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1.0 - Introduction 
Regularly in engineering and design, components and products need to become cheaper to produce or even lighter by using less material. Finite element analysis allows engineers to design a component and then improve the design without making physical prototypes. Using mathematical techniques, it allows for understanding of physical phenomena such as fluid behaviour, structural behaviour, wave propagation and many more. Seeing how FEA allows a visual to be made on how a part or assembly will behave under specific conditions, it is a predominant tool used specifically in F1 to gain an understanding of how parts will handle conditions on track before the physical prototype is made and tested, saving both massive amounts of time and money. 
2.0 - FEA Optimisation Techniques 
Using Finite Element Analysis saves engineers and engineering firms huge savings in cost spent on materials, manufacturing, and testing. Using the software allows for weak points, high areas of tension or stress to be found and rectified within the design. The software allows for specific real-life loads and stresses to be applied to the design to see how they react and perform, this is usually shown through colour scale, for example, high load or stress areas where the component displaces the most will be shown in red, orange, or yellow. 
There are multiple different optimisation models used within FEA. Each of these models has different benefits and uses for different sectors of engineering. There are two approaches to optimisation known as parametric and non-parametric. Non-parametric will find the best shape to withhold the amount of load required. This matches the capabilities set whilst reducing weight and material use. (Cofer 2014). Parametric is used where each parameter is varied within a permissible range to find the best design. Optimisation is also classed as shape, sizing, and material.
A type of sizing optimisation is known as topology. The mathematical method is used to spread out the amount of material so that it is more effective to tackling the load applied and therefore minimizing the stress energy. Topology optimisation considers the boundaries and load set by the engineer, and then uses this to create the best design to nullify the stress and strain by using the beast amount of material and therefore minimal weight, however it is important to understand that the design made by the optimisation does not consider ease of manufacturability or the aesthetics, yet it does save massively on cost. (SDC 2023). 
[image: ]Topology Optimisation was first looked at during the early 1700s where G.T Leibniz and L. Euler came up with theories and the basis for analytic procedure, with this basis included the calculus of variations development. Following this, Hamilton and Lagrange added to the calculus variations in the early 1800s, which then was used for optimisation problems, the theory then combined the variational calculus along with mechanics and mathematical programming until Maxwell took the theory and applied it to design bridges and their structures. (Johnson 2013) Michell added to Maxwells work and findings by creating the optimal design or structure based off the loads or stresses applied, however these designs were not practical and difficult to manufacture. The late 1900s, Rozvany extended Michells theory and applied it to beams, then Bendsoe and Kikuchi proposed the homogenization method. The standard approach used in most software for topology optimisation is known as Solid Isotropic Material with Penalization or SIMP. (William 2018)

Figure 1 – Topology Optimisation (Sigmund 2003)


[image: Free Shape Optimization using Hypermesh [Optistruct Tutorial] - YouTube]Shape Optimisation is a little different where it picks the best possible structure to improve or reduce the mechanical behaviour desired. Shape optimisation can offer solutions or ideas to engineers which might not be in thought. The shape optimisation estimates the effects of changing the general shape, as well as parameters, not just basic dimensional changes. (SDC 2023) It differs to topology as it involves linear and non-linear finite element analysis, whereas topology uses linear static. 
Figure 2 – Shape Optimisation (Aeroswap 2021)


Finally, sizing optimisation is where the structural properties are optimised by changing parameters such as cross-sectional area, angles, thicknesses. This type of optimisation is widely used in sectors to reduce the amount of material use whilst also achieving the desired performance from that part or component. (Gerzen 2017).
Figure 3 – Size Optimisation (Haertel 2017)
[image: 1: Comparison of size optimization, shape optimization, and topology ...]
The history of the FEA is unconfirmed; however, it is suspected to be around the 1800s with John William Strutt Rayleigh developing a method to predict the first natural frequencies of simple structure (O’Donnell 2023). This was done by assuming the deformed shape for a structure, then quantified the shape by minimizing the distributed energy in the structure. This was then developed further by Walter Ritz into a method, used for predicting the stress and displacement on structures known as Rayleigh – Ritz method. 
Further development was made for Finite Element methods with the aerospace industry taking it further in 1950 with professors such as R.W Clough, M.J Turner, H.C Martin and L.J Top. Ray Clough was one of the first to write a paper on finite element analysis at Berkeley, from this Berkeley became a centre for FEA research and early developments. (Tipton 2017). From this, E. Wilson then created one of the first FEA programs at Berkeley which was hugely popular during 1960s as it was freeware program. 
All three optimisation techniques massively improve the design process of a component or part, by allowing it to be designed with as minimal material as possible whilst also achieving the performance wanted. This means a huge saving on cost for material. It also allows for the best design to be created and achieved and if possible, this allows for it to be designed and go into the testing knowing roughly how it should perform. This will save time and again money as fewer physical prototypes need to be made to carry out the relevant testing. For future it is considered that the optimisation might begin to show the best material to use for the component.
3.0 - Designing and Optimising a Rear Wing
Designing the rear wing appropriately and using the correct tolerances and parameters is crucial to being successful. Following the design and testing regulations set by Fédération Internationale de l'Automobile allows for a design to be made using software which will simulate physical performance. Carrying out the designing and optimising of the wing means that less money and time is spent on physical modelling and testing it also gives a virtual showing of how the wing will perform. Design Studio was used to design the wing and then carry out tests to help the wing be made with as little material as possible whilst not exceeding the maximum displacement. 
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Description automatically generated]
	
