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This report discusses and analysis of the design, modelling and optimisation process for a kiteboard using Finite Element Analysis (FEA) techniques. 
The report begins by discussing the beginning and advancement of FEA techniques. Starting with foundational studies in structural mechanics (Bendsoe & Sigmund, 2003; Rozvany, 1992) through to contemporary methods in topology optimisation, sensitivity analysis, and reliability-based design (Youn et al., 2003). Advancements in machine learning are discussed, highlighting their integration into FEA for real-time optimisation Liu et al., 2020; Bessa et al., 2017). 
A kiteboard is modelled within Design Studios. Forces are applied to the board to mimic the ride position displayed by competent riders. An explanation is given to why the grid/mesh arrangement is not altered. The initial force, taken from the first assignment, is shown to be too large, causing the steel board to deflect above an acceptable range. The forces are altered and discussed. 
The material is changed to CFRP and the analysis is run on the new material. The new deformation is shown to be 7mm larger than the steel board. An optimisation is run reduce the mass of the board, while lowering the deflection to match the steel board. The design variables are the laminate layers of the CFRP. These objectives are achieved. 
Prototype testing is proposed to validate simulation results, using realistic conditions to simulate rider forces and water resistance. The findings underscore FEA’s value in producing lightweight, high-performance components, with prototype validation supporting the simulation’s applicability in real-world scenarios.















[bookmark: _Toc181656304]Contents

Abstract	1
Contents	2
List of Figures	3
Introduction	4
FEA Optimisation	4
Kiteboard Model	5
Kiteboard Optimisation	9
Prototyping	10
Conclusion	10
References	11
Appendix	12




5

[bookmark: _Toc165199471][bookmark: _Toc165199481][bookmark: _Toc181656305]List of Figures

Figure 1: FEA Mesh refinement around geometry	5
Figure 2: Steel board deformation with initial static load	6
Figure 3: Rider position	7
Figure 4: Force through the foot straps	7
Figure 5: Changes to bottom grid selection, matching Figure 2	7
Figure 6: Water force displayed in relation to board and cordinates	8
Figure 7: Updated deformation of steel board	8
Figure 8: Deformation of CFRP board (unoptimised)	8
Figure 9: Optimisation results for laminate layer thickness	9
Figure 10: Optimised CFRP final deformation	9
Figure 11: Mass objective	12
Figure 12: Deformation constraint	13
Figure 13: Design Variables	13

Table 2: Results	4


[bookmark: _Toc165199472][bookmark: _Toc165199482][bookmark: _Toc170230573][bookmark: _Toc181656306]Introduction 

This report will cover several tasks relating to the design, manufacture and modelling of a kiteboard. It will first cover how FEA techniques developed and how they may develop in the future. Their benefits and advantages during the design process will be covered, and how they improve the design process. 

Following that, the report will discuss the model of the kiteboard. How the boundary conditions and forces acting on it were selected, and the reason behind the selection. The board material and laminate layers are discussed and the effect they have on the deflection. 
An optimisation is run on the board to lower the mass of the board while minimising the deflection below a set constraint. 

Finally, how a prototype can be used to understand the deflection that the board undergoes, and use the data gathered from that to refine the simulation parameters. 
[bookmark: _Toc181656307]FEA Optimisation 

FEA, or Finite Element Analysis, are optimisation techniques used to improve the design of components, structures or systems. They do this by refining or optimising different factors of the object, such as a components’ shape or it’s material distribution, to achieve set performance objectives. These objectives range from maximising component strength, reducing deflection or minimising the overall weight of the component. This report will later discuss reducing the deflection of a component using a specific material while reducing the overall weight. 
Early stages and the foundation of FEA began as basic principles of structural mechanics and FEM modelling were developed in the 1960s and 1970. Researcher aimed to solve simple structural problems numerically. Size and shape optimisation techniques were the first developed. These involved basic parameters, like the thickness, length of width of a component is adjusted to achieve the performance (Bendsoe & Sigmund, 2003). The techniques used mostly gradient based, Newton’s or steepest descent. Both these methods were computationally intensive at the time. 
Increases in computational power allows for more complex FEA optimisation to be completed. In the 1980s and 1990s, topology optimisation research and development was led by the likes of Martin Bendose and Ole Sigmund. Although, the principles of topology optimisation had been development earlier. For very low fractions key principles were established at the turn of the century by an Australian inventor Michell (1904). These principles were in the context of trusses. Seventy years later the concepts expanded to include beam systems by Rozvany (e.g. 1972a, b). Rozvany continued to develop and build on the use applications, such as foundational principles of optimal layout theory with Prager (e.g. 1977a), which they further broadened in the 1980s and 1990s (Rozvany 1992; Rozvany and Birker 1994). Their techniques transformed structural optimisation by optimising material distribution within a specified design space. This enabled lightweight and high strength components to be developed (Rozvany, 2001). In 2000s, topology optimisation for higher volume fractions was known as Generalised Shape Optimisation (GSO) (Rozvany and Zhou 1991) or Variable Topology Shape Optimisation (Haber et al. 1996). These techniques can simulate and optimise the topology of composite materials. The aerospace industry found many applications for topology optimisation as weight and material efficiency are crucial. 
Techniques developed in the 2000s are Sensitivity Analysis and Reliability-Based Design (RBDO) and Multi-Objective Optimisation. Sensitivity analysis helped designers understand how small variations in the design parameters affected the performance and RBDO worked to address inherent uncertainties in the material properties, loads and boundary conditions (Youn et al., 2003). These two methods are crucial in industries where safety and reliability are vital, such as aerospace. Zhu et al, demonstrated how probabilistic models integrated into the FEA process led to more resilient designs that perform reliably when exposed to unforeseen stresses and environmental factors (2018).
Multi-Objective Optimisation allowed the designer to optimise for two different design goals, such as minimising weight while increasing strength. When combined with Pareto front analysis and genetic algorithms the ability to balance multiple design objectives, while understanding the design trade offs to a designer (Bed, 2001). 
With the increasing computational power and capability of machine learning tools, these have been integrated into FEA optimisation. The integration of ML created the potential for real-time optimisation of design spaces. Neural network ML models are now used to approximate large and complex FEA simulations. This significantly speeds up the optimisation and allows for real-time predictions (Liu et al., 2020). Recent developments in ML have been applied to FEA to create a ‘smart’ design system. This system can learn from user inputs and environmental data to suggest optimisations in real-time (Bessa et al., 2017). Application uses of ML like this, streamlines the design process, which is beneficial when time and customisation is critical to the project.  
[bookmark: _Toc181656308]Kiteboard Model 

