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Abstract 
This report provides a structural analysis and optimisation study of a kiteboard hydrofoil wing using Finite Element Analysis (FEA) in Design Studio. The primary objective was to reduce the wing's mass while achieving a deflection performance equivalent to the original steel design by the use of carbon fibre reinforced polymer (CFRP). By optimising ply thickness and orientation, the CFRP wing obtained a mass reduction from 0.465 kg to 0.116 kg and enhanced the stiffness-to-weight ratio from 126 N/mm to 518 N/mm. A further discrete optimisation enhanced the layup for manufacturability, yielding feasible ply thicknesses and a final deflection of 7.5 × 10⁻³ m with a stiffness-to-weight ratio of 358 N/mm. The report demonstrates that FEA-based optimisation allows the development of lightweight, high-performance hydrofoil designs by efficiently balancing mass reduction and structural stiffness while using discrete optimisation to guarantee manufacturability.
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[bookmark: _Toc212374466]Introduction  
This report presents an analysis and optimisation study of a kiteboard wing using Design Studio. Steel and CFRP were compared through FEA modelling to identify the best material. The goal was to match the steel wing’s stiffness while reducing mass by refining the composite layup.

[bookmark: _Toc212374467]Task 1: FEA optimisation techniques
[bookmark: _Toc212374468]1.1 What is FEA optimisation?
FEA is widely used to model component performance under stress and environmental factors (Plumb, 2025). While traditionally analytical, it now supports design optimisation (Nicholas et al., 2019; Liu et al., 2025). This involves adjusting geometry, ply orientation, thickness, and material properties to meet stress or displacement limits (Consarnau & Whisler, 2024; Li et al., 2020). Objectives are defined, parameters selected, and simulations repeated until the design meets its goals (Li et al., 2022; Suat Coemert et al., 2020).
Figure 1 demonstrates the Finite Element Analysis (FEA) process flow, outlining three main phases: pre-processing, solution, and post-processing . Pre-processing involves setting up the model geometry, material properties, meshing, boundary conditions, and loads (Siemens, 2025b); solution, which involves solving the equations that apply to find stress, strain, heat, and displacement (Suvo, 2018); and post-processing, which involves analysing the data to find potential failures, reduce material use, and improve overall product performance(Niharika Institute of Computational Engineering 2023), ((Łukasz Skotny Ph.D, 2017). 
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[bookmark: _Toc212373880]Figure 1 - Finite Element Analysis (FEA) process flow (McGarry, 2025)


[bookmark: _Toc212374469]1.2. Historical development
FEA optimisation began with Lucien Schmit in 1960, who combined FEA with mathematical optimisation (A. Schmit, Jr., 2025). In the 1970s, Rozvany advanced topological methods (Rozvany, 2008), and in 1988, Bendsøe and Kikuchi introduced the SIMP method through homogenisation-based topology (Bendsoe & Kikuchi, 1988). Their work laid the foundation for modern engineering design optimisation.

[bookmark: _Toc212374470]1.3. Current Techniques 
Over the years, FEA has evolved and in today’s day in age it has integrated with a variety of modern computational and optimisation software’s. 
1.3.1. Advanced Structural Optimisation Techniques
FEA supports the development of lighter, durable structures through structural optimisation. Techniques like SIMP guide material distribution within design limits (Dassault Systèmes, 2025), while level-set and ESO methods refine designs by adding or removing material, with performance analysed via FEA (Jia et al., 2011; Tanskanen, 2002).
1.3.2. Multidisciplinary Design Optimisation (MDO)
Engineering systems involve heat, fluid, and stress. MDO combines these factors, unlike FEA, which focuses on structure. This integration supports high-performance aerospace and automotive designs by optimising strength, weight, and aerodynamics efficiently (Sobieszczanski-Sobieski & Haftka, 2024).

1.3.3. High-Performance FEA Techniques
As FEA advances, computational techniques like adaptive meshing improve accuracy and efficiency (Soundararajan et al., 2021). Reduced-order modelling (ROM) enables faster calculations (The MathWorks, Inc., 2025), while parallel computing supports high-detail simulations for fields like aerospace and civil engineering (Vollaire et al., 1998).

1.3.4. Uncertainty and Robust Design
Variations in loads, materials, and environments affect performance. RDO and RBDO are integrated with FEA to address these factors, ensuring designs remain safe and reliable under real-world conditions (Most and Will, 2017; Chun, 2021; Massobrio, 2024).