Create a unidirectional carbon fibre reinforced plastic wing with specific material properties.
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Description automatically generated]
Apply and change the orientation of the theta vector elements to the structure going from front to after, same way wind flow would flow unless disrupted.
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Description automatically generated]
Applied 5 layers at 0.5mm thick per layer at different angles varying from -90 to 90 degrees. Total thickness of 2.5mm, the elements created before need to be pointed on new physical property created. These 5 plys are applied 5 times at each angle therefore 25 plys in total.
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Description automatically generated]
When applying a load of 5263 Newtons to the wing it displaces at 28mm at the centre and the top plane displaces into the bottom wing, which is clearly not appropriate. 

[image: A computer screen shot of a computer program

Description automatically generated]

According to (Hughes 2022) and supported with the (FIA Regulations 2023), the rear wing directly behind the rear wing centre line has a load of 500N applied to it horizontally. From this it must not deflect more than 7mm. Applying the load roughly 270mm either side of the centre. Selecting 770 grids and applying a load of 0.65 to each gives an overall load of 500N acting from the centre line and out. After importing it to the deform/mesh visual you can see the wing displaces 7.4mm, which is more than the regulations state therefore the thickness of material would need to be altered. 
When altering the thickness of each layer to 0.6mm, therefore a total of 3.2mm thickness, the deformation is changed to 5.1mm which is within the specification. 
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Description automatically generated]
Created an objective for the mass of the wing to be as little as possible.
Set a constraint for the wing to not displace more than 7mm. 
Created a design variable for each layer to have an initial bound of 1mm, lower bound of 0.2mm and an upper bound of 3mm.
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Description automatically generated]
Optimising the rear wing with the objectives and constraints in place.
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Description automatically generated]
After 6 cycles the optimisation was complete, as you can see the 1st cycle throws weight at the object, then slowly works its way down to find the lowest weight possible without violating the constraint.
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Description automatically generated]
Graph plotted using design history to show the minimum each thickness of each layer can be whilst achieving the maximum displacement. The total thickness of the top plane being 2.06mm with the thickness of each ply being seen in the above graph.
The FIA state that the lower plane has forces acting vertically on it again from the centre but only 50mm either side. The forces acting are 200 newtons with a maximum displacement of 2mm.
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Description automatically generated]

Applied a load of 200 newtons to the bottom element of the rear wing. This needs to displace no more than 2mm. The load was applied vertically rather than horizontally on the top aerofoil.

[image: A computer screen shot of a computer program

Description automatically generated]
When 200N was applied vertically to the bottom wing, the wing displaced by 0.39mm. This is with the thickness of the wing being 3.2mm in total, each layer being 0.6mm. The maximum displacement according to (FIA 2022) is 2mm.
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Description automatically generated]
Optimise the lower wing with the objective staying the same and the constraint changed to 2mm, as this is the maximum displacement. After 7 cycles the optimisation was achieved.

[image: A computer screen shot of a computer program

Description automatically generated]
Cycle 7 shows that the displacement is now down to 2mm which is the maximum displacement and within the regulations set. The total thickness of the bottom plane is now 2mm with the thickness of each ply being shown below.
[image: ]

