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Designing a race car rear wing: Structural Design
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[bookmark: _Toc148102622]FEA Optimisation Techniques
Finite element analysis (FEA) is a method of simulation used to problem solve through visualising unique properties regarding structural analysis, fluid flow, and heat transfer. FEA software is commonly used by engineers, mathematicians, and physicians to analyse the behaviour of complex shapes and structures using a model designed typically on 3D CAD software such as Solidworks. This can be used in structural engineering to determine the stresses on areas of bridges and buildings, aerospace engineering to determine heat transfer and air flow of wings and other components, essentially it can be used in any applications where understanding and predicting the behaviour of complex systems is critical for the design, optimisation and safety of the structure, system or components.
FEA software allows for many features that can be used to optimise and improve the design of a system through simulated results using techniques such as:
[bookmark: _Toc148102623]Topology Optimisation
Topology optimisation helps to determine the optimal material distribution throughout the shape and design of a system. This technique aims to achieve performance criteria such as weight and strength through removing excess material and balancing the amount of material in specific areas or critical regions.
[bookmark: _Toc148102624]Shape and Sizing Optimisation
Similarly, to topology optimisation, shape and sizing optimisation is another technique which focuses on changing the geometric properties of a system. Through optimisation the shape and size of the structure or system can allow the engineers to achieve the optimal dimensions in order to achieve certain performance criteria such as air flow, weight, strength and deformation.
[bookmark: _Toc148102625]Constraint Handling
Constraint handling is also a optimisation technique as it’s used to help engineers set parameters and design constraints on their system or structure, such as limits on size, strength, thermal conductivity, vibration resistance and displacement. These constraints will be considered throughout the design process in order to ensure that the final design is feasible, meets the criteria parameters and is safe for intended operation.

[bookmark: _Toc148102626]Historical Developments
[bookmark: _Toc148102627]Beginnings (1950’s)
Finite element analysis has roots dating back to the 1950’s with researchers using mathematical methods to solve complex problems regarding deformation and stress analysis in aerospace applications. Company’s such as Boeing and Bell Aerospace in the US and Rolls Royce in the UK (Roger Tipton) were the first to initially research and develop the ideas surrounding FEA. The phrase finite element analysis was introduced by a group of mathematicians; Ray Clough, Richard Courant, and Olgierd Zienkiewicz. ‘Zienkiewicz developed new numerical methods for solving complex engineering problems using the finite element method (FEM). He developed a number of innovative algorithms and computational techniques that made FEA practical and efficient for solving large-scale problems. Zienkiewicz also introduced adaptive meshing, which allowed for more accurate solutions with fewer computational resources.’ The History of Finite Element Analysis- Laura Combden May 9th 2023.
[bookmark: _Toc148102628]Early Developments (1970’s)
With the work the that these mathematicians achieved software packages were more attainable and usable with companies such as Boeing and IBM helped develop the software and allowing other industries to utilise this new design software. Throughout the 1970’s, developments in the software’s algorithms alongside more powerful computers improved the efficiency and robustness of the software’s allowing the analysis of larger and more complex mesh systems. Industries including automotive, electrical and civil engineering were now on board with using FEA software ‘thus the period of 1962–1972 is known as the golden age of FEM and so on.’ (Lovely Sabat).
[bookmark: _Toc148102629]Further Developments (1980/90’s)
Further developments throughout the 1980-90’s such as parallel processing and nonlinear analysis allowed FEA software to simulate behaviours in larger models and systems in terms of material deformation and plasticity. Also, the introduction of element types such as linear, quadratic, and high order elements enabled engineers to more efficiently attain results through simulation. This is important as choosing the correct element type in FEA determines the accuracy of the results. The geometry, boundary conditions and loading conditions will all be affected by the element type, whether you’re simulating on a 2D plane, 3D structures and complex 3D shapes.
[bookmark: _Toc148102630]Latest Developments (2000-present)
Recent developments made in FEA software from the 2000’s-present day include more features and parameters to simulate due to the increases in computing power. These features include fluid dynamics, thermal electric coupling and electromagnetic interference, all of which can be analysed simultaneously leading to FEA systems to be used in more diverse industries. Alongside faster simulations and more in depth study of the designs of structures and systems a revolutionary development has been introduced called topology optimisation. This FEA feature allows the designer to automatically generate an improved design to best suit their criteria within the specified parameters. This can dramatically reduce the time taken to produce a design that proves to meet the desired criteria over trial and error methods or making small alterations in order to try improving their design.
[bookmark: _Toc148102631]Future Developments
FEA software has constantly been developed since their conception and introduction in the 1950’s and advancements will continue to be developed or improved in the future. Possibilities of such developments could include the following:
[bookmark: _Toc148102632]Further use or expansion of Topology Optimisation
‘Recent works have been conducted to combine deep machine learning methods with reduced order modelling methods.’ (Wing Kam Liu). Topology optimisation is already a new and revolutionary FEA feature and will continue to improve and develop in the future. This feature will adapt to incorporate artificial intelligence (AI) to assist with more effective and efficient generative designs through topology further enabling automatic design optimisation. This will also decrease the time taken to produce a well-developed design.
[bookmark: _Toc148102633]Quicker and more simultaneous simulations
With FEA software continually improving the same is found with computing power. The benefits gained through faster and more powerful computers include a decrease in the time taken to perform the simulations meaning the designers can perform more simulations throughout their time using the software resulting in a further developed design. I will also allow for more complex designed systems with larger mesh patterns for example.
[bookmark: _Toc148102634]Multiple physics simulation
Looking forward the current software will improve along the computational systems may grant the ability for designers to have multiple simulations running at the same time, which will be ideal for a designer who has more than one project to test. 
[bookmark: _Toc148102635]Improving design process
To summarise all the developments in the software since its conception and increases in computational power have led to FEA software improving by becoming more accurate and efficient. The software has allowed this due to simulations taking less time, the ability to simulate more complex systems and designs, or even the ability to simulate more advanced physical phenomena. In terms of future improvements AI will have a huge impact on the way designers use FEA; rather than having to make small adjustments based off prior results and experience, a designer will eventually be able to generate a near perfect design through using AI to optimise the system for given parameters.




