2309258
ACMA601  


[image: A screenshot of a computer  AI-generated content may be incorrect.]




























[bookmark: _Toc212404927][bookmark: _Toc212407164]Abstract:
This report investigates the structural optimization of a kitesurf hydrofoil wing employing a composite lay-up design methodology. The primary objective is to ensure that the optimized composite wings deflection characteristics are equivalent to, or less than, those of the reference 2 mm steel wing, while achieving a significant reduction in overall mass. Identical loading (500N) and boundary conditions will be applied to both material configurations to maintain consistent performance and flow behaviour.
The composite lay-up will be based on carbon fibre reinforced polymer (CFRP), incorporating a range of ply orientations and fibre thicknesses to achieve the desired balance between stiffness, strength, and weight efficiency. Through this approach, the report aims to demonstrate best practices in lightweight structural design and the engineering optimisation of composite materials for applications. Furthermore, the study will discuss relevant research findings and validation methodologies pertaining to composite hydrofoil components.
FEA will be used to evaluate the structural performance of the proposed composite under loading. Fibre orientations will be changed to identify the optimal lay-up arrangement that minimises deformation while maintaining structural integrity. The material properties of the composite, including the elastic modulus, Poisson’s ratio, and shear strength, will be used and validated where possible through experimental data. Manufacturability of the proposed designs will be taken into account. 
The final stage of the study will involve validation of the optimised composite design through comparisons against existing data. The outcomes of this investigation are expected to advance the understanding of lightweight composite applications in hydrodynamic structures and provide a robust framework for future developments.
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[bookmark: _Toc212407166]Introduction:
Modern advancement in composites and computational methods has transformed design and optimization of high-performance components. For example, kitesurfing wing materials that target stiffness, strength, and minimal weight to improve performance and safety. Finite element analysis is a powerful tool used to optimize the structural characteristics of components under loading. This report studies challenges of designing the composite lay-up of a kitesurf wing, aiming to create stiffness the same as a  2mm steel wing under loading. The kitesurf wing will be manufactured using carbon fiber reinforced plastic lay-up ply’s each with individual properties and thicknesses. The component with multiple fiber orientations will be assessed before optimizing ply numbers and orientations to minimize mass while meeting set constraints. The report will validate simulation results and ensure design reliability and manufacturability. Finally, the design approach and findings are compared with relevant literature. 




















[bookmark: _Toc212404929][bookmark: _Toc212407167]Task 1: 
[bookmark: _Toc212404930][bookmark: _Toc212407168]FEA optimisation techniques: 
In finite element analysis, design variables are adjusted to ensure that certain conditions are met. For example, the material or sizing of a part could be altered to minimise weight and increase stiffness. All designs that are optimized are subject to constraints such as costs, manufacturing and strength. Techniques of FEA optimisation vary due to shape, sizes, materials and methods. 
[bookmark: _Toc212404931][bookmark: _Toc212407169]Historical Development of Optimisation in FEA:
1950s to 1970s:
The finite element method was established for structural and elasticity problems. “Optimisation was limited to manual adjustments or simple parameter sweeps using methods like ‘Rayleigh Ritz‘ and matrix formulations.” (Liu, 2022) Progress was constrained by low computational power, coarse meshes, and limited geometric complexity.
1980s and 1990s:
Commercial FEA software emerged. This introduced optimisation for shape, size, and thickness. Topology optimisation began to gain attention, using gradient-based techniques, ‘SIMP’/homogenisation methods, and sensitivity analysis. “Challenges such as mesh dependency, checkerboarding, and limited computational resources remained.” (Liu, 2022)
2000s:
Computing improvements and CAD/FEA integration enabled more complex, multiphysics, and multi-objective optimisation. (Liu, 2022) stated “Nonlinear materials, buckling constraints, evolutionary algorithms, and response surface methods became more common, alongside the rise of isogeometric analysis.” (Versteeg, 2007) states that “optimisation was expensive and often struggled with manufacturing constraints and practical geometry conversion.”
2010s to the present:
Rapid growth in high-performance computing/technology, and machine learning has transformed modern FEA optimisation. Reduced-order modelling now provides quicker and multi-physics optimisation workflows. Recent challenges are managing data, ensuring interpretability, and achieving seamless integration with various other systems (CAD).


