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[bookmark: _Toc148124893]Introduction  
This report’s objective is to research finite element analysis (FEA) methods available and utilising them to analyse structures and their behaviours under load. To begin the report will explain FEA, its history, it’s current uses and how it may evolve with technological advancements within mathematics and engineering.
The second section will cover the use of FEA computer simulation software (design Studio) to analyse how a carbon fibre reinforced plastic (CFRP) rear wing of a Formula 1 wing behaves under load and measure its deflection without needing a physical model whilst referring to relevant industry technical literature.
The report will optimize the F1 car rear wing's material construction to meet specified objectives, variables, and constraints. It will compare settings, material parameters, and behaviour with industry standards. Additionally, the software's optimisation process, results, construction details, objective outcomes, time taken and a comparison of material properties with alternatives like steel will be included.
Finally, the report investigates the use and place of physical prototyping alongside the FEA process, suggesting methods of testing physical protypes, how to collect the data, the pros, and cons of these tests as well as the technical restrictions placed on some of the testing methods by governing bodies, posing challenges to be able to simulate life like results and the assumptions that are required as a result.
[bookmark: _Toc148013321][bookmark: _Toc148124894]Main Findings
[bookmark: _Toc148013322][bookmark: _Toc148124895]Finite Element Analysis (FEA) Optimisation Techniques
Various methods have evolved to optimise designs, materials, construction, and fastening techniques while considering design constraints such as material use, associated costs, mass, density, size, and shape. These methods have progressed from trial-and-error with prototypes to mathematical models to advanced software simulations that account for specific materials, construction methods, manufacturing techniques, and loading dynamics applied to an object.
Optimisation requires three things to set boundaries for what can and cannot be changed and what the end goal is. These are.
· Objective- What the ideal component is and the qualities or values it must meet. These could be and are often a combination of cost, material selection, mechanical properties in varying conditions and aesthetics.
· Variables- What can change about the design to better suit the end goal.
· Constraints- These are qualities of the component that are set at the start and must be met for the design to be acceptable. 
(Martins & Ning, 2021)
The basis and maths critical to the success and ability to conduct FEA studies originated in the 1800s by John William Strutt Rayleigh when he discovered a method of assuming the shape of a deformed structure and quantifying the shape through minimising the energy distributed within the structure. This method was then improved upon by Walter Ritz allowing the prediction of displacement and stresses on a structure (O'Donnell Consulting Engineers, 2018). Other mathematicians like Joseph Fourier developed methods for solving partial differential equations. Fourier’s’ work led to the ability to solve complex physical problems using numerical methods, providing a method to mathematically model and get a grasp on how something will behave.
 (Hearn, 1997, p. 118)
Matrix Methods (1950s - 1960s)
With the invention of computers led the development of matrix methods for many engineering simulations, including FEA studies. Engineers and mathematicians like Richard Courant, Olgierd Zienkiewicz, and Ray W. Clough began to develop techniques that allowed for the discretisation of complex structures into smaller, manageable elements in the form of multiple simultaneous equations.
Current FEA Methods and Techniques
The term "finite element" was first mentioned by M.J. Turner, R.W. Clough, H.C. Martin, and L.J. Top in a 1956 paper on structural analysis whilst working for and developing simulation methods for Boeing, Bell Aerospace and Rolls Royce in conjunction with Berkley University. This era saw the formalization and development of the finite element method as we know it today. Shortly after the release of the papers and with the advancements in computer technology during this period came the development of FEA software, the first being developed and by professor E. Wilson form Berkeley University (Tipton, 2017). Following the first software development for FEA, NASA started to develop their own software to be more capable, NASA’s project “NASTRAN” created the NASTRAN software which although it has evolved, is still used today.
Commercial software packages for finite element analysis began to emerge from similar projects by large organisations, making FEA accessible to a broader range of engineers and researchers. Programs like ANSYS, ABAQUS, LS-DYNA and NASTRAN once it was commercialised developed user-friendly software that allowed engineers and students to simulate, analyse and display complex systems more easily. (Tipton, 2017) the development of these software’s has not stopped, and they have become more easily accessible through their integration into popular CAD software’s, and capable of simulating larger and more complex stationary and dynamic systems using varied materials. With the advancements in computer systems software has been able to run larger simulations with finer meshes, providing a more accurate and reliable simulation in less time (Davila, 2021).