[bookmark: _Toc148102636]Design Studio Model
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Initially started out with a steel wing profile but going forward, in order to optimise this a better material was required. Carbon fibre is the obvious choice for this application, so to simulate in Design Studio it was required to be changed. See the following:
1. As carbon fibre has unique material properties a ‘new material’ has to be created using the software and manually entered all the data provided to precisely simulate the material such as Young modulus and shear stress etc.
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2. As carbon fibre reinforced plastics are made up of multiple layers this too has to be inputted to the software. So, after the material properties were entered the software required to know how many layers of the material were to be simulated, the thickness and the direction of the layers in terms of the Y axis. Each layer was placed at 45-degree intervals to ensure a strong construction reducing deformation in all directions. It is important to mention that the layer of material was 1mm/5ply thick each, resulting in a construction that 5mm/25ply thick overall.
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3. Now that the new material has been created and all the properties are correct. The material now needs to be defined and the old steel composition needs to be deleted.
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4. To allow the simulation to run, the mass and volume of the system needed to be calculated. Fortunately the software used (Design Studio) can generate these physical properties automatically which can be seen below:
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5. To perform the deflection/ deformation simulation the feature used was ‘Genesis Single Analysis’. This should run without issue if all parameters are set correctly such as layer direction and axis notation.  Once complete you should see the following:
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Finally in order to visualise the simulated deformation of the wing, design studio can show a gradient overlay on the wing itself easily highlighting areas that experience low to high levels of displacement. This feature is used to find potential areas of fail or allows the designer to optimise their design to reduce the deformation. As you can see before optimisation the wing experiences just under 7mm of displacement shown through a single analysis. This is using a UDL of 500N spread across the two wing sections.
[image: A computer screen shot of a computer program