[bookmark: _Toc212404932][bookmark: _Toc212407170]Modern Optimisation techniques:
Topology optimisation: 
“Density‐based methods, explicit parameterisation methods like Moving Morphable Components and Moving Morphable Voids, which more directly control geometry and can reduce degrees of freedom and speed up FEA.” (Hearn E. J., 1997) Integration beyond stiffness or compliance: stress constraints, manufacturing constraints, multi‐material design.
Machine Learning:
· Machine learning to learn from design variables, performance and sensitivities. Less costly evaluations are needed.   
Multi‐objective optimisation:
· Weight vs cost vs strength vs losses. “Use of evolutionary algorithms, genetic algorithms, NSGA etc.” (Yilmazçoban, 2011) Also using response surface to reduce cost. 
Efficient meshing:
· Mesh refinement in critical zones; adaptive meshing during analysis/optimisation; mesh control to avoid unnecessary detail. 
CAD Manufacturing integration:
· CAD‐type basis functions for FEA so that geometry is smooth. 
· Topology optimisation outputs are usable/manufacturable. 
[bookmark: _Toc212404933][bookmark: _Toc212407171]How these improve the design process:
Faster design exploration: “Optimization automates creating and testing design options, even when simulations are costly.” (Ferreria, 2024)
Better trade-offs: Multi-objective optimization shows how choices like cost, weight, and durability balance out.
Material and weight savings: “Topology and size optimization make parts lighter, cheaper, and more efficient.” (Ferreria, 2024)
Safer designs: Constraints for stress, fatigue, and buckling reduce risks and surprises.
Quicker iterations: Many design variants can be tested fast, allowing for faster improvements.
[bookmark: _Toc212404934][bookmark: _Toc212407172]Current limitations and challenges:
High computational cost: Large 3D and multi-physics problems take a lot of computing power states (MDPI, 2023)
Manufacturing issues: Suggested by (Koppunur, 2025) Many designs are hard to make, especially with complex shapes or internal voids.
Speed vs. accuracy: Faster models can be less precise and struggle with material behaviour or failures.
Geometry and meshing: Turning designs into smooth, manufacturable parts is tricky states (MDPI, 2023)
Robustness: Designs must remain reliable under uncertain loads or material properties.
[bookmark: _Toc212404935][bookmark: _Toc212407173]Future directions:
Increased use of AI/Machine Learning:
· (Altair, 2025) “Surrogate models becoming more accurate and trusted, even for complex nonlinear, transient, or multi‐physics problems.”
· Hybrid methods: combining physics‐based FEA with data‐driven corrections.
· Reinforcement learning for design exploration: the algorithm “learns” to propose designs.
Real‐time optimisation:
· Models of real components feeding back performance data/updating FEA models/optimisations that account for actual operating conditions.
· Real time optimisation for smart systems (adjusting geometry, control surfaces)
Better manufacturability constraints integrated:
· Optimisation techniques will include additive manufacturing constraints, cost of production, surface finish states (Yan, 2024)
· Multi‐material optimisation.
More efficient, scalable methods:
· Order reduction, domain decomposition, parallel computing.
· Simplifications automatically changed by the software.
· Meshless methods or methods less dependant on meshes reduce preprocessing time.

CAD integration:
· More optimisation embedded in CAD software.
· Better visualisation of design space, intuitive interfaces.
· Automated meshing, automated constraint suggestions.
[bookmark: _Toc212404936][bookmark: _Toc212407174]Design and optimisation are moving toward smarter, more flexible systems that can change and adapt using advanced materials and active control. The process will become more connected, with simulation, testing, and manufacturing feeding back into each other especially with fast prototyping like 3D printing. (Hearn E. J., 1997) suggests that Automation will make optimisation easier and more common, so even smaller companies can use it without needing experts. As AI-designed products become more common in areas like aerospace and medicine, regulations will need to ensure safety and reliability through built-in checks. (Ferreria, 2024) says that In the future, new technologies such as quantum computing could make it possible to solve much more complex design problems than we can today.
[bookmark: _Toc212404937][bookmark: _Toc212407175]How these changes will further improve the design process:
improved optimisation techniques can:
· Reduce development time and cost by allowing more automated, more powerful exploration of design alternatives. (Yilmazçoban, 2011)
· Allow more creative, efficient, high‐performance designs (lighter, stronger, cheaper) than manual design could.
· Make risk / uncertainty more explicitly handled, so designs are more robust.
· Improve manufacturability upfront, reducing downstream surprises.
· Move from prototyping / testing heavy approaches to more “virtually driven” development, so less waste, fewer physical prototypes. (Mac Donald, 2020)
· Support sustainability goals, through optimisation of materials, fabricability, and life cycle.