*All screenshots used was my own work on the software called Design Studio*
4.0 - Further Testing 
After carrying out simulation and optimisation on the designed wing, it is important to build a prototype to carry out physical testing. Once obtaining the data and results for this a comparison must be made to the finite element analysis to see if it performs how it predicted. Firstly, it is critical that all simulation and optimisation carried out is done to the standards of the FIA and that it performs within the limits set, creating a design which would not pass the regulations wastes time and money, collecting relevant and clear data at the start of the simulation and analysis is vital when comparing results. 
The laboratory test carried out on the prototype is the wind tunnel test. A wind tunnel is a closed-circuit chamber with a belt and a big fan which sends large air streams over a prototype, from this air flow patterns can be analysed and collected (Blackstock 2020). Having a closed-circuit chamber with smooth walls and boundaries means the chamber provides a more uniform air flow of air, and with the size of the fan it generates less turbulence. 
To study a prototype of a rear wing it must be placed within the chamber and put through a series of different parameters to generate a variety of results. Obviously if only study the air flow and forces on just a model of a rear wing the belt would not be in use, however speeds of the airflow can be altered as well as the angle through the fan and blades. Allowing the blades to move to adjust the direction of the airflow allows results to be generated for how the rear wing would perform around corners (Anderson 2020). From the tests carried out in the wind tunnel basic data should be collected such as downforce, drag, displacement, yaw moment and side thrust. During later parts of testing, temperature and humidity would also have to be included as these affect the airflow and therefore changes the outcome and performance. Having surface pressure tapping’s means high load areas can be found across the rear wing, typically these are found in the centre of the rear wing, due to the simple beam structure being supported at either end (Toet 2019). 
During the actual testing, the airflow is set at different speeds, often this is 20, 25, 30, 35, 40 and 50 m/s along with various angles of attack ranging from -5 to 10 degrees (Shelan 2019). Increasing the angles of attack allows for tests to be carried out about the downforce and drag differences. From the data collected it allows for further tests and trials to be run, for example, according to (Wordley 2016) if the end plates size was to increase the downforce generated would also increase, thus improving the steady state cornering and yaw acceleration. When collecting the displacement or the load difference at each speed and angle the data needs to be collected, and then put back into the CFD simulation and the optimisation and finite element analysis. This way it can be seen if the software is accurate compared with physical testing, and it can be seen whether additional changes can be made such as sizing or shape of the rear wing. This could affect the amount of material used, possibly too much or not enough which would contribute to performance, or even the shape of the wing may need to be adjusted to combat higher loads at specific areas. 
It needs to be known that during the testing with wind tunnels the speed is restricted to only 50 m/s due to the size of the model being capped at 60%, this is part of the regulations set by the FIA (Anderson 2020). To fully validate results collected from both the simulation, finite element analysis and the wind tunnelling, a full track test would need to be conducted, this would then include the variations of track condition, tires, temperature, and even driver input. This method is not as precise; however, it is arguably the most important because how the component reacts with these variations will determine how it performs in a race.

5.0 - Technical Literature, Standards and Regulations
When designing and testing the rear wing component, standards and regulations are critical and must be known to achieve an output which is suitable and compatible with the rules. When the rear wing is fixed and put under load, the flex or movement of any amount needs to happen, otherwise the wing or component would end up snapping of fracturing. However, the physics behind this means F1 teams countered this to have the rear wings flex back when under load from speed, reducing drag and increasing the downforce meaning they can corner at higher speeds, then when braking, the wing would flex forward creating more drag to brake and slow down more effectively, because of this the Fédération Internationale de l'Automobile (FIA) became strict with the rules of rear wings, and now the testing and function of them has become highly policed (Somerfield 2020). 
Firstly, the FIA states multiple different diameters and tolerances for sizes of components and designs such as slots, beams, and endplates, however it is important to only focus on the rear wing upper and lower planes. According to the FIA technical regulations, the rear wing separators or planes must be aligned as a pair to provide a bearing across at least 40mm2 when the distance between the two sections is at its closest position. Both planes must be rigidly fixed at either end or have a fillet radius less than 2mm between the support. 
As well as this the material used must have a modulas greater than 50 GPa. This is crucial and one of the reasons why carbon fibre reinforced plastic is used along with lightweight (Fédération Internationale de l'Automobile regulations 2023). The planes must be between 2mm and 6mm, this would be distinguished when carrying out load testing, the thickness would be determined by the load placed and the displacement of the wings. In terms of the flexibility of the wing, the top flap must not displace more than 7mm horizontally when a load of 500 newtons is applied horizontally. This load will be applied at three different points from the centre of the wing, and then 270mm either side of it. This test is carried out with an adaptor pulling the wing in a rearward direction. 
[image: ]

Figure 4 – Rear Wing pull back test. (Somerfield 2020)



The lower aerofoil flexibility is measured vertically using adaptors pushing the wing downwards. The FIA states when applying a load of 200 newtons the wing must not displace no more than 2mm. This load again is applied centrally, however, no more than 50mm wide, and extend no more than 10mm forward of the trailing edge. The reason these loads are applied is because the load-testing equipment can not apply the actual loads the wing sees. So, by applying the 500N and 200N and having the displacement be less than 7mm and 2mm respectively, assuming the flex is linear to the load, it would imply that at 150 mph the flex would be around 18mm due to the increased load, and then more again when at 200mph plus. 
(Fédération Internationale de l'Automobile 2023) also has strict scrutineering in place, and states that initial scrutineering must take place 4 hours prior to the start of Practice 1 of a Grand Prix and submit a duly completed declaration no more than 2 hours before the start. Not following or complying with the regulations in place can lead to teams facing penalties such as reduced hours of testing, deduction of points or possible suspensions.
6.0 – Conclusion
To conclude, finite element analysis has become a critical tool used in engineering since its establishment by various engineers. It’s use in Formula 1 has saved teams and engineers huge amounts of both money and time by not having to create physical prototypes to test within wind tunnels and on tracks. 
The use on optimisation has allowed for designs to be made and constraints to be set for components to be tested and show how little material can be used whilst not displacing or moving out of the maximum boundaries set by Fédération Internationale de l'Automobile. Finite element analysis also allows for the best design to be generated by either altering the shape to have the best stiffness or lowest displacement, or by changing the size by altering angles or thickness. Finite element analysis has allowed engineers to find the best possible design, using minimum material whilst achieving the desired output. 
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