1.3.5. Additive Manufacturing and FEA
Additive manufacturing (AM) has expanded FEA-based design, allowing printed components to be optimised for strength, weight, and thermal performance (ZHU et al., 2021). Together, FEA and AM enable efficient, custom parts once difficult to produce.
However, risks arise if not applied correctly:
· Geometry & Boundaries: Oversimplified models or misidentified boundaries can distort simulation accuracy (Solid Solutions, 2017; Rahimi et al., 2018).
· Material Properties: Inaccurate definitions may overlook mechanical failure, affecting validation (duodesign.co.uk, 2016; Fong et al., 2006).
· Mesh Quality: Poor mesh can cause numerical errors or miss stress variations, reducing result reliability (NAFEMS, 2016; Pisarciuc et al., 2023).
· Post-Processing: Misinterpreting results or relying on defaults without verification can lead to flawed decisions (Lava et al., 2020).

[bookmark: _Toc212374471]1.4.  Future developments
Engineers are combining AI and FEA to simulate faster and more intelligently. AI can automate mesh setup, boundary conditions, solver settings, and result analysis. Surrogate models enable rapid FEA predictions (Siemens, 2025a), enhancing digital twins and real-time optimisation (Balu et al., 2022). Generative design lightens structures (Charalampous et al., 2024), while PINNs ensure physics-based accuracy (Haghighat et al., 2021). AI streamlines FEA, allowing engineers to focus on innovation (Kristin et al., 2024).

[bookmark: _Toc212374472]1.5. Benefits of FEA optimisation
EA optimisation enhances performance, reliability, and safety while reducing weight, material use, and costs. Simulations accelerate development and reduce prototypes, supporting sustainable, high-performance designs (McGarry, 2025; Kumar N et al., 2025; ToffeeX, 2025). It also enables complex geometries through generative design (Shi et al., 2025) and, with digital twins, supports real-time decisions and predictive maintenance for lighter, efficient solutions (Adolphsen, 2025).

[bookmark: _Toc212374473]Task 2: Create an FE model 
[bookmark: _Toc212374474]2.1. Steel Wing Baseline Analysis
In the initial simulation, a 500 N vertical load was applied to the steel wing, rotating on one end of the X-axis. Defined as isotropic, the material showed uniform properties in all directions. The model produced a deflection of 8.6 × 10⁻³ m (Figure 2), which was set, with properties adjusted to meet the specification (see Appendix A).
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[bookmark: _Toc212373881]Figure 2 - Simulation of a deflection of 8.6x10⁻³m

Design Studio calculated the steel wing’s mass as 0.465 kg (see Appendix B), with a stiffness-to-weight ratio of 126 N/mm (see Appendix C).

[bookmark: _Toc212374475]2.2. Composite Wing Setup and Material Definition
CFRP was added to the CAD model to explore lighter options, with its properties defined in Design Studio (see Appendix D). As an orthotropic material, its stiffness depends on fibre direction, so theta vectors were generated to ensure accurate simulation results (Figure 3).
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[bookmark: _Toc212373882]Figure 3 - theta Vectors

The CAD model includes both isotropic and orthotropic materials. Isotropic materials have uniform strength in all directions, while orthotropic materials vary in stiffness based on orientation, making accurate part placement essential.

The main stiffness direction (E1) followed the wing’s length, while the secondary (E2) ran across its cross-section. Theta vectors were generated and adjusted to align with this orientation (Figure 4).
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[bookmark: _Toc212373883]Figure 4 - theta Vectors adjusted to reflect direction


Ply thickness and layer definitions were added based on the specification (Figure 5), updating the model to reflect CFRP properties. After applying the material settings, the element colour changed from grey to green, confirming the successful switch from steel (see Appendix E).

[image: A computer screen shot of a sword
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[bookmark: _Toc212373884]Figure 5 - ply thickness and the layer definitions created

[bookmark: _Toc212374476]2.3. Composite Wing Performance Evaluation
After switching to CFRP, the same 500 N load produced a deflection of 8.4 × 10⁻³ m (Figure 6), slightly less than the steel wing. The CFRP wing weighed 116 g (see Appendix F), and this reduced mass led to a higher stiffness-to-weight ratio of 518 N/mm (see Appendix G).
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[bookmark: _Toc212373885]Figure 6 - Simulation of a deflection of 8.4x10⁻³m

In comparison, 126N/mm was the value for the steel wing whereas, 518N/mm is the value for the carbon fibre wing. The carbon fibre wing is stiffer now as by adding and extra ply increasing the bending stiffness. Therefore, by adding one extra ply increases the stiffness more than the weight which increases the stiffness overweight ratio number.  