[bookmark: _Toc212404938][bookmark: _Toc212407176]Task 2: 
[bookmark: _Toc212404939][bookmark: _Toc212407177]2mm steel wing FE model in design studio:
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(Figure 1)
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(Figure 2)
[bookmark: _Toc212404940]
[bookmark: _Toc212407178]Material Properties 2mm steel wing:
[image: A screenshot of a computer
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(Figure 3)
[bookmark: _Toc212404941][bookmark: _Toc212407179]Loadcase: 
[image: A red and white object with black lines
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(Figure 4)
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(Figure 5)
Total load of 500N.
[bookmark: _Toc212404942][bookmark: _Toc212407180]2mm Steel wing displacement: Wing is displacing by 8.6x (8.6mm) from wing mounting point to end of wing point. [image: A computer screen shot of a rainbow
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(Figure 6)
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(Figure 7)
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(Figure 8)
[bookmark: _Toc212404943][bookmark: _Toc212407181]Calculating mass 2mm of steel wing:
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(Figure 9)
Mass sum = 0.465048kg = 470g (Aprox)
   
[bookmark: _Toc212404944][bookmark: _Toc212407182]Steel stiffness and stiffness to weight calculations: 
[image: A piece of paper with writing on it
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(Figure 10)

[bookmark: _Toc212404945][bookmark: _Toc212407183]Task 3:
[bookmark: _Toc212404946][bookmark: _Toc212407184]Creating new material: CFRP with given values
[image: A screenshot of a computer
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· Each ply is 0.1mm thick
· There will be 5 layers layed up at 5 different angles/directions
· 5 plys in each layer
· 1 layer is 0.5mm thick
· Total thickness of CFRP wing will be 2.5mm
· Steel baseline wing is 2mm steel
[bookmark: _Toc212404947][bookmark: _Toc212407185]Adding layers/plys to CFRP material:
New material is defined in green. 
Steel Wing defined in red. [image: A screenshot of a computer
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[image: ]
(Figure 13)

[bookmark: _Toc212404948][bookmark: _Toc212407186]Running genesis/single analysis with CFRP:
[image: A screenshot of a computer
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(Figure 14)
Structure above is showing in deformed state. 
Deforming by: 0.028m = 28mm
Mass Sum = 0.116262kg (116.2 grams)
[bookmark: _Toc212404949][bookmark: _Toc212407187]Calculating CFRP baseline stiffness/weight: 
[image: A close up of a paper
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Stiffness to weight of ARB CFRP = 15.7 (Not much benefit at this poimnt of using a CFRP wing than using a steel wing).

[bookmark: _Toc212404950][bookmark: _Toc212407188]Defining variables, objectives and constraints  within CFRP structure:
Variables: thicknesses of each of the layers (At the moment they are 0.5mm thick)
Our objective: Minimise mass/make as lightweight as possible.
Constraint: Same displacement as steel structure. (8.6mm)
By doing the above we should increase the stiffness to weight ratio. 

[bookmark: _Toc212404951][bookmark: _Toc212407189]Objective: In design studio
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[bookmark: _Toc212407190]Constraint: In design studio 
[image: A screenshot of a computer
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[bookmark: _Toc212404953][bookmark: _Toc212407191]Variables: Layer thickness/thickness of plys in each layer in design studio
[image: A screenshot of a computer
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(Figure 18)

· Layer thickness = 0.5mm
· Lower bound thickness min = 0.1mm
· Upper bound thickness max = 3mm
· Current layer thicknesses (0.5mm) and layer angles (-90/-45/0/45/90)

[bookmark: _Toc212404954][bookmark: _Toc212407192]New defined layer variables with upper and lower bounds: 
[image: A screenshot of a computer
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[bookmark: _Toc212404955][bookmark: _Toc212407193]Optimizing structure with newly set variables, objectives and constraints: 
[image: A graph of a function
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Objective: design cycle 0 mass was at 0.1163kg and increased to 0.227kg in cycle 2. Our objective was to decrease mass. By the last cycle mass has settled to 0.1961kg. 
Constraint: In design cycle 0 and 1 constraints were violated as the deflection was more than the set 8.6mm. After design cycle 2 the constraint was no longer being violated and is deflecting below set 8.6mm. 
This is showing that genesis/design studio is trying to include mass into the CRFP structure to lower the deflection in the first few cycle before settling at a lower mass within the set 8.6mm deflection limit. 
After optimization at design cycle 17 the deflection of the CFRP structure had the same deflection and layer angles as the steel structure.



