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Abstract

This study investigates the structural optimisation and validation of a composite kiteboard design using Finite Element Analysis (FEA) and Computational Fluid Dynamics (CFD). The goal was to create a lightweight, manufacturable kiteboard with enough rigidity to endure the strong drag and lift forces experienced in dynamic sea conditions. Initially, a steel baseline model was examined to determine reference values for mass and displacement under standard load. The design was then improved by using unidirectional Carbon Fibre Reinforced Plastic (CFRP) materials and altering ply orientations to optimise weight and rigidity. The resulting CFRP model showed substantial mass reduction with higher stiffness-to-weight ratio, however modest displacement trade-offs were found. Additional optimisation cycles were carried out to optimise ply configurations, resulting in a final manufacturable design with complete ply numbers and an optimised stiffness-to-weight ratio of 7.46. The design was validated by prototype testing and data collection, which involved comparing experimental data to simulation findings to ensure model fidelity. The combination of FEA, CFD, and physical testing confirms the efficiency of composite materials in high-performance applications while also providing useful insights into improving structural integrity in sports engineering design.
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Introduction  

Kiteboard design necessitates a delicate combination of strength, flexibility, and lightweight construction to perform under high-stress, dynamic situations. To do this, engineers are increasingly using Finite Element Analysis (FEA) and Computational Fluid Dynamics (CFD) to simulate and improve structural and aerodynamic features. This assignment investigates the design, analysis, and optimisation of a kiteboard prototype, with an emphasis on weight reduction while preserving necessary stiffness and displacement limits. The study's goal is to create a manufacturable design that meets stringent performance requirements by altering ply arrangements and employing advanced FEA techniques. This study demonstrates the usefulness of FEA and CFD in developing high-performance composite designs for sports engineering applications through iterative simulations, physical testing, and comparisons to technical literature.














FEA Optimization Techniques

Finite Element Analysis (FEA) has transformed engineering design by allowing for precise measurements of stress, strain, deformation, and other structural properties. Initially, FEA used fundamental techniques like direct stiffness methods in structural analysis (Leondes, 2021 and Zienkiewicz, 1970, 1983) and then progressed further as mesh refinement to provide more comprehensive and accurate results. However, throughout time, the process has expanded to include a variety of advanced optimisation techniques. These advances have been critical in balancing computational load with the precision required to maintain structural integrity and performance (Hoole and Hoole, 2020).
Shape optimisation was an early step in FEA optimisation, allowing engineers to repeatedly alter component geometry to meet specified restrictions such as stress limits or load-bearing capacity. Shape optimisation paved the way for topology optimisation, a more advanced approach that optimises material distribution inside a specific spatial limit. This approach results in efficient, lightweight structures that meet the requisite strength criteria, paving the door for creative designs in aeronautical, automotive, and civil engineering. Topology optimisation frequently produces unorthodox, organic-like shapes that balance strength and material efficiency, which is difficult to achieve with traditional design methods alone.
Today's FEA optimisation techniques use a variety of computer approaches. Gradient-based approaches, for example, employ mathematical derivatives to steer minor, incremental changes to a design's geometry or material attributes in search of the best solution. These strategies are well-known for their efficiency, particularly when working with big, complex models. Genetic algorithms, which are inspired by natural evolution, use crossover, mutation, and selection principles to evolve solutions over successive iterations. These algorithms are especially useful for complex problems with multiple local minima, where traditional approaches may fail (Palaniappan, et al. 2024).
The integration of machine learning and artificial intelligence into FEA is altering optimisation options. AI-powered prediction models can quickly discover ideal combinations, enabling for faster design cycles than traditional methods. As stated by Banerjee (2021), AI can also help find correlations between design parameters and performance outcomes, revealing insights that may be difficult to gain otherwise. 
In the future, multi-objective optimisation is expected to play an even greater role in FEA, as modern designs frequently demand a balance of competing objectives. Multi-objective methodologies enable engineers to examine multiple factors, such as weight, cost, strength, and manufacturability, resulting in more holistic and effective solutions (Sharma and Kumar, 2022). For example, in the design of a kiteboard, FEA optimisation can focus on achieving the best balance of minimal weight, adequate structural strength, and flexibility. By optimising these characteristics, the kiteboard can withstand high-stress situations in choppy water while staying light and agile, improving the user experience.
The use of modern FEA optimisation methods minimises the need for significant physical prototyping, resulting in lower costs, shorter product development times, and improved final product performance. As FEA tools evolve, the capacity to quickly iterate on complicated designs will only improve, allowing the boundaries of engineering innovation to improve further across a wide range of industries.