The Future of FEA
The future of FEA is likely to follow the same trend as computers become more powerful, simulations will be able to be larger consisting of multiple components of dissimilar materials at greater speeds. Artificial intelligence (AI) and Machine Learning (ML) are likely to play a significant role in the future of FEA, helping engineers produce more accurate simulations in a more efficient manner. AI and ML algorithms are already used in some software packages to scan existing data sets of FEA models to make comparisons with the model being run so that before a simulation needs to be done the AI can suggest fixed or alterations based on existing data. It is likely that AI will be able to generate new designs and construction techniques to best optimise designs as required, however it will still be difficult to compete with an experienced engineer (Structural Numerical Research Center, 2022)
(Mac Donald, 2020)
[bookmark: _Toc148013323][bookmark: _Toc148124896]Design Studio Model
The race car rear wing was designed in the computer aided design (CAD) software, SolidWorks and converted into a standard text file (.Dat) using NASTRAN software. Using design studio, the model is meshed into a finite number of individual elements to make it easier for the software to process. It will analyse each element, combining them for a whole model analysis. The elements are commonly tetrahedral for complex geometries and hexahedral for less complex geometries containing less elements, however hybrid meshed are also available containing both element types. The quality and size of the mesh is important as it will determine the simulation accuracy, meshing and analysis run time. The finer the mesh, the more accurate the analysis will be, but more time is required to process the greater number of elements. Accuracy and time taken are two crucial factors as poor conclusions and unnecessarily long run times will cost money, impact further simulations and could cause a project to fail (Melchiorre & Duncan, 2021). For the model of the F1 car's rear wing the mesh contains 5263 elements in a hybrid mesh. 
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Figure 1- Picture displaying rear wing models mesh construction.
The rear wing will be made of a CFRP composite, an anisotropic material. This increases complexity in comparison to more conventional isotropic materials such as metals. CFRP can be constructed in many ways, making it simultaneously ideal and difficult to work with as it can be optimised to many different uses and load cases but doing so can be difficult due to the number of variables such as ply thicknesses, number of ply's, matrix material, ply orientations which can sometimes be random, weave patterns and fibre lengths, these factors are often governed.
[bookmark: _Int_Xg3PiHmb]The model of the f1 car rear wing is constructed initially with 5 layers of unidirectional carbon fibre as permitted in section 15.3.3 of the FIA formula 1 technical regulations (FIA, 2022, p. 125). Each layer containing five ply’s, each ply measuring 0.1mm thick, resulting in a total thickness of 2.5mm. Layer one is set at an angle of -90° with every other layer rotated by 45°. The unidirectional carbon fibres have been set in layer one to run parallel to the Y axis, the other layers are rotated referencing layer one.
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Figure 2- Unidirectional carbon fibre- (Easy Composites , 2023)
The following properties have also been set in design studio for the simulation of the wing.
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Figure 3- F1 car rear wing CFRP properties.
[bookmark: _Toc148013324][bookmark: _Toc148124897]Design studio Optimisation 
[bookmark: _Int_H7TSRQ3h]Objectives, variables, and constraints are all required for optimisation, regardless of the methods employed. For the rear wing analysis, the objective is to minimise mass. The variables are the number of ply’s each layer contains, each layer thickness can range between 0.1mm (lower bound) and 3mm (upper bound). However, layer orientations are constrained. The constraint for the optimisation is a maximum deflection of 2mm under a uniformly distributed load (UDL) to simulate downforce produced from laminar air passing over the wing. 
Maximum deflection and load figures have been obtained from the FIA’s F1 test procedures stated on Autosport.com, “The second test demands that the rear wing can deflect no more than 2mm vertically when a 200N load is applied vertically” (Nobel, 2020). The load inputted into design studio is relative to the number of elements in the mesh. The value set is the value on each selected element, in this instance, the load is a UDL of 200N over all 5263 elements, resulting in a load per element of 0.038N vertically in the -Z direction (FIA, 2022, pp. 14,15).
For the load to be able to act on the wing it must be fixed, so the force applied can act on the elements, in this case the wings left, and right-hand side elements are fixed in 6 degrees of freedom (figure 5).