A CAD model of the kiteboard made of steel was loaded into Design Studio. The meshing was not altered from the original meshing loaded with the CAD model. The decision to not adjust the meshing was made as the shape of the kiteboard is uniform down the whole length. The kiteboard does not have any unique geometry, such as holes, only two small fins at either end of the part. 
[image: Manual mesh refinement of a wrench.]
[bookmark: _Toc181655564]Figure 1: FEA Mesh refinement around geometry
If the kiteboard had more curved geometry, cut outs or holes in it, such as the examples above in Figure.1, refinement would be required. These areas would benefit from having a more refined mesh around them to more accurately simulate the deformation in these areas. Increasing the mesh density also increases the processes times of the software. 
The forces calculated in the first assignment, shown below in the following table, were input into Design Studios using the analysis static load section. All the grids on the lower surface of the board were selected and the total force calculated in the first assignment was divided between these grids. 
[bookmark: _Toc181639204]Table 2: Results
	Forces
	Values

	Dynamic Pressure 
	

	Drag Force 
	

	Lift Force 
	



A genesis analysis was run on the steel component to calculate the deflection of the board, and act as a baseline for further testing with different materials. 
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[bookmark: _Toc181655565]Figure 2: Steel board deformation with initial static load
The total deflection of the steel board achieved a maximum of 0.47m at the rear end. This deflection is vastly higher than is expected to be seen with this material. 
Following this result, the forces calculated were deemed to be incorrect and too high, and new forces would need to be considered. The original force was applied vertically (-z-axis) to the underneath of the board. This direction of the force was a simplistic initial assumption of how the force would be applied to the board. This assumption would require the board to be fully horizontal and parallel with the water, and only considers an update force from underneath. The kiteboard would be travelling in the water, meaning some of the force would be applied at an angle to the bottom of the board, and from consulting images of kiteboarders riding, the nose of the board remains out of the water to stop the board stalling and the rider crashing. These factors were taken into consideration and the area of selected grid spaces was changed.
The weight of the rider was not considered in the original force calculations, and this was deemed an error. Upon first adding the rider weight to the simulation, the force was applied directly down through the RBE element grids. The force was applied similarly to the upward force. The gravitational force of a 75kg person was calculated and the weight divided between all the grid points for the RBE element of the model. The model was run with the new applied forces and the deflection results were deemed to be too high once again. The model forces required more refinement to achieve a likely deformation. 
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[bookmark: _Toc181655566]Figure 3: Rider position
Again, more images of rider positions were researched. When applying the rider’s force, the full weight of the rider was applied directly to the board, but this would not happen as the rider would experience lift from the kite. This would lower their applied force and change the direction that the force is applied in. The overall force of the rider was deemed to be halved by the lift from the kite. These changes were made to the model, as seen in Figure.4. 
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[bookmark: _Toc181655567]Figure 4: Force through the foot straps
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[bookmark: _Toc181655568]Figure 5: Changes to bottom grid selection, matching Figure 2
Following the change to the rider forces, a new grid selection for the underneath of the board was created. Consulting images of riders travelling at higher speeds, an area of the board running down the full length, remains out of the water. The total force applied to the underneath of the board was lowered to achieve a more realistic deflection. 
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[bookmark: _Toc181655569]Figure 6: Water force displayed in relation to board and cordinates
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[bookmark: _Toc181655570]Figure 7: Updated deformation of steel board
The material properties for the CFRP were input and the laminate layers created. The material properties of the kiteboard were changed from steel to the CFRP and the Genesis analysis run to simulate the deflection. The new deflection results are seen below in Figure.8. The deflection was simulated to be higher than the steel board. 
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[bookmark: _Toc181655571]Figure 8: Deformation of CFRP board (unoptimised)