[bookmark: _Toc212374477]Task 3: Optimise the structure 
[bookmark: _Toc212374478]3.1. Optimisation Process
The next step was to optimise the kiteboard wing in Design Studios by adjusting ply thickness to balance durability and weight. Variables, objectives, and constraints were defined to determine the number of plies needed in each layer to match the stiffness of the steel wing.

3.1.1. Objective
The primary objective of the optimisation was to minimise the mass of the wing structure (Figure 7), aligning with the design requirement to lower weight while maintaining stiffness. 
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[bookmark: _Toc212373886]Figure 7 - minimising the mass

3.1.2. Constraints
The key constraint was that maximum deflection must not exceed 8.4×10⁻³m, (Figure 8) matching the performance of the steel wing. This limit was applied across all wing elements to maintain structural uniformity.
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[bookmark: _Toc212373887]Figure 8 - constraint of maximum deflection

3.1.3. Variables
Five design variables were defined, each representing the thickness of an individual ply layer. These variables were initialised with a value of 0.1 × 10⁻³ m and constrained between a lower bound of 0.1 × 10⁻³ m and an upper bound of 5 × 10⁻³ m. They were linked to the physical properties of the composite material and adjusted during each optimisation cycle. However, once the five variables were added (see Appendix H), they did not indicate the physical properties of the model. As a result, changes to their values did not influence the mechanical behaviour of the wing. This issue was identified and corrected by reassigning the sizing parameters to the relevant composite layers (see Appendix I), ensuring that each variable directly affected the stiffness and mass of the structure during optimisation.
Across 17 design cycles (Figure 9), the model’s displacement dropped from 8.4 × 10⁻⁸ m to 8.3 × 10⁻³ m. This shift reflects reduced constraint violations as structural mass increased, improving stability and alignment with design limits.
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[bookmark: _Toc212373888]Figure 9 - 17 Design cycles generated

By Cycle 17, displacement reached 8.3 × 10⁻³ m, meeting the Design Studio specification (Figure 6). At this point, the CFRP structure matched the stiffness of the steel wing, confirming its performance.

[bookmark: _Toc212374479]3.2. Design history plot
Figure 10 shows how the optimisation evolved over 17 design cycles, focusing on five design variables. The graph tracks thickness changes, with Design Variable 3 reaching about 3 mm — safely below the 5 mm limit and within design requirements.
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[bookmark: _Toc212373889]Figure 10 - Design history plot
The Design History plot shows how the objective function and constraints changed during the optimisation process. The top graph shows how the objective function, indicates stabilisation after a few cycles. The bottom graph, on the other hand, shows how the number of constraints decreased over time, which shows that the result was optimised within the design boundaries that were defined.
The history file was generated to monitor these constraints and objectives across all 17 optimisation cycles, providing an understanding of the model’s performance improvement.
Over 17 design cycles, the kiteboard wing’s objective and constraint values were evaluated. At Cycle 0, the objective was 0.232 with a 999.9% constraint violation, showing the design didn’t meet requirements. By Cycle 17, the objective dropped to 0.179, and all violations reached 0%, confirming that the final design met all constraints through steady optimisation of geometry and material.
The optimised design meets all constraints and specifications, with the CFRP structure delivering the required stiffness and improved performance, confirming it as a feasible solution.

[bookmark: _Toc212374480]3.3. Discrete Variable Optimisation
[image: A screenshot of a computer
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The wing’s free end showed the highest displacement at 8.3 × 10⁻³ m. While the composite material was lighter than steel and had a higher stiffness-to-weight ratio. Since the variables were established using non-discrete, ply thickness values, such as 2.3 plies at Cycle 17, the optimised design was deemed as non-manufacturable.

[bookmark: _Toc212374481]3.4. Modify to Discrete Variables
To support manufacturability, all design variables were converted to discrete values. Five variables—one per wing layer—were linked to physical ply thicknesses to guide optimisation (Figure 4). Each variable became a discrete design variable instead of an independent continuous variable (See Appendix J).Each was set to start at 0.1 × 10⁻³ m with 50 increments of 0.1 × 10⁻³ m, allowing Design Studio to select practical thicknesses during the process. These values were applied consistently across all five layers (Figure 12).
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[bookmark: _Toc212373891]Figure 12 - modified to discrete values

[bookmark: _Toc212374482]3.5. Re-optimisation
Over 15 design cycles, the discrete optimisation refined ply thicknesses while staying within design limits. The final structure showed a reduced displacement of 7.5 × 10⁻³ m, compared to 8.3 × 10⁻³ m from the non-discrete model (see Appendix K). By Cycle 15, the design converged with practical ply values of 0.2 mm, 0.3 mm, 0.3 mm, 0.2 mm, and 0.2 mm — balancing structural performance with manufacturability.