[image: A screenshot of a computer

Description automatically generated]
Figure 4-Load modification of the rear wing model.
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Figure 5- Picture displaying the edge elements being fixed in all six degrees of freedom.
The software begins optimisation by constructing the wing disregarding the mass until it the displacement is achieved. The wing is then reconstructed in multiple configurations, altering the variables in their allowed ranges, the software evaluates deflection after each iteration. The number of test cycles varies depending on the achievability of the objectives. Design studio will provide data of each test run during optimisation, displayed as text or graphically, relevant to the objectives, variables and constraints set. 
The graphs below show that the objective, mass, starts at cycle 0 at 1.88Kg. However, the constraint value of 2mm is violated by 286.6% (5.7mm). The software adds mass until the constraint value is met by altering the number of ply’s in each layer in the next cycles (figure 6), a maximum deflection of 1.9mm has been achieved in two cycles.
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Figure 6- Design Studio optimisation results. Objective (Mass (KG)) and Constraint Violation (Deflection) VS No of Design Cycles.
The optimisation cycles or number of design iterations that the software runs is configurable within the software and in this case, it has been set to 15, at this point the software stops as the curve on the objective graph flattens showing little room for improvement and the software has completed this task achieving a hard convergence in 35 seconds. If the curve on the graph was steeper or the objective had not been met the optimisation process would have been run again but for more cycles to allow for improved results or for a definite conclusion on design viability.
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Figure 7- Graph displaying each layer thickness during each design cycle.
The final design results and characteristics are stated below.
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Figure 8- Design Studios initial data output post optimisation.
Table 1- Optimisation results summary.
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[bookmark: _Toc148013325][bookmark: _Toc148124898]Stiffness to weight Ratio Comparisons
A materials stiffness to weight ratio is the ideal characteristic to use to compare the effectiveness of the optimisation and the chosen material against an alternative, in this case aluminium or steel. The stiffness and stiffness to weight ratio of a material is calculated using the following formulas.
[image: ][image: ]
Table 2- Steel Vs CFRP Vs Optimised CFRP stiffness and stiffness to weight.
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Table 2 displays the stiffness of some available materials available to manufacture the F1 car's rear wing from to prove CFRP’s suitability, where both lightness and stiffness are desired, the steel used has a young’s modulus of 200GPa and the results are obtained from design studio models. The steel wing has a stiffness higher than the original CFRP model yet due to its mass of 9.41Kg its stiffness to weight ratio is poor, over 3 times less. In comparison with the optimised CFRP model the steel wing is less stiff, however the optimised CFRP wing is 0.89Kg heavier than the original CFRP wing, yet  its superior stiffness allows it a stiffness to weight ratio over five times higher than steel and three times better than the unoptimized CFRP, matching the value ranges stated by CFRP manufacturer (Dexcraft).
[bookmark: _Toc148013326][bookmark: _Toc148124899]Laboratory Testing and Data Collection
Prototype laboratory tests are crucial in the design and optimisation process to validate simulation software results and prevent production model issues. These tests for race car rear wings can involve scaled-down or full-size models, wind tunnels, hydraulic jigs, or weight hanging methods to observe wing behaviour under specific conditions and ensure compliance with governing body regulations. When using a scaled model, adjustments must be made to account for factors like wind speeds, ensuring that forces on the prototype model accurately represent those on a full-size model. For instance, wind speed and scale size are inversely proportional, potentially limiting scaling based on the maximum speed of the available wind tunnel (Aero Performance Engineering, 2016).
Prototype construction is important to create an accurate real-world simulation but to also minimise labour and material costs during construction. The construction of the wing needs to be the same as that tested in the computer simulation as the objective of the overall test is to find the material construction with the best strength to weight ratio.
FEA simulations are never perfect, especially when working with an anisotropic material such as CFRP. The number of variables in the manufacturing process add errors that are difficult to predict, these can arise from the production of the individual fibres, weave patterns if applicable, the mechanical properties of the matrix material (hardness, young’s modulus, fibre tensile strength) as well as the curing process. Any errors or defects in the product or process used can accumulate throughout the full manufacturing process making the material different to other identical models. This highlights the importance of prototype testing designs and building practices (Durham & Padget, 1997).
