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[bookmark: _Toc148016833]Executive Summary

This report has investigated the optimisation process of a formula one car’s rear wing using Finite Element Analysis (FEA) optimisation. The history of optimisation has been researched and how the process could move forward in the future, considered. 
Formula one teams use optimisation to understand how their rear wing can be manipulated to gain a competitive advantage during a race. The wing must adhere to FIA (Federation Internationale de I‘Automobile) regulations. Optimising the wing to decrease the mass/weight, can be a distinct advantage for a Formula one team and their driver.
An introduction to FEA optimisation has been documented along with several optimisation methods used in the optimisation process. Optimisation software (Genesis Design Studio) has been used to optimise the wing to reduced mass/weight while remaining compliant with FIA regulations 2023 3.10. The wing was constructed of Carbon Fibre Reinforce Plastic (CFRP) and the thickness of each CFRP ply optimised to obtain the stiffest wing with minimal weight.   
How a prototype could be produced/manufactured and tested has been researched, and methods discussed, with examples of real-world Formula One racing team’s practices obtained. 
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[bookmark: _Toc148016834]Summary of acronyms

3D 		Three Dimensional
AI		Artificial Intelligence 
CAD		Computer-Aided Design
CFD		Computational fluid dynamics
CFRP 		Carbon Fibre Reinforce Plastic 
DRS 		Drag Reduction System
FE 		Finite Element
FEA 		Finite Element Analysis
FIA 		Federation Internationale de I‘Automobile
GDS		Genesis Design Studio
ML		Machine Learning
N 		Newtons (unit of weight)
VR		Virtual Reality













[bookmark: _Toc148016835]Introduction
This report has investigated how a Formula One car’s rear wing’s composite construction has been optimised using FEA (Finite Element Analysis) software, Genesis design Studio (GDS), to reduce the mass/weight of the wing, while ensuring it does not flex excessively and remains considered as a fixed structure. The wing has been constructed from a unidirectional Carbon Fibre Reinforced Plastic (CFRP) and is fixed in six degrees of freedom by the wing end plates. The aim of this project was to optimise the wing so that it was made of as little material as possible (therefore keeping the weight as low as possible), while ensuring the wing was not considered a moving structure (adhering to FIA regulations). Figure 1 shows a typical rear wing structure with the two planes secured by two end plates. (Lake, 2023)


[image: ]
Figure 1 (Lake, 2023)

1. The Main Plane: 
This is the thicker profile of the car’s rear wing assembly and should remain fixed.


2. The Rear Wing Flap Plane: 
This is the smaller of the two parts that make up the car’s rear wing. There is a small gap between the main plane and the flap, which helps to increase down force and help prevent flow detachment. This part does move and is opened (the front/lower part lifts upwards) when DRS (Drag Reduction System) is engaged but is still considered fixed. When this flap is opened, less drag is produced, and the car can travel quicker (approximately 13kph depending on car setup and track conditions) in straight lines. Although, there are restrictions put in place by the FIA (Federation Internationale de I‘Automobile) that only allows drivers to use DRS on certain parts of the racetrack and while following less than one second to the car in front, thus enabling the chasing car to overtake more easily and creating more exciting races for the spectator.

3. End Plates: 
These lateral plates have several roles to play, but in this case, they fix/secure the main plane and flap in place. (Pbdt, 2017)


[image: ]
Figure 2 (Lake, 2023)

Figure 2 shows a simplified FE (Finite Element) model of the rear wing in figure 1. This wing was designed and supplied by Kelvin Lake using CAD software Solid Works.