[bookmark: _Toc212374483]3.6. Structural Performance Evaluation
Following discrete optimisation, a 500N load was reapplied to the CFRP wing. The model results in a maximum deflection of 7.5 × 10⁻³m. The mass of the optimised CFRP wing was calculated as 191g (0.0191 kg). The stiffness-to-weight ratio for the discretely optimised CFRP wing was found to be 358 N/mm (See Appendix L).

[bookmark: _Toc212374484]3.7. Stiffness-to-Weight Ratio Analysis
When compared to the previous variable optimisation, the reduced stiffness-to-weight ratio reflects a trade-off between performance and manufacturability. The discrete model still meets structural requirements and maintains a realistic stiffness level for production. Despite rounding ply thicknesses, the design remains both efficient and feasible to manufacture.

[bookmark: _Toc212374485]3.8. Deflection summary:
To summarise, the displacement values decreased at each stage of material and design optimisation. The steel wing had a maximum displacement of 8.6 × 10⁻³ m, which decreased to 8.4 × 10⁻³ m with CFRP, and further to 8.3 × 10⁻³ m post-optimisation. After modifying to discrete ply variables, displacement decreased to 7.5 × 10⁻³ m, indicating manufacturability. These results highlight how FEA effectively balances stiffness, weight, and deflection to enhance overall structural performance.

[bookmark: _Toc212374486]Task 4: Proposed experimental validation methods
To evaluate the accuracy of the FEA results from Task 3, a physical experiment will be carried out with strain gauges under controlled loading conditions (Rafal Sulwinski and Johnston, 2023). This experiment aims to replicate the conditions and constraints used in the simulation setup and validate the structural performance of the optimised kiteboard wing design when subjected to real-world loading. The primary steps in the process are as follows: 

[bookmark: _Toc212374487]4.1. Prototype testing:
A prototype of the optimised CFRP wing will be built using the same five-layer layup, with ply thicknesses between 0.2 mm and 0.3 mm, to validate the FEA results. A 500 N vertical load will be applied at the midsection using a ramp function to match simulation conditions and reduce dynamic effects. Universal testing machines and servo-hydraulic actuators will ensure precise control of load and displacement for accurate static measurements (Enrico Cestino et al., 2020), (Hichem Djadoudi, 2025).

[bookmark: _Toc212374488]4.2. Forces applied:
The experiment will match the loading and boundary conditions used in the simulation to ensure consistency. A vertical load of 500 N will be applied at the wing’s midsection, with one end fully fixed to replicate the FEA constraints. The load will be applied gradually to capture displacement accurately and reduce dynamic effects. All equipment will be calibrated to maintain precision and repeatability throughout testing (Ernst, 2024).

[bookmark: _Toc212374489]4.3. Data comparison 
To understand how the wing responds under load, strain gauges will be placed on its upper and lower surfaces, especially near the fixed end and midsection where stress changes most. Surface movement will be tracked using a laser monitor or DIC system. All sensor data will be fed into a DAQ device to record load, strain, and displacement simultaneously (Mohammed Abbas Mousa et al., 2023). The test will be repeated three times to confirm consistency and validate the results.

[bookmark: _Toc212374490]4.4. Acquire and analyse data
The model will be validated by comparing experimental results with FEA predictions. Key metrics include maximum deflection, where the experimental value will be compared to the simulated result of 7.5 × 10⁻³ m (Grant, 2016). To check accuracy, the percentage error between the measured and simulated displacement will be calculated using the following equation (guyver, 2025):
[image: ]
[bookmark: _Toc212370674]Equation 1 - Percentage error equation  (physicscatalyst, 2020)

This calculation demonstrates that the FEA predictions are accurate and helps determine whether the model falls within an acceptable tolerance range, typically ±10% (Alade and Ibrahim, 2023), (University of North Carolina, 2025).