Model Creation in Design Studio with Boundary Conditions

A model kiteboard design was examined in this study utilising Genesis' Design Studio.  A uniformly distributed load (UDL) of 1462N was applied to the board's underside of the first model. However, this initial load was changed to incorporate a lift force of 30,786N and a drag force of 3,078N to comply with the load criteria from Assignment 1. The results were difficult to interpret when these updated loads were used, and mass and displacement analyses were performed. Within these constraints, the software was unable to efficiently optimise the design, resulting in either abnormally high numbers or an inability to converge to a workable solution, see Figure A below:

Figure A: Failed kiteboard constraints resulting in high values and non-workable solution.

To move on with data collecting using a functional model, it was decided to go back to the original 1462N load considering these challenges, as well as time constraints and software accessibility concerns. The prototype model, made of steel, had a baseline mass of 8.102kg and a displacement of 5.6mm under the specified load (this model and values can be seen in Figure B). 

Figure B: Steel baseline model with 5.9mm displacement and 8.102kg mass.

To investigate material alternatives, the kiteboard's material was modified to unidirectional Carbon Fibre Reinforced Plastic (CFRP). A new CFRP-based model was generated by inputting the material properties specified in the assignment and setting each ply thickness to 0.1mm with 5 layers set. This CFRP model had a significantly lower mass of 4.051kg but a slightly higher displacement of 6.9mm, demonstrating a trade-off between weight reduction and structural stiffness (see Figure C).

Using these findings, the stiffness-to-weight ratio for both the steel and CFRP models was determined. The steel baseline model produced a stiffness-to-weight ratio of 3.28, but the CFRP model produced a higher ratio of 5.31. This rise in the ratio is consistent with the design goal, as a higher stiffness-to-weight ratio indicates improved performance by lowering weight without sacrificing stiffness. Thus, while CFRP increases displacement, its advantages in mass reduction and stiffness-to-weight ratio make it an attractive material choice for kiteboard applications.








Structural Optimization to Minimize Mass with Displacement Constraint

The goal of the structural optimisation procedure was to minimise the kiteboard's mass while adhering to a set displacement constraint, hence preserving structural integrity. The major variable in this optimisation was the number of plies at different orientations, as ply orientation has a direct impact on both the board's weight and rigidity. Initially, a full ply stack of 25 layers was used as the baseline setup. However, by altering the ply count in  different orientations, weight reductions were accomplished while maintaining critical stiffness. This iterative approach enabled the identification of ply orientations that contribute the most to the board's rigidity, notably those that resist applied forces, while reducing unnecessary plies.
To improve the optimisation process, the parameters were changed to allow up to 30 optimisation cycles. This change sought to produce a "soft" convergence within a reasonable number of cycles, as the default option did not allow for complete optimisation within the specified parameters. Following the optimisation, cycle 12 was attained, as illustrated in Figure D. At this point, the structure has attained an optimised mass of 2.838 kg with no constraints violated, resulting in a 0% maximum constraint violation and full compliance with the displacement criteria.

Figure D: Cycles completed for optimised design.

To finalise the ply arrangement, each layer was analysed and divided into 0.2 increments to obtain the exact ply count per layer:
Layer 1: 1 ply at -90°
Layer 2: 1 ply at -45°
Layer 3: 1.35 plies at 0°
Layer 4: 1 ply at 45°
Layer 5: 1 ply at 90°
Layer 3's calculated ply count of 1.35 created a manufacturing difficulty because ply counts require whole numbers (whether it's one or two plies per layer). To solve this, discrete variables were included into the design at 0.2 increments, allowing for manufacturable ply counts while maintaining optimal weight and stiffness. This modification enabled viable manufacture and improved adherence to design limitations. This technique successfully met the design aims by striking a balance between minimum weight and structural integrity.
Following the initial optimisation, a second round was carried out by incorporating discrete variables to guarantee manufacturability. This additional step enabled a setup in which each layer comprised of whole ply numbers, which is required for practical manufacturing. During this optimisation, the analysis completed 15 cycles, yielding a final mass of 3.565kg (see Figure E). 

Figure E: Cycles completed for manufacturable optimised design.