[bookmark: _Toc148016836]FEA (Finite Element Analysis) Optimisation
FEA (Finite Element Analysis) optimisation is a function used in engineering and design to improve/optimise the performance of a component, while developing the most effective structural model using FEA techniques. (SDC, 2023)  FEA is a numerical technique used to stimulate physical phenomena and for solving complex engineering problems by dividing them into millions of smaller elements (seen in figure 2) that combine to create the shape of the structure and analysing how they interact with each other to reduce the necessity of creating a physical prototype. (TWI, 2023)
Even-though there is no definitive date for the initial development of Finite Element Analysis (FEA), the generally accepted beginning occurred in the late 1800’s, when John William Strutt Rayleigh developed a method for predicting the first natural frequency of a simple structure. He did this by assuming a deformed shape for a structure, then quantified the shape by minimizing the distributed energy in the structure. Walter Ritz then expanded this into a method – now known as the Rayleigh-Ritz method, for predicting the displacement and stress on structures. (O’Donnell, 2023)
The 1970/80s saw the emergence of commercial FEA software packages, making FEA more accessible to designers and engineers. This software allowed for automated meshing and analysis. But it wasn’t until the 1990s that structural optimization techniques, such as topology optimization, became more prominent. These methods aimed to find the optimal distribution of material and reducing weight, while maintaining structural integrity. In the 2000’s, the integration of FEA and CAD improved significantly, thus enabling real-time parametric modelling and analysis of complex structures. Today, the use of supercomputers has further accelerated FEA simulations, allowing for larger, more complex models to be analysed. (O’Donnell, 2023)
[bookmark: _Hlk147768785]Over the past decade or so, FEA has developed faster than ever and the future promises even further advancement. With the introduction of Artificial Intelligence (AI) and Machine Learning (ML), the accuracy and efficiency of simulations can improve by AI algorithms learning from previous simulation data and predict how the structure will behave under different conditions. This could help to reduce the time and cost required for simulations and allow for more efficient design. (SNRC, 2023)
Since the turn of the century, Virtual Reality (VR) has been gaining popularity in various industries, including engineering. In FEA, VR could help engineers visualise their simulations in a more intuitive way. VR can allow engineers/designers to walk through a virtual model of a structure, giving them a better understanding of its behaviour in real-world conditions. (SNRC, 2023)
Along with the enhancements in the aforementioned areas (AI, ML, and VR), Additive Manufacturing could play a crucial role in designing parts and optimising structures that were previously impossible to manufacture using traditional methods. (Cattenone et al., 2019)
The introduction of Carbotanium (a composite of carbon fibre and titanium) could have a huge impact on formula 1, as carbotanium is stronger and lighter than either material. Manufacturing and optimising with carbotanium, could make the wing stiffer and lighter than ever before. (Reddit, 2015)
To summarise, the overall goal for a FEA optimization is to identify the best design configuration that meets the engineering requirements, while minimizing cost, weight, and any other constraints. (TWI, 2023)
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Topology Optimization:
[image: ]Topology Optimization is a process that optimises structure and material layout (figure 3) to a defined set of rules set by the designer. The goal is to maximize the performance of a part by mathematically modelling and optimising it for factors such as load conditions, constraints, and external forces. (EPD, 2023)
Figure 3 (Dr.Engineer, 2023)

Shape Optimization:
Shape Optimization is a method where the outer boundary of the structure is modified to solve a problem. Utilising a FE model, the shape is defined by grid points, and shape optimization modifies these locations to update the shape. As seen in figures 4 and 5, redundant material has been removed, without compromising the integrity and stability/strength of the shape/structure. (Altair, 2018)

[image: ]  [image: A drawing of a structure
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Figure 4 (Altair, 2018)				Figure 5 (Altair, 2018)
Size Optimization:
Size optimization is used to find an optimal solution for key product characteristics, such as material choice and cross-sectional thickness. This method of optimisation can enhance an existing geometry by adjusting the height, length, or radii of a design, and helping the part/structure distribute stress more evenly (figure 6) and help reduce product failure. (Altair, 2021)

[image: ]
Figure 6 (Haertel, 2018)

Material Optimization:
Material optimization identifies the optimal material properties for a design. It involves selecting the best combination of materials to meet performance criteria while considering factors like cost and availability. This technique is particularly important in composite materials design, such as the use of Carbon Fibre Reinforced Plastic (CFRP), used in the structure of a formula one car rear wing. (Pye, 1980)
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To achieve the objectives, the parameters, constraints, and criteria must be defined.
· Define your objectives: 
· Define a clear idea of what you would like to achieve.
· What would you like to reduce e.g., cost, weight, material.
· Do you want to increase any part of the structure e.g., stiffness, strength.
· Define what needs to be improved e.g., functionality, aesthetics.