[bookmark: _Toc181656309]Kiteboard Optimisation 

Before the optimisation for the Uni-carbon board was run, the software required design parameters objectives to be set. The objective of the simulation was to minimise the mass of the component whilst not passing a set deflection constrain. The deflection constraint was set at 0.025m. The laminate layers were given a range at which they could be increased or decreased by the software to lower the final deflection. See appendix for the constraints.  
The optimisation was run for the component, and the results returned after 15 cycles. The optimisation met the deflection parameters. The max deflection was decreased to lower than the set constraint to 0.025m. The laminate layers were changed to the following amounts. 
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[bookmark: _Toc181655572]Figure 9: Optimisation results for laminate layer thickness
The optimisation met the requirements to lower the mass of the final component. While reducing the deflection. The deflection was reduced under the max constraint to 23mm max deflection at the rear tips. This final optimised deflection matched the deflection results gathered from the steel board. The simulation was successful. 
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[bookmark: _Toc181655573]Figure 10: Optimised CFRP final deformation
The outcome for the optimisation is heavily affected by the forces applied to the model, and the constraints. The forces applied to the model are complex, being applied through every plane. This causes deflection across the board and down the length, requiring the laminate layers positioned at each angle to be strengthened. If the forces applied to the model were simplified, only applied through one place direction, the optimisation would only need to strengthen the laminate layer which is most affected. For a force applied in the z-axis, the 0° layer is most affected and the -45° and 45° layers are secondary. The -90° and 90° layer would be able to decrease as they offer the least benefit to strength. 
[bookmark: _Toc181656310]Prototyping 

Creating a prototype of the kiteboard design with the optimised laminate layers a good means of correlating the results gathered from the simulation. Prototype results would demonstrate whether the results gathered from the simulation were accurate and help to refine the parameters set in the simulations. 
The steps to complete the physical test would be as follows, create a prototype, set up testing conditions, measure the deformation, compare the results and iterate from the findings. 
To gain the most accurate data from the prototype it should be a 1:1 full size model, using the same material in the same lamination layout and thicknesses. If the manufacture of the prototype is constructed differently from the simulation model, the results will not be accurate, and the further iterations of the simulation created from the gathered data will produce anomalous results.
Using a water tank the board should be positioned in the same in the same orientation outlined in Figure.3. Two supports positioned in the RBE foot straps will mimic the riders force and allow the board to stay in the outlined position when the water flow is started. 
Measurement devices, such as strain gauges and displacement sensors, should either be attached to the surface of the board. Laser displacement sensors are an option to measure the displacement, but the test would need to account for the refraction caused by the water and the currents around the board. Physical measurement devices attached to the surface will be more beneficial during this test. High-speed cameras and digital image correlation (DIC) will allow the deformation to be visualised across the whole of the board, not just a point where strain gauges are placed. 
All the sensors must be calibrated before the test to gain the most accurate data. 

The test should be run multiple times to account for any variability and clarify the repeatability of the test setup. All data points gathered should be recorded and used to compare against the simulation results. 

 Upon completion of the tests, the deformation results from both the physical and the simulation should be compared. If any discrepancies are found in the data, this will allow either the simulation or physical test to be refined and more tests to be completed. It may be discovered that the physical board does not deform as much as the simulation outlines, possibly due to incorrect forces being applied. By decreasing the forces in the simulation, the laminate layer thicknesses and arrangements may decrease, decreasing the other all mass of the board. 

When an agreed tolerance range between the simulation and physical data is achieved, the results are accepted. The model is validated and the prototype moved to full production. The results parameters gained from this initial testing, will be vital for simulations of future boards, speeding up the design process. 
[bookmark: _Toc181656311]Conclusion

In conclusion, FEA optimisation has been a transformative development in the design process of many components for several industries. High-performance, lightweight and durable components can be created using a range of techniques. A building on the early foundational work in structural and finite element modelling (Bendsoe & Sigmund, 2003; Rozvany, 1992), FEA techniques have developed to allow for more complex optimisations to be run, topology and multi-objective optimisation (Youn et al., 2003). 
The model and optimisation of the board was successful, achieving a mass lower than the original layout, while undergoing a deflection lower than the steel board. The final thickness of the board was calculated to be 3.6mm, with a max deflection of 23mm
Finally, prototype testing is a critical validation test to ensure that the data gathered from the simulation matches the real-world performance of the component. 
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[bookmark: _Toc181655574]Figure 11: Mass objective
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[bookmark: _Toc181655575]Figure 12: Deformation constraint
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[bookmark: _Toc181655576]Figure 13: Design Variables
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