Using the same mathematical approach as the initial optimisation, the ply configuration was refined as follows:
Layer 1: 2 plies at -90°
Layer 2: 2 plies at -45°
Layer 3: 14 plies at 0°
Layer 4: 2 plies at 45°
Layer 5: 2 plies at 90°
With these changes, the ply counts for each layer became whole numbers, indicating that the design is manufacturable and feasible for practical production. This second optimisation reflects a trade-off: while the manufacturable design has a higher mass than the first optimised version, it meets the production restrictions while maintaining structural integrity.
In terms of stiffness-to-weight ratios, the initially optimised design achieved a value of 9.37, whereas the manufacturable optimised design yielded a stiffness-to-weight ratio of 7.46. Although the manufacturable configuration is slightly heavier and has a lower stiffness-to-weight ratio, it is still a very efficient design, with a ratio more than double that of the baseline steel variant.
This manufacturable design, with a stiffness-to-weight ratio of 7.46, outperforms the steel baseline. It reduces mass to half that of the original design while keeping the same displacement limit of 5.6 mm. Thus, the final manufacturable design strikes a good balance between performance and feasibility, ensuring both structural optimisation and practical usability in production.













Prototype Testing and Data Acquisition

To properly evaluate Finite Element Analysis (FEA) simulations against real-world behaviour, prototype tests in controlled lab environments serve as the critical link between digital models and physical performance. This iterative feedback loop improves simulation accuracy by lowering uncertainty and optimising performance for actual applications like kiteboards, which require specialised aerodynamic and structural properties for dynamic situations.

Force Application and Sensor Integration:

Begin by installing force sensors at key spots on the prototype kiteboard to replicate the drag and lift forces it will encounter. These force values should correspond to those obtained from Computational Fluid Dynamics (CFD) simulations or analytical calculations, ensuring that lab testing reproduce the simulated load conditions (Leer and Powell, 2010). The accuracy of these loads is critical for understanding how forces distribute throughout the system, influencing overall stability, control, and user experience. Strategic sensor placement allows for granular force measurement at various spots on the board, allowing high-stress areas to be analysed to determine how they compare to the FEA model's predictions.

Deformation Monitoring:

Strain gauges are attached at specified places to monitor local deformation under load, providing exact input on material responses. High-speed cameras are positioned to capture deformation patterns throughout the whole board surface, allowing for deflection monitoring. These technologies may examine how flexible parts of the board function under various loads in dynamic contexts like kiteboarding, assisting in the refinement of FEA parameters based on material elasticity and strength. High-resolution imaging and, perhaps, 3D scanning can improve this procedure by capturing deformation profiles that reveal flaws or regions for structural optimisation.

Data Acquisition System (DAQ) and Real-Time Correlation:

A data acquisition system (DAQ) synchronises sensor outputs, strain gauge readings, and camera video, ensuring that all data points are precisely time stamped and stored. This synchronised data is critical for accurately correlating FEA simulation results throughout time, allowing for precise validation across load application, reaction time, and material performance (Emilio, 2013). The DAQ system also monitors stress and deformation trends, allowing engineers to examine real-world behaviour over time, improving data dependability and developing patterns for future research.


Comparison with FEA Simulation Using Quantitative Metrics:

Once the experimental data has been acquired, it is compared to FEA simulation results using statistical metrics such as Root Mean Square Error (RMSE) and correlation coefficients to determine the model's accuracy (Dumont, et al. 2009). High RMSE values suggest disparities that may necessitate modifying material parameters, geometry, or load application in the FEA model. This iterative calibration improves the FEA model's predictive reliability by establishing a feedback loop in which simulation results are continuously adjusted against empirical data. These incremental modifications are critical for applications such as kiteboarding, where precise structural behaviour predictions have a direct impact on user safety and performance.
Wind Tunnel Testing for Aerodynamic Validation

Wind tunnel testing is an essential physical reference for assessing the aerodynamic and hydrodynamic properties of the kiteboard. These experiments imitate actual forces and pressure distributions by placing a scaled model in a controlled airflow environment. Wind tunnels allow engineers to examine flow separation, turbulence, and pressure zones across the board by directly measuring drag and lift forces and performing visual flow analysis with techniques such as smoke or laser sheets.