· Choose your model:
· Choose a suitable model for the FEA.
· A model is created using CAD software, FEA software or both. 
· Limitations on loads, boundary conditions and properties need to be applied.
· The level of detail/complexity will need to be determined.

· Perform your analysis:
· The FEA software will divide the model into millions of smaller elements.
· The governing equations are solved by the software.
· The results are assembled.
· The appropriate mesh/output will need to be selected for your analysis.

· Evaluate your results:
· The results will need to be compared to the objectives and criteria.
· The strengths and weaknesses of the structure will need to be identified to establish where improvements can be made.
· Verification/validation will need to be confirmed to ensure reliability of the results.

· Implement your changes:
Implement the changes that will optimise the structure.
Atain which optimisation method best suits the objective and model.

· Repeat the process:
· This process should be repeated until the desired level of optimisation is achieved. (LinkedIn, 2023)

[bookmark: _Toc148016839]Optimisation
It was proposed that the rear wing is considered a fixed structure. The FIA carry out testing continuously throughout the season to enforce these regulations.

Regulation 3.15.9 states that the Rear Wing Main Plane Bodywork:
· may not deflect more than 6mm along the loading axis and 1.0° in a Y-plane, when a load of -1000N (Newtons), is applied to the Rear Wing Profile. (FIA, 2022)

Regulation 3.15.10 states that the Rear Wing Flap Flexibility:
· may deflect no more than 7mm horizontally when a 500N (Newtons) load is applied horizontally. (FIA, 2022)

Kelvin Lake’s simplified SolidWorks wing design (figure 2) was imported into FEA Software Genesis Design Studio (GDS) for optimisation. Figure 7 shows the simplified wing within GDS with the relevant forces applied, coinciding with Atif Masood’s CFD simulation of loads acting upon a racing car’s rear wing (figure 8 below). 
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Figure 7
The rear wing flap plane has 500 x 1N loads applied and the Main Plane has 1000 x 1N loads applied, to comply with the FIA regulations (above).
[image: ]
Figure 8

The rear wing was proposed to be constructed of CFRP for its high strength, light weight, and design flexibility, as an alternative to Steel that was strong but heavy.
The CFRP material used had the following properties: 

Young’s Modulus in the longitudinal direction (E_1): 		132 	GPa
Young’s Modulus in the lateral direction (E_2): 			10.8 	GPa
Poissons Ratio (Nu_12): 						0.24
Inplane Shear Modulus (G_12): 					5.65 	GPa
Transverse Shear Modulus (1-Z plane) (G_1z): 			5.65 	GPa
Transverse Shear Modulus (2-Z plane) (G_2z): 			5.65 	GPa
Mass Density (Rho): 							1540	kg/m3
Allowable longitudinal stress in tension (Xt): 				1513 	MPa
Allowable longitudinal stress in compression (Xc): 			1000 	MPa
Allowable transverse stress in tension (Yt): 				43.4 	MPa
Allowable transverse stress in compression (Yc): 			43.4 	MPa
Allowable inplane shear stress (S): 					43.4 	MPa

The CFRP was made up of 25 plys, of which there were 5 plys at -90֯ , 5 plys at -45֯ , 5 plys at 0֯ , 5 plys at 45֯ , and 5 plys at 90֯ . Each ply had an initial thickness of 0.1mm.
A Single Analysis was carried out to assess the flexibility of the wing under the preset loads. Given that 0.1mm is extremely thin, the results that came back were understandable. This setup produced a displacement within the rear wing of 750mm (figure 9). 
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Figure 9
[bookmark: _Toc148016840]Main Plane Optimisation
[bookmark: _Hlk147685382]Following on from this catastrophic result, each element of the wing was analysed individually, starting with the main plane. To comply with the FIA’s Regulation 3.15.9 (above), the main plane could not displace more than 6mm on its vertical axis, while a load of 1000N was applied. A loading of 1000N (vertically down) was placed onto the main plane (figure 10), and a constraint displacement of 6mm was set. A variable ply thickness range was set from 1mm to 5mm (for each of the total 25 ply’s), and the structure was then optimised within GDS.
[image: A red and black object