[bookmark: _Toc148013327][bookmark: _Toc148124900]Wind Tunnel Testing
Simulating and testing rear wing prototype designs for their suitability in real world applications is advisable using a wind tunnel on a full-scale model to assess the wing deflection. However, FIA regulations restrict model sizes to 60% to reduce costs (Gowtham, 2021). Wind tunnel testing would also be beneficial in providing a more accurate force values for computer simulations as well as providing data relevant for other aspects of the car such as structures and aerodynamics. 
Multitudes of data can be collected from wind tunnel tests, such as wing deflection at various speeds using high speed cameras or laser measuring equipment. Forces on the wing and their distribution can also be measured using a “force Balance” which the wing is mounted to, force balances can measure forces, vibrations and moments being generated in any axis (NASA, 2021). It is important to note that wind tunnel test speeds are capped to 50m/s by the FIA to reduce team spending, leaving some unknowns regarding forces, moments, and aerodynamic behaviours as cars top speeds are over 100m/s (Gowtham, 2021).
One downside to wind tunnel testing is the associated cost of renting or operating a wind tunnel along with the staff of engineers and technicians required to run them, collect, and process data. It is reported some F1 teams have paid around £5 million a year to operate a wind tunnel or rental cost can be expected to be around £25,000 per day (Cooper, 2021). For this reason, it is advisable use a wind tunnel test on near final models and when other parts of the car or the whole car is available to reduce the testing cost per component as other components and parameters can be tested at the same time. The is an important factor to consider when regulations enforce spending caps.
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Figure 9- 2021 prototypes F1 car during wind tunnel testing. (Baretto, 2021)
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Another method of testing the rear wing would be to use a test rig where either weight is suspended, or the rig is actuated to apply a specific test force and rotational moment on the wing and its structure. This is commonly the method used by the FIA during car inspections to ensure rear wings compliance. 
These tests have the advantage over a wind tunnel test as they are much simpler, faster, and cheaper to conduct and can provide details such as wing deflection under point loads, however UDL’s are difficult to replicate this way and require much more advanced test equipment that increases the cost of prototype testing. These methods often use much smaller forces than those produced in real world applications with the assumption that the wings will deflect linearly as the force is increased, however this has been found not to be true. This can lead to wing designs and constructions that are made to pass regulatory tests as opposed to performing optimally under real forces (Giuliana, 2021).
This raises the potential issue of producing miss leading data when comparing the computer simulation to the real-world test which can result in changes being made to the simulation set up or to the construction that are incorrect and negatively affect the optimisation process as assumptions have been made due to unrealistic scenarios being tested, however the same could be said about wind tunnel testing due to FIA limitations.
[image: ]
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In conclusion this report has discussed the history of FEA, including the requirements of objectives, variables and constraints in optimisations, the history of FEA and mathematical analysis methods that lead to its creation, how it has developed from mathematical studies into advanced computer simulation software as well as predictions of wear the field is likely to head in the future.
The report then covers the setup of a design studio model of a F1 car’s rear wing made from multiple layers of multiply unidirectional CFRP, the application of a 200N UDL on the wing and the challenges posed with simulating an anisotropic material whilst complying with the externally set restraints set by governing bodies and industry standards for the wings use.
The report moves to the optimisation process produced because of multiple consecutive FEAs, showing how the software can alter the materials number of ply’s in a layer between 0.1mm and 3mm to be able to meet the constraint of a 2mm deflection in the z axis whilst working to an objective of a wing with the least mass possible. The results of which include a compliant wing, with a mass of 2.84kg, a stiffness increase of almost 300% and a stiffness to weight ratio increase of 200%. A comparison is also made of both CFRP models to a steel baseline proving CFRPs superiority.
Finally, the report coves the use of laboratory prototype testing available for a f1 car rear wing, including wind tunnel testing, and testing in an actuated test rig. The issues of cost, time taken, useful data collection and use, prototype scaling as well as the restrictions imposed by the FIA on wind tunnel testing. The use of laboratory results is also discussed including the comparison of them with simulation data to confirm results or to improve future simulations but also the impact of producing poor results and therefore a non-optimal product from making assumptions or mistakes with factors such as material linearity and model scaling factors.
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Table 1- Model construction after 15 design cycles.

Layer Number

Layer Thickness (mm)
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