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A report into the use of FEA optimisation, the history behind FEA and optimising, and the impact on the engineering sectors who use it, the automotive industry specifically. Delving into the fundamentals behind the ‘ahead of its time’ technology, this report analyses how optimisation techniques can be applied to the rear wing of a race car, allowing teams in competitive automotive raving to stay one step ahead. Predicting what the future holds for FEA optimisation, and where the software will make its next advancements. 
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[bookmark: _Toc148292290]Finite Element Analysis
Finite Element Analysis (FEA) is numerical technique used as part of the design process in various engineering aspects, to optimise structures, materials and movement of energy and fluids. The numerical solving differential equation software tackles complex objects by turning objects into significantly smaller pieces, referred to as elements, with each corner having a node which produces a mesh for geometric representation of the whole object. The process is referred to as the Finite Element Method (FEM). The image below shows these smaller pieces are referred to as “finite elements”. 
[image: FEA Mesh Elements & Nodes Guide | Intro to FEA] (Costen, 2019)
The use of FEA allows for product optimisation without the use of expensive, physical prototype production and testing. The use of the mesh and nodes digitally produced allows for FEA to be used, most commonly for simulating various loads on a number of different types of structures, allowing in depth analysis of deformation, stress, strain and ultimately optimisation of designs to eliminate the possibility of failure.   
This project reviews the historical evolution in FEA, the fundamental principles, the introduction of optimisation techniques and the use of FEA in its current applications. Specifically examining the use of FEA optimisation in an analysis of a rear race car wing and producing a comparative evaluation between FEA optimization to real life simulation tests. A review into the pivotal stage in the design process of numerous racing teams, specifically the competitive F1 division, their use of FEA in various stages. FEA optimisation can be carried out as a performance review method, structural integrity assessment or to maximise efficiency, all ensuring complete compliance with the F1 regulations and staying competitive among their rival teams.

[bookmark: _Toc148292291]History of FEA
Historically, the development of FEA has improved drastically, initially treated as fundamental start points, to recent years of a pivotal, key stage of the design and production process, resulting in the use of the technique application widely used across many sectors. Some theories state the use of FEA fundamentals dates back to Leonhard Euler’s work in the 16th Century, stating with the development of solving differential equations, with more specific detail given in Leibniz’s work in 1697, detailing the use of smaller triangular functions in ‘discrete variational method’, which can be described as the ‘precursor of the Finite Element Method’ (Stein, 12th December 2011). His contributions would go on to assist in the further development of FEA.
Practical applications were witnessed in Schellbach’s work in 1851, the first analytical study. Subsequently, Strutt produced numerical results through his theory of sound in 1877 (Alireza Firoozfar, 2020) , while Ritz introduced a discrete method for analysing Kirchhoff plate in 1909. Compiling all the collective efforts and findings led to the first use of triangular and rectangular elements for two dimensional elements by Courant in 1943 (Alireza Firoozfar, 2020).
Ultimately this extensive research and its outcomes paved the way for finite element analysis, with the first documentation of FEA applied to structural and aeronautical assessments by Turner and his colleagues in 1956. During their time of discovery, Turner et al would have produced the FEA through manual process, involving individual mesh calculations. This is vastly different from the time and cost-effective advancements which followed. In the 1960s, E. Wilson produced one of the first FEA programmes which became immensely popular by the end of the decade, an idea which NASA funded project, NASTRAN later replicated. The digitalisation of FEA marked a monumental shift for engineers. Calculations produced digitally and simultaneously as we approached the early 1970s, allowed for designing in a more time efficient manner. Modern age technology and FEA advancement enables engineers to produce the most optimised product as the click of a button. This digital approach allows for time efficiency during optimisation of the shape, structure, and geometry of the object, within its predefined design parameters input by the user.