To validate the model, FEA stress and strain results will be compared with strain datasheets to check accuracy and guide engineering decisions. The experimental stiffness-to-weight ratio will also be measured and compared to the simulated value of 358 N/mm, helping assess the structural efficiency of the optimised CFRP wing. This validation process confirms that the design is both practical and capable of performing under real-world loads (Grant, 2016). 

4.4.1. Topology optimisation
Topology optimisation techniques, including SIMP (Solid Isotropic Material with Penalisation) (Solidworks, 2025), are frequently applied to direct material distribution in structural design, despite this report focusing just on ply thickness optimisation (Bendsoe and Kikuchi, 1988). Experiments must be conducted for SIMP-based systems to ensure the accuracy of the simulations (Yago et al., 2021). Although SIMP was not applied, the methodology of evaluating deflection and stiffness-to-weight ratios under controlled loading is a reliable way to validate designs, whether they’re based on ply optimisation or topology techniques like SIMP (Zhuang and Zeng, 2025).

[bookmark: _Toc212374491]4.5. Model modification
The FEA model may require improvement if significant discrepancies are identified during the experiment. This may involve altering the boundary conditions, modifying the material properties, or increasing the mesh density to reflect real-world behaviour (Lee, 2025a).

[bookmark: _Toc212374492]Task 5: Literature research 
[bookmark: _Toc212374493]5.1. BSI or ISO standards
International guidelines for using Finite Element Analysis (FEA) in structural engineering are well established. BS EN 1993 outlines design standards for steel structures and often relies on FEA for complex shapes and loading (bsi.knowledge, 2025). For composites like CFRP, standards such as ISO 527-5 and BS EN ISO 14126 provide testing methods for tensile and compressive behaviour (bsi.knowledge, 2021), (bsi.knowledge, 2023). These frameworks help ensure that simulation-based designs are safe, reliable, and consistent across both metal and composite applications.

[bookmark: _Toc212374494]5.2. Transition from steel to CFRP in the kiteboard wing model.
The substitution of steel with carbon fibre-reinforced polymer (CFRP) in the kiteboard wing model led to significant improvements in mechanical performance and simulation accuracy.  These improvements are supported in existing academic literature research.
Studies by Pasquale and Coluccia (2023) highlight the need to shift from isotropic to orthotropic modelling when using CFRP, due to its directional properties — a behaviour also noted by Marszałek and Stadnicki (2023). In this study, the steel wing showed uniform stress fields, while the CFRP wing displayed directional stiffness based on fibre orientation, consistent with findings by Memarzadeh et al. (2024). Some researchers, like Song et al. (2024), suggest that standard orthotropic models may still be suitable for stiffness predictions when local failure isn’t a major concern.

[bookmark: _Toc212374495]5.3 . Mass and Stiffness-to-Weight Ratio
Replacing steel with CFRP typically reduces mass by 70–80% while improving stiffness-to-weight performance (Rajak and Mehboob, 2021). In this study, the steel wing weighed 0.465 kg with a stiffness-to-weight ratio of 126 N/mm, while the CFRP version reduced mass to 0.116 kg and increased the ratio to 518 N/mm. This exceeds typical literature gains of 2–3× and is largely due to fibre alignment along the wing span and the addition of an extra ply (Liu et al., 2023). However, excessive ply stacking can lead to interlaminar stress and delamination risks (Zhang, Shao and Nie, 2024), though this design remained within safe limits.

[bookmark: _Toc212374496]5.4. Deflection and Structural Response
The simulation results reflect typical composite behaviour, with CFRP showing slightly less deflection than steel due to its higher specific stiffness (Gendy et al., 2025). Deflection dropped from 8.6 × 10⁻³ m with steel to 8.4 × 10⁻³ m using CFRP under the same load. Further optimisation reduced displacement to 7.5 × 10⁻³ m — a 13% improvement over the steel baseline. This mirrors findings by Nie, Zhang and Zeng (2025), who saw similar gains in composite marine foils through ply thickness and layout control (Wu et al., 2019). The results show how simulation and interface modelling help balance low weight with strong structural performance.

[bookmark: _Toc212374497]5.5. Manufacturing considerations
Many optimisation studies use continuous ply thickness, but this often leads to designs that are hard to manufacture. This project instead used discrete ply layers with realistic thicknesses (0.2–0.3 mm), following the practical approach outlined by Wu et al. (2019). Although this reduced the stiffness-to-weight ratio from 518 N/mm to 358 N/mm, it made the design more manufacturable — a trade-off also noted in composite design research by Fernández (2025).
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