Description automatically generated]
Figure 10
Figure 11 shows the optimised results of the main plane with a loading of 1000N on the vertical axis, with the maximum displacement (displayed in red) of 5.9mm (5.9E-3).
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Figure 11
[image: ][image: A graph with a red line
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Figure 12					Figure 12.1
Figure 12 explains that at cycle 0, where the ply was at its thinnest (0.1mm), the weight of the wing was 3.76kg, and figure 12.1 shows that at cycle 0, the wing is in breach of the constraint by 16%. As the GDS software progresses, a thicker ply was allocated to the wing construction and the weight of the wing increases to little over 4 kg, while the constraints graph plummets to zero constraints. This indicates that the wing is within the set constraint of 6mm displacement. The cycles continued to find the optimum balance of ply thickness to weight ratio, while staying within tolerance.
Although, the optimise wing has now met the constraint set by the FIA, the GDS software delivered an optimised ply thickness that does not exist in terms of standardisation, ply 3 for example came back at 1.18mm (table 1 below). When purchasing CFRP ply sheets, the standard thicknesses available are 0.25mm, 0.5mm, 0.75mm, 1.0mm, 1.3mm, 1.7mm, 2.4mm and 3.1mm (this list is non-exhaustive). (ProTech, 2023)(Easy Composites, 2023) 
Having collected the optimisation data, each ply thickness was replaced with a standardised thickness and an additional single analysis was carried out on GDS with the figures found in table 1.

[image: ]
Table 1

After running a single analysis with standardised ply thicknesses, the result came back with a deformation of 5.9mm (figure 13), which complies with the FIA’s regulations.
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Figure 13
[bookmark: _Toc148016841]Rear Wing Flap Plane Optimisation
To comply with the FIA’s Regulation 3.15.10 (above), the Rear Wing Flap plane could not displace more than 7mm, while a load of 500N was applied on its horizontal axis. 
[image: ]

Figure 14
 A loading of 500N was placed onto the rear wing flap plane (as pictured in figure 14 above), and a constraint displacement of 7mm was set. A single analysis was carried out with each ply thickness set to 1mm (for each of the total 25 ply’s).
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Figure 15
Figure 15 shows the rear wing flap plane with a loading of 500N on the horizontal axis.
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Figure 16
Figure 16 shows the optimised results of the rear wing flap plane with a loading of 500N on the horizontal axis, with the maximum displacement (displayed in red) of 6.9mm (6.9E-3).
As with the main plane, the initial test had all ply thicknesses of 1mm, and after running a single analysis the results came back with a displacement of 6.9mm. Even though this complied with the FIA regulation, the design variables were adjusted to 0.5mm – 3mm and then optimised to determine if the wing could be made from thinner plys and therefore reduce the weight of the wing further.
GDS produced the following graphs (figures 17 and 17.1) to determine objective (mass) and constraint (displacement).
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Figure 17						Figure 17.1
The optimised ply thicknesses again came back in a non-standardised form (table 2) so a standard thickness for each ply was selected and a single analysis was run to determine if the constraints could still be met. 
[image: ]
Table 2
With the standard thicknesses selected, GDS produced a displcement of 8.6mm. This displacement did not meet the FIA regulation 3.15.10, so an alternative standard ply thickness was selected (table 3) and a single analysis was re-run.

[image: ]
Table 3
As table 3 shows, with the second standard ply thicknesses selected, the software returned a displacement of 7mm, thus meeting the FIA regulation. 
Even though the original single analysis came back at 6.9mm (within tolerance), by optimising the flap wing plane, the thickness was reduced from 25 (ply’s) x 1mm = 25mm, to (10 x 0.75mm) + (10 x 1mm) + (5 x 1.3mm) = 24mm, thus a 1mm saving on material and a reduction in material of 4%. 
The final mass/weight of the overall CFRP wing was 3.76kg. When considered to a steel construction of the same wing of 7.53kg, by constructing the wing from CFRP, the overall mass of the wing has reduced by half, without compromising on strength, stiffness, and flexibility.
[bookmark: _Toc148016842]Producing and Testing a Prototype
Producing and testing a prototype of a Formula 1 car rear wing in a laboratory involves a systematic process that combines manufacturing, instrumentation, and data acquisition. 
Computational fluid dynamics (CFD) software is used to determine the fluid flow around the rear wing and to gauge its optimum height/position on the car, while adhering to regulations within 3.10. CFD simulation is run to predict the aerodynamic performance of the rear wing under different conditions. As well as CFD, CAD software is used to obtain the desired detailed design that will serve as the basis for both prototype manufacturing and simulation.