[bookmark: _Toc148292292]Current Applications
Due to its unique abilities, in current times, FEA and FEM are widely used by several sectors, in many applications. Its abilities to simulate and analysis in small finite elements and use mathematics to improve and optimise the object or project, makes it a valuable software to its users.
Objects all around are optimised by FEA, whether analysing the force on an object, reviewing heat displacement, or studying geotechnical behaviour, the accurate, time and cost-effective results contribute to its popularity. The use of FEA optimization a prevalent and valuable software used across many sectors, including but not limited to:
Mechanical & Manufacturing Engineering:
· Optimisation of products
· Stress analysis of mechanical components.
· Thermal analysis of manufacturing processes.
Civil & Structural Engineering:
· Building and bride analysis of structural integrity.
· Evaluation of dams for stability.
Automotive Industry
· Crash simulation testing for safety.
· Structural analysis for vehicle parts.
Aerospace Engineering
· Structural analysis of aircraft components.
· Heat transfer in engines.
Any requirement where analysing fluid flow, heat displacement or applied force, FEA will typically be used as part of the design process to ensure the most optimal designed product before using resources to produce a prototype and physically test it. Whilst it may not be obvious, FEA analysis is used in products consumers use every day. 
Whilst it may seem only advantageous to use FEA, it does have its limitations, for instance, calculations are based on parameters input and assumptions, if the user input an incorrect perimeter, the software will produce with that, making it only as accurate, as the user is correct. The quality of the mesh also plays a significant role in the accuracy of the calculations, with some qualities will not produce calculations if quality of mesh is too poor. Another limitation to be considered is that larger mesh count projects can take a few minutes longer to calculate and optimise (SimScale, 2022), which can be considered a disadvantage, but when put in comparison to producing a prototype and practical tests, there really is no comparison.
Heavily weighted as an advantageous software, it is evident why FEA is as widespread adopted. The powerful tool allows complex structures and systems simulates and analysis in a matter of seconds, enabling designers to produce the most optimal design without the need of a physical prototype. It is clear why choosing to utilise FEA is an indisputable decision across the world.

[bookmark: _Toc148292293]Future of FEA Optimisation
It is uncertain where the future of FEA optimisation will lead, though one thing is clear, is certainly won’t be going away. One possibility will be its continuation in the use of the software for optimisation of significantly large and complex structures. As we live in a world where the high risers in cities continue to be higher, the need for FEA will continue to grow. The ever-changing climate will continue to require the FEA analysis of components and structures in the aerospace industry. As automobile industry enters its large shift into more neutral environmental impacting vehicles, how will different properties within the newly designed cars effectively function from the Texas heat to the Inverness winters. The listed examples are an idea, but certainly not limitations, the benefit of the multidisciplinary optimisation indicates that the technique will be used between many different engineering sectors but limited to a small number. 
As we enter a world where the material prices have nearly tripled in a year, prototypes may become a stage of testing which is conducted the very end of the design process, the more cost-efficient comparator being FEA and its optimising abilities. Concerning the escalating material unit prices, the future of FEA optimisation in manufacturing may heaving rest on using comparable materials where possible, through the use of optimisation to ensure the abilities are comparable, where the properties align.
As we step into a new age of technology, there are considerations on how artificial intelligence (AI) will transform the simplest of tasks, before even considering making advancements on engineering software. AI is already being applied to FEA and studies show its correctly functioning. Without the human intervention of inputting parameters, eliminating human error, these technological achievements are occurring more and more frequently, leaving the question behind of, “what’s next for AI?”, and how will this impact modelling and simulation.
FEA optimization has indeed made significant strides, yet the journey ahead is equally extensive, if not more so.

[bookmark: _Toc148292294]FEA Analysis and Optimisation of Rear Race Car Wing
Before any modelling, its critical to determine goals of this projects, identify constraints, determine objectives. For this project, achieving equal to or less than the maximum deflection allowed, with the constraints being minimising the mass of the wing.
The rear race car wing was produced in Solidworks, and imported to Design Studio, analysed and optimised to within the design parameters. Parameters applied, such as the property materials of unidirectional carbon fibre reinforced plastic and having applied 5 0.1mm thick ply sheets, as per brief.
[image: ]
Figure 1 – Illustration showing Force Acting on Wing
Using design studio, a force of relevant load and location is added to the wing. As per 2023 Formula 1 Technical Regulations, the relevant force of 500N was applied which shall have ‘no more than 7mm deflection horizontally’ (1, 2022). The force was applied centrally focused along the width and through the whole depth based on the F1 Technical Regulations of applying for the force 270mm either side of the centre of the wing. The wing was analysed and gave the results to show deformation of up to 8.7mm deflection, as illustrated with the red tones, indicating the deflection in meters. This step is critical, not only for optimisation, but to save, in preparation for a comparative graph in due course.
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Figure 2 shows rear race wing deflection prior to optimisation
In the mesh deformation displayed it is clear that displacements of up to 8.7mm showing throughout the tip of the top and bottom parts to the wing, with other concentrated high figures of deflection accounting for most of the wing’s composition. The composition of this wing is unidirectional carbon fibre reinforced plastic as per the brief’s material properties. There are 5 layers of 0.0005m ply which makeup the thickness, acting at the angles given in the brief. The mass/volume output as below, shows the 
[image: ]
Whilst the 8.7mm deflection is not an extreme value of deflection, it is not within Formula 1 regulations, indicated optimisation is required. Considering the goals for the task, optimization is carried out, where the FEA optimised the structure to input constraint parameters the maximum mass of ‘min’, maximum deflection of 7mm, which tells the FEA to produce a wing, as possible with the least amount of mass and deflection.