Layer thicknesses as follows:
L1 = 0.209mm (-90)
L2 = 0.17mm (-45)
L3 = 2.85mm (0)
L4 = 0.213mm (45)
L5 = 0.769mm (90)

[bookmark: _Toc212404956][bookmark: _Toc212407194]Calculating how many plies are in each orientation: Ply thickness 0.1mm. 
Each layer divided by 0.1 to calculate amount of plys in each layer. 
[image: A graph of a graph
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(Figure 22)
HIS text file design cycle 17: 
DESIGN CYCLE #   17, OBJECTIVE =  1.960752E-01, MAXIMUM VIOLATION =   0.0%.
 DESIGN VARIABLE #        1 =  2.093067E-04    thickness = 2.09 plys at -90
 DESIGN VARIABLE #        2 =  1.699330E-04    thickness = 1.69 plys at -45
 DESIGN VARIABLE #        3 =  2.854539E-03    thickness = 28.5 plys at 0
 DESIGN VARIABLE #        4 =  2.131449E-04    thickness = 2.13 plys at 45
 DESIGN VARIABLE #        5 =  7.689254E-04    thickness 7.69 plys at 90
This is not taking manufacturing into account as we can’t have 2.09 plys at -90. It is only possible to have 1 or 2 whole plys in each layer. This is the optimal solution without taking manufacturing into account. 
Mass = 196g
Thickness of material = 4.21mm

[bookmark: _Toc212404957][bookmark: _Toc212407195]Calculating stiffness/weight CFRP optimized: 
[image: A piece of paper with writing on it
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(Figure 23)
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(Figure 24)
Next manufacturing will be considered so that the component produced in design studio can be made and used with the correct improved properties over the 2mm steel wing. This will be completed by definding discrete variables. 



[bookmark: _Toc212404958][bookmark: _Toc212407196]Defining variables as discrete variables: 0.1mm
[image: A graph of a graph and a diagram of a graph
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After defining discrete variables 0f 0.1mm this CFRP optimized wing is now manufacturable. As seen in the later design cycles the components mass has now increased to ensure that it can be manufactured. (Mass now 0.214kg, 214g)
Design cycle 23 from history file:
[image: A computer code with numbers
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(Figure 26)
L1 0.3mm thick = 3 plys at -90
L2 0.3mm thick = 3 plys at -45
L3 2.9mm thick = 29 plys at 0
L4 0.3mm thick = 3 plys at 45
L5 0.8mm thick = 8 plys at 90
Total thickness = 4.6mm 
Total plys = 46 
Calculating Stiffness/weight CFRP Discrete: 
[image: A paper with writing on it
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(Figure 27)
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(Figure 28)
As shown in ‘Figure 28’, the CFRP discrete run could now be manufactured, is lighter and has a higher stiffness to weight than the Steel baseline component. Mass/thickness has increased from the baseline CFRP run but deflection/stiffness is now the same as the steel component with a drastically increased stiffness/weight ratio. 