Additive Manufacturing:
Due to the cost of manufacturing a rear wing from CFRP for testing, teams have used additive manufacturing to produce printed three-dimensional (3D) models for testing (e.g., in wind tunnels, where the wing’s reaction to fluid flow can be assessed. 
In F1 where speed, weight reduction, and development cycles are important, each year, the use of 3D printing has expanded. F1 teams have used this technology to push their development processes further and faster than ever.
McLaren have been using 3D printing to develop their rear wing for nearly a decade, while Ferrari have used additive manufacturing to print pistons for their engine, eradicating the use of metal within this component and saving valuable weight without compromising performance.
One of the most storied F1 teams, Williams Racing, have used 3D printing for many years to help develop their front wing and other components during wind tunnel testing. (Perez, 2023)

Wind tunnel: 
Aerodynamicists will use wind tunnels to replicate real-world simulation of how fluid (air) passes around an object/component. During a wind tunnel test, the model will be placed in the test section and fluid is made to flow past/around it. During the test, data from sensors is recorded to measure factors such as downforce, drag, lift, and the wing's response to airflow changes. 
Engineers will usually use several dynamic sensors such as pressure sensors, force sensors, strain gauges, and microphones to obtain data and monitor results during the test. These sensors are usually located close to the model/component to capture relevant data points, such as aerodynamic forces, deflection, vibration, and temperature. (Frederiksen, 2022; Nasa, 2023) 

Analytical Solutions
Simple analytical solutions based on mathematical equations can be a more cost-effective way of offering an insight to the fluid flowing around the race car wing and its behaviour. This approach can be done quickly but will only provide approximate results. (Lewis, 2023)

Real World Testing
In the summer of 2021, Nikolas Tombazis (FIA’s Head of Single Seater Technical Matters) informed all F1 teams that on June 15th, 2021, a new test on the rear wing was regulatory. The FIA used on board cameras to monitor how the car’s rear wing would flex at real race speeds. The teams were required to put 12 markings on certain areas of the rear wing to allow for this analysis to be carried out. (FIA, 2023) This test would also be carried out by the teams themselves to ensure they did not break any regulations. Real world testing also provides engineers with data on how the car itself contributes to change the airflow around the wing.
To carry out real world testing, the FIA have introduced pre-season testing. This is a chance for teams to test/run their cars on track and test new parts and monitor reliability ahead of the first race weekend of the year. This is a highly regulated event, and it ensures that all ten teams (twenty drivers) have equal time and conditions for testing. This year, pre-season testing took place at the Bahrain International Circuit on February 23rd – 25th 2023. (Kanal, 2023)

Depending on the data obtained and the results from the simulations, the rear wing prototype's design will be repeatedly optimized until its performance meets the desired goals. 
Throughout this process, data collection was imperative in obtaining accurate results. The end goal was to ensure that the predicted simulations match real world results, as in F1, fine margins within the car’s aerodynamic performance can be the difference between winning and losing a race.
[bookmark: _Toc148016843]Conclusion
By optimising the rear wing of the F1 race car, the process achieved its objective of reducing the mass/weight of the wing by half, while ensuring the wing remained compliant with the regulations put in place by the FIA. The use of CFRP had a huge impact on mass without compromising on strength, stiffness, and flexibility.
As good as the software is at optimising components, the software retuned ply thicknesses of non-standard values. By choosing standardised ply thicknesses, and re-running the software analysis, the optimum ply thickness was determined to reduce mass without compromising on performance. By keeping the ply thicknesses standard, this will help to reduce costs during the manufacturing process and maintain availability of material for additional components, while carrying out good industry practice.
By building a prototype in a laboratory and carrying out the suggested testing methods, data can be collected, and a comparison can be made between theory, and real-world results to obtain the optimum design and ensure the team stays one step ahead of the chasing pack.
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