Description automatically generated]
[bookmark: _Toc148102637]Optimising Model
Now that the wing has been created, defined and simulated, it is now ready to be optimised. The goal here is to attain the best strength to weight ratio or in other words minimise the mass and reduce the amount of deflection or maintain an acceptable level of deformation.
1. Firstly, design constraints needed to be set such as the maximum amount of displacement that is allowed which will determine whether the design is a success. ‘The first test demands that the rear wing must deflect no more than 7mm horizontally when a 500N load is applied horizontally.’ (Johnathan Noble, July 17th 2020) Also, to a set the design variables, in this case they’re the maximum and minimum values for the thickness of each layer. These being 3mm and 0.1mm.
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2. Secondly optimise the design by simulating the wing through multiple cycles to gain an in depth view across multiple layer thickness’. You will be able to see which thicknesses exceed the constraints and thus deform outside the tolerance. Also, to visualise this further below can be seen a colour mesh map highlighting areas of high and low displacement. As you can see the first cycle (cycle #1) was violating the design constrain any 999% and by cycle 2 the genesis optimisation found a median between thickness of the material compared to displacement. Eventually after 8 cycles the maximum thickness is 1.423mm with 0% violation of displacement.
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3. Below can be seen the graph that represents the changes in layer thickness through the cycles of optimisation. Based on the graph it can be determined that the two outer layers (layer 1 & 5) have clearly decreased in thickness where the remaining layer have increased, especially the centre layer which has tripled in thickness to 0.3mm from its starting point of 0.1mm.
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[bookmark: _Toc148102638]Prototype Testing
[bookmark: _Toc148102639]Important Considerations
Once a simulation has achieved its specification, in this case the rear wing has been optimised to be as light and as strong as the design allows within the constraints; a model is required to further prove that the simulation is accurate and is a true representation of real-world physics. It should ensure that the wing will work in the real world as a simulation is never 100% accurate and has the possibility to overlook certain physical phenomena. 
[bookmark: _Toc148102640]Define Objectives
It is important to always start a practical experiment with a clear and concise objective, what you aim to achieve. More specifically what you plan to measure and the results you expect or predict to see, in this case you should expect that the results of the practical test will reflect the analysis and simulation of the wing using FEA software.
[bookmark: _Toc148102641]Equipment and materials
It is also important to be fully aware of all the materials and equipment necessary to carry out the experiment as mainly it allows for accurate repeatability for further design tests in the future granting consistent results. Secondly knowing what is needed in advance allows you to plan your resources effectively. For example, it can allow you to create a budget and it ensures that equipment will be available when required.
[bookmark: _Toc148102642]Force application
In this scenario a force applicant will need to be selected to give a consistent and realistic representation of the forces the wing will experience when mounted to the race car while out on track. Examples of methods that could be used include using weights to hand off the wing, using accelerated air such as a wind tunnel or hydraulic/pneumatic actuates such as cylinders or electric servos.
[bookmark: _Toc148102643]Data acquisition
One of the most fundamental parts of any experiment is how you are going to acquire the data you desire from performing the test. The data from doing the experiment is critical as it will be used to prove your designs effectiveness and can also prove the reliability of the simulation data when comparing data. Not only does is validate your predictions but it verifies that your design is a success or whether more development is needed.



[bookmark: _Toc148102644]Ideal Experiments
The ideal experiment is actual for an F1 team to perform all tests mentioned above. These include strain gauge testing using static weighted loads and measuring by hand the deformation of the wing. However, this test is a poor representation on how the wing will behave on the back of the race car as hanging weights from the wing is a single point load whereas the air hitting the wing is more closely resembled by a UDL. Secondly, using a wind tunnel to forcibly deform the wing and using displacement measure equipment to measure the deformation such as DTIs and cameras. Thirdly, constructing the wing as a prototype and fitting it to the race car for it to be tested out on track subjecting it to real world physics. Data of which can be accumulated through the use of cameras that can measure the displacement cause, but also through communicating through the driver who can give his opinions on the performance of the wing using his experience as a driver. 

[bookmark: _Toc148102645]Technical Literature & Standards
F1 is defined by the rules and regulations that must be adhered to participate. These strict regulations extend to the rear wing which covers everything in terms of structure, strength, shape, design, and size/dimensions. Relating this to the wing design seen above the dimensions of the wings structure such as the length width and height are all within the maximum value given by the FIA of an area of 5000mm2. (Shown in Article 3.10.2 paragraph b) the FIA being formula 1 governing body since 1950. (Martin Williamson)
Critically in terms of the amount of displacement allowed depends on what part of the wing is being tested. A mass of 500N is place in the centre of the wing profile and a max of 7mm is permitted, this test measures the displace across the horizontal. Another area of the wing is the wing structure with a maximum tolerance of 2mm when a 200N load is applied vertically. (Johnathan Noble). In the wing design seen above these parameters and constraints were used as the basis for a realistic and accurate test. A force of 500N was applied as a universally distributed load UDL across the surface of the wings profile and a maximum constraint of deformation was chosen to be 7mm as tested by the FIA. 
These strict regulations are put in place to ensure that all the teams can design and produce a consistent and safe race car and most importantly provide fair and equal opportunities for all involved. 



[bookmark: _Toc148102646]Conclusion
To conclude there and in-depth discussion on FEA techniques including the developments throughout the years since its conception. Discussed details such as generative optimisation and topology which will be the biggest benefits in terms of features of the software currently available. Using Cad software, a F1 wing design has been produced then followed by using FEA software (Design Studio) to gain further understanding of the material, strength and deformation of the wing. The materials have been improved to carbon fibre to witness its benefits over a steel construction but most important to software has been used to full affect to optimise the space and make up of layers while maintaining set parameters and constraints. Produced an explanation of how to follow a simulation by producing a design and discussed multiple forms of tests that can be performed and how the acquisition of data can be obtained. Finally, a relation between the wings design and technical data and regulations provided by the FIA and how they have impacted the wings design and FEA simulations. For example, the maximum amount of which it can deform.
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