[bookmark: _Toc212404959][bookmark: _Toc212407197]Task 4:
The aim is to validate the FE simulation by comparing the deformation/deflection/strain distribution of the prototype with the results of Task 3. 
This proves that the material models and lay-up assumptions are accurate, boundary conditions and applied loads represent real-world conditions, and the model can be trusted for design decisions.
[bookmark: _Toc212404960][bookmark: _Toc212407198]Setup: 
· First of all, Manufacture a prototype of the front wing with the optimised CFRP layup obtained in Task 3.
· Ensure ply orientation and fibres/plys match the FE model exactly.
· Measure and record thickness and mass for comparison.
[bookmark: _Toc212404961][bookmark: _Toc212407199]Conditions:
· The wing should be clamped at the root as suggested by (Ferreria, 2024)
· The loading condition replicates a 500 N vertical load applied. Potentially using a hydraulic actuator or mechanical loading frame. (Jalili, 2021)
[bookmark: _Toc212404962][bookmark: _Toc212407200]Instrumentation/measuring: 
Measuring deformation and strain accurately:
Deflection measurement:
· Use laser displacement sensors or a 3D digital image system to capture deflection suggested by (Kumar, 2025)
· Alternatively, attach linear variable displacement transducers (LVDTs) at key points (e.g., mid-span, tip).
Load measurement:
· Include a load cell in the actuator to verify the applied 500N force.
[bookmark: _Toc212404963][bookmark: _Toc212407201]Data capture: 
· Use a multi-channel data acquisition system to synchronously record: Load/Displacement.
· Perform at least three repeated tests to assess repeatability.
[bookmark: _Toc212404964][bookmark: _Toc212407202]Comparison:
· Extract displacement at the same node/point locations used in the FE model.
· Compare experimental vs. simulated deflection.
[bookmark: _Toc212404965][bookmark: _Toc212407203]Validation:
· Modal testing could be added to verify stiffness and natural frequencies (comparing experimental modal analysis to FE modal analysis).
· Non-destructive inspection before and after loading (e.g., ultrasound or X-ray) to confirm no internal damage or delamination. (Barnard, 2009)
[bookmark: _Toc212404966][bookmark: _Toc212407204]Summary test example:
A prototype hydrofoil wing will be tested under static loading in a controlled laboratory environment to validate the FEA results. The wing will be clamped at the root and loaded at the mid-span with a 500 N vertical force using a hydraulic testing frame. Deflection will be measured via a laser displacement sensor, and surface strains will be monitored using strain gauges aligned with fibre directions. The load, deflection, and strain data will be captured using a synchronized data acquisition system. These results will be compared with FEA predictions to assess the model’s accuracy, identify discrepancies, and refine the simulation inputs. A correlation within ±10% in maximum deflection will be considered acceptable for validation.

[bookmark: _Toc212404967][bookmark: _Toc212407205]Task 5: 
“The optimisation of the kitesurf hydrofoil wing using unidirectional UD carbon-fibre-reinforced plastic (CFRP) reflects well-established practices in composite structural engineering. Hydrofoils act like submerged aircraft wings, and their lift is highly sensitive to surface deflection; hence, stiffness is crucial to preserve hydrodynamic efficiency” states (Hoerner, 1965; Snyder et al. 2019). 
The design requirement that the composite wing should not deflect more than an equivalent 2mm steel wing is consistent with performance criteria reported for hydrofoil and foil-board components (Zotti et al. 2018).
Composite materials have long been favoured in marine applications for their high specific stiffness and corrosion resistance. (Ashby, 2017) show that “CFRP possesses one of the highest stiffness-to-density ratios” of any engineering material. Balanced, symmetric lay-ups such as [0/45/90] provide quasi-isotropic behaviour and avoid bending–twisting coupling (Kim et al., 2020). 
The laminate used in this study 25 plies arranged at 0°, +/-45°, and 90° therefore follows established design practice and satisfies the symmetry requirements for fibre-reinforced structures.
FEA-based optimisation of composite laminates is widely used to minimise weight while meeting displacement or strength constraints. The approach here varying the number of plies at each orientation mirrors industrial techniques such as “Opti Struct’s ply-size” optimisation (Kumar et al. 2018). Adjusting the proportion of 0° plies mainly governs longitudinal stiffness, while +/-45° plies control shear response, matching the strategies described by (Jalili, 2021) for aerospace laminates.
Comparative studies confirm the efficiency of this method. A reported 60/70% mass savings for CFRP hydrofoils relative to steel at equivalent stiffness. The present 2.5 mm laminate therefore lies within established composite design ranges 2/4mm and achieves the targeted deflection under a 500N load.
“Recent literature points to future developments combining FEA with computational fluid dynamics including CFD and data-driven optimisation” states (Chen et al. 2022). Such integrated approaches and variable-stiffness manufacturing techniques promise even lighter, more efficient hydrofoils.
Overall, the optimised lay-up developed in this work aligns closely with current research and industrial best practice, confirming both the validity and relevance of the chosen design strategy.
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