with a 63.42% decrease in mass. This corresponds to an astounding 176.55% increase in stiffness-to-weight ratio compared to the steel baseline. Although 46% heavier than the non-optimised composite, the extra mass was clearly needed to meet the constraint and now has a 68.82% increase in stiffness to weight. 

[bookmark: _Toc212211484]4.5 Post-Processing for Manufacturability. 
Optimisation algorithms often yield continuous ply thicknesses, but manufacturing requires discrete, standard thicknesses in increments of 0.1mm. This post-processing step converts the ideal design into a manufacturable lay-up by rounding the continuous thicknesses to the nearest standard ply thickness.
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Figure 8 – Section from History File of Now Manufacturable Composite.  
Figure 8 confirms that the ply count has successfully been made manufacturable (e.g., layer 2 has a thickness of 6E-4m, which is 6 plies of 0.1 mm each). After discretization, the component must be re-run to confirm compliance, yielding the final manufacturable design data (Table 3):

Table 3 - Updated Table for Manufacturable and Optimised Composite Structure.
	Design Scenario

	Thickness (m)
	Mass (kg)

	Force (N)
	Displacement (m)
	Stiffness (N/m)
	Stiffness to Weight Ratio (N^2/m)


	Steel Baseline

	0.00200
	0.46504800
	500
	0.00860
	58139.53
	12743.97

	Non-Optimised Composite

	0.00250
	0.11626200
	500
	0.02100
	23809.52
	20875.83

	Optimised Composite

	0.00369
	0.17013920
	500
	0.00850
	58823.52
	35243.39

	Optimised and Manufacturable Composite

	0.00390
	0.1813853
	500
	0.0076
	65789.47
	36973.05



The final manufacturable composite is still compliant with the constraint. Although the mass increased slightly compared to the idealised result, the manufacturable component has a lower final displacement (0.0076 m) and an even higher stiffness-to-weight ratio, proving the component's worthiness.

[bookmark: _Toc212211485]5.0 Experimental Validation of Optimised Design.

The optimised CFRP wing must be experimentally validated against physical testing to establish Test-Analysis Correlation (ATA Engineering, 2025). This is quintessential; if the model's predictions don't match real performance, then the optimisation is redundant.

[bookmark: _Toc212211486]5.1 Experimental Test Setup and Measurement.

The FEA’s boundary conditions and loading must be accurately replicated for the purpose of measuring the displacement along the Z-axis. 

A jig, ideally made from a stiff material such as steel, must be used to rigidly fix the wing root along its edge. This is a necessity for enforcing the FEA's assumed fixed boundary condition (constraining all 6 DOF). Any movement within this jig invalidates the results and make correlation impossible.

The 500N design load must be applied from a reliable dead weight system. This involves hanging a known mass using a cable and pulley system, which ensures the load is purely vertical, unidirectional, and static. This should replicate the FEA load case as closely as possible. The load must be applied slowly to avoid dynamic effects, which isn’t modelled in the FEA.

Composite properties are sensitive to temperature and moisture. The test environment must be recorded, as environmental data is crucial for later Model Updating. The Young's Modulus can alter if the lab’s ambient conditions change and the test is invalid if these disturbances are not accounted for (such as temperature or humidity).

[bookmark: _Toc212211487]5.2 Data Acquisition and Correlation.

High-precision sensors are needed for measuring the structural response. The maximum Z-displacement must be measured directly at the point of load application using a Linear Variable Differential Transformer (LVDT). LVDTs are stable, precise, and resistant to noise (Dewesoft, 2023). Multiple LVDTs should be positioned along the edges to monitor for torsion. This provides a useful insight to real deformation. The FEA target value of 8.5E-3 is the direct validation target, which was sourced from the FEA testing. 

Electrical Resistance Strain Gauges must be bonded at high-stress areas like the root fillet, which the FEA has identified as critical. Comparing physical strain gauge readings with the FE model's local strain results provides a much thorough validation of the internal load path in comparison to measuring the global deflection (FEA Academy, 2021). The gauges must be the right size and type for this CFRP material.

[bookmark: _Toc212211488]5.3 Model Updating Protocol 

The correlation is quantified using the Percentage Difference between the experimental displacement (R_exp) and the FEA predicted displacement (R_sim):



A formal Finite Element Model Updating (FEMU)procedure is required if the error exceeds 5% (Marwala, 2010). FEMU is an inverse parameter identification method that involves iteratively tweaking uncertain inputs in the FEA model (such as ply thickness, Young’s Modulus, or stiffness of clamping fixture) until the FEA data marries with the experimental data. FEMU allows for high-fidelity digital twin that accurately reflects the manufactured component, accounting for manufacturing defects that would not be reflected in the FEA. (Grieves 2015). 




[bookmark: _Toc212211489]6.0 Component Design Relation

The processes undertaken in the report leads to a fundamentally sound design, drawing on well established principles of structural composite optimisation. Regardless, surrounding literature must be acknowledged to further validify the methodologies utilised and explore similar studies regarding hydrofoils. 

[bookmark: _Toc212211490]6.1 Relation to Composite Stiffness Optimization

Successful utilisation of composite optimisation has been proven within the report. This type of application where steel components are substituted for CFRP is common, an example being a study where composite materials replace cross-members on towers (Ramirez et al., 2015). The final design concentrated greater mass in the 90-degree plies in layers 1 and 5. These plies also happen to be furthest away from the neutral axis. This method of maximising bending stiffness is well established and is done to increase the component’s second moment of inertia, an efficient method of resisting vertical loads. The converse occurred in the 40-degree plies.

[bookmark: _Toc212211491]6.2 Relation to Literature: Hydro structural Optimisation of Composite Lifting Surfaces.

The methodologies used within this report shares parallels with the hydrostructural optimisation framework from Liao, Martins, and Young (2023). They focus greatly on the relationship between hydrodynamic loading and structural stiffness when designing composite lifting surfaces. This notion mirrors the optimisation of the hydrofoil in this project within a simplified FEA environment, where mass was minimised whilst maintaining deflection limits under the same load.

In their studies, they concluded that variables which had the largest effect on load-carrying efficiency were ply orientation and stacking sequence. As mentioned in the previous section, the outer layers of this report’s hydrofoil saw maximised stiffness through increasing the thickness of the plies furthest away from the neutral axis. This marries with their findings regarding stacking sequence and orientation. 

Finally, conversion of continuous data from optimisation into discreate and manufacturable data was heavily emphasised in both reports. The rounding of ply thicknesses to standard intervals mirrors the post-processing approach outlined by Liao et al. (2023), highlighting the shared objective of producing structurally efficient composite hydrofoils.  





  



[bookmark: _Toc212211492]7.0 Conclusion.

This mass minimisation project successfully optimized the CFRP hydrofoil. The CAE-led design reduced component mass by 63.42% and met the stiffness constraint, resulting in a 176.55% increase in the Stiffness-to-Weight Ratio compared to the steel baseline. This outcome validates the efficiency of hydrostructural optimization for high-performance composite marine components.
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