Synergy of FEA, CFD, and Physical Testing

Integrating FEA, CFD, and physical testing provides a holistic approach to kiteboard optimisation, with each process informing and improving the others: 
CFD informs FEA by providing realistic force distributions (drag and lift) based on fluid flow around the board, ensuring the structural model accurately reflects operational circumstances. Wind and water tunnel testing validates CFD data, providing confidence in digital forecasts and enabling modifications to FEA and CFD models based on direct measurement. Physical testing confirms FEA by providing empirical data on material behaviour and deformation under real-world load situations. This allows for incremental modifications to improve prediction power.
This multi-method approach results in a design that is precisely optimised for the situations that a kiteboard will encounter. Engineers can repeatedly adjust the board's design, materials, and internal structure, using CFD to discover flow dynamics and FEA to anticipate structural responses. Each iteration improves performance, safety, and efficiency, guaranteeing that the kiteboard can endure external stresses while simultaneously providing excellent user control and longevity.









Relation to Technical Literature
Kiteboard design is significantly influenced by the fields of composite material science and hydrodynamic optimisation, which are critical for improving performance and durability in turbulent water. Studies on laminated composite materials have shed light on how layered structures, such as fibre-reinforced polymers (FRPs), respond to mechanical stresses.  The study by Stier, et al. (2015) on the analysis, fabrication, testing, and structural optimisation of a composite kiteboard design has many similarities to the design and testing procedure detailed in the assignment. Both approaches emphasise the importance of theoretical optimisation and real-world application, employing composite materials and structural analysis to build a lightweight, high-performance kiteboard that adheres to specified design limitations.
Engineers can intentionally align plies to maximise rigidity and endurance using these materials, which are noted for their anisotropic qualities. According to Tao and Sun (1998) with the confirmation of Matthai et al (2014), ply orientation and stacking sequence have a direct impact on a board's flexibility, stiffness, and impact resistance. For kiteboards, this entails customising ply orientations to balance responsiveness and strength, allowing for lightweight and long-lasting designs.
The combination of Computational Fluid Dynamics (CFD) and lamination studies has also proven useful in optimising kiteboard design. Versteeg and Malalasekera (2007), for example, emphasise the ability of CFD modelling to anticipate fluid forces such as lift and drag, providing insight into how boards interact with water flows. These simulations enable designers to fine-tune the form and surface properties of the board, reducing drag and increasing stability. CFD-generated aerodynamic profiles not only increase speed and handling, but they also aid to reduce physical strain on riders by optimising the lift-to-drag ratio in diverse water conditions.
Experimental validation approaches, such as those described by Ma, et al. (2009), are critical for comparing CFD predictions to behaviour, especially in turbulent flow settings. These methods usually entail testing scaled models in controlled conditions, such as water tunnels and wind tunnels, to evaluate flow separation, boundary layer behaviour, and vortex shedding. These tests enable engineers to assess the accuracy of CFD forecasts and alter parameters accordingly. This experimental feedback is crucial for developing designs that can resist the unpredictable, high-force situations found in kiteboarding.






















Conclusion

Finally, the application of modern optimisation techniques in Finite Element Analysis (FEA) and Computational Fluid Dynamics (CFD) has transformed the field of kiteboarding design. Engineers can accomplish exact weight, stiffness, and durability optimisations by simulating structural and fluid interactions in dynamic settings, which were previously unreachable using standard design methods. The construction of a lightweight and high-performance kiteboard is dependent on such advanced processes, which streamline material selection, ply orientation, and component design to meet the unique requirements of kiteboarding.
The process, as described, emphasises the importance of iterative optimisation cycles and multi-objective frameworks, which enable designers to balance competing goals such as weight, manufacturability, and strength. In this assignment, multi-cycle FEA simulations with various ply configurations enabled the accurate identification of optimal layering for structural performance and manufacturability. The incorporation of discrete variables enabled that designs could be translated from theoretical models to manufacturable components, bridging the gap between computational precision and actual production restrictions. The manufacturable optimised design obtained a high stiffness-to-weight ratio of 7.46, exceeding standard steel choices, making it both effective and practical for real-world use.
The combination of FEA, CFD, and physical testing results in a more comprehensive design approach, allowing simulation data to be evaluated and enhanced through real-world testing. Empirical tests, such as wind and water tunnel experiments, provide critical data on drag, lift, and deformation, which guide iterative FEA model changes. This closed feedback loop improves simulation accuracy, guaranteeing that the kiteboard can handle turbulent water conditions with excellent control and minimal physical strain on the rider.
Lastly, this comprehensive strategy not only meets performance and safety requirements, but also pushes the limits of design innovation in sports engineering. Engineers may constantly improve kiteboard designs to match the changing needs of extreme sports by combining FEA and CFD with experimental testing, resulting in durable, lightweight, and highly responsive boards for both competitive and recreational use.
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