[image: ]
Figure 3 shows rear race car wing after optimisation.
From initial investigation, it may seem that only the top wing has improved, showing no red, just mainly green/cyan, with the bottom part of the wing still showing red. However, when referring to they key on the side, the wings maximum deflection notes as 7.9e-6 which is 0.0079mm deflection. This shows a significant reduction in deflection of the wing.
As per the brief of the project, it would meet the criteria of not being considered a movable structure, as the deflection shows as marginal, far within the F1 regulations. 


[bookmark: _Toc148292295]Practical Testing of Rear Race Car Wing.
FEA is incredibly advantageous; it is clear why it is so widely used. FEA and practical testing may appear comparable, but through investigation and analysis, it becomes evident that they can be used together, but neither can substitute the other. Their similarities include that both are used for validating research conducted, can be used as performance review, used for data collection, education and understanding, and verification.
As the rear wing has been FEA optimised, tested, and analysed, the next stage would be a prototype and practical testing. There are a number of testing methods to initiate post FEA analysis, starting with a scale model for testing. A smaller version of the wing would be produced and tested under similar scenarios to those experienced in real world situations. The small-scale testing allows for review of airflow and dynamic data collection. More commonly used are full scale product testing in a wind tunnel. The wind tunnel would simulate airflow and like smaller scall, collects aerodynamic data, only at a more accurate level for the full-scale tests. 
Using FEA programmes will give you an accurate result of airflow given the simulation parameters input, but as aforementioned, the programmes will only give an output based on the input, the data input needs to be correct, testing with prototypes and wind tunnels will give you far more accurate scenarios. For instance, the load added to the FEA, there is 6 degrees of freedom constraints added, which gave the results as per optimisation. However, it is safe to assume that, in reality, the end plates will actually have a minor amount of deflection, this kind of result you’d expect to see in a wind tunnel test that would be indicated in FEA testing with constraints.
Wind tunnel testing has been a viable means of testing for over a century, the first NASA official recording from 1901 (Hall, 2023). The findings from these wind tunnel testing did go on to shape the fundamentals of aerodynamic and fluid movement. In more recent times, the variables and results output from the wind tunnel testing are digital, with cameras and lasers used to analyse the prototype on a microscopic scale. 
To test the rear wing of the race car, it will need to be fitted to the car and placed in a wind tunnel. The air is forced into the tunnel at the desired velocity, tainted with a smoke like fluid to determine the pattern of fluid flow, the lasers will conduct measurements and the conclusion will be displayed on the software in the control room. 
This is a great method to validify the results concluded from the FEA, and results taken from the wind tunnel test should be near identical to those taken from the FEA simulation and optimisation, though it is worth noting, this is not the limit of practical testing.
Furthering the practical testing analysis, from FEA to wind tunnel, the next test would be an on-track test. This is the only way the product can be tested, in the most accurate way, facing the aerodynamic properties that aren’t captured and simulated in a wind tunnel test, or with FEA optimising. As far as finding a comparable comparator between theoretical findings to physical testing, there isn’t one, all methods other than physical on track testing make, and base their input data on assumptions, which is why there is always a factor is safety considered.
To conclude, FEA is a powerful tool to use throughout the design and development stage, providing accurate results for the data input. The optimisation can be carried simultaneously, to provide the most optimal designed product and have results as a comparator, but wind tunnel testing is detrimental to the validation of results produced by the FEA optimisation. 
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In the context of this project, which pertains to the specification and requirements of the rear race wing, encompassing the maximum deflection when subjected to given forces, I referred to the regulations outlined in the Formula 1 Technical Regulations. These regulations are produced by the Fédération Internationale de l'Automobile (FIA). The FIA are the association that is the governing body of many automotive racing events, mainly known for Formula 1. 
Outlined in the Formula 1 Technical Regulations, which are updated annually, the latest edition stipulates the maximum deflection upon force added and how the force should be added to correctly measure. There are further rules which stipulate the maximum distance between the blades, which further highlights the deflection maximum requirements.
FIA have publicly stated their goals to their target of carbon neutralisation, through sustainable practices and technologies. Producing challenges to promote the “automobile technology of tomorrow” (Commision, 2021), which doesn’t directly stipulate their mission relation to FEA and optimisation but they have made it clear they recognise the crucial role FEA plays within the automotive industry. The FIA appreciate that a lot of the regulation compliance works is produced by FEA and optimisation tools. 
As a sustainability advocating board, FIA promotes efficiency, which applicable to vehicles performances directly derive from the use of FEA and optimisation, reducing carbon emissions, achieving their carbon neutral goal.
The FIAs sustainability stance of FEA optimisation embraces the fundamentals of their goals. FEA can be used for many design processes of the components including factors such as safety, efficiency and sustainability. 
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