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1. [bookmark: _Toc148097108]Introduction:
This assignment will cover the history of how FEA came along and how the software is likely to progress in the future, following current trends in areas such as artificial intelligence and machine learning. Using values from a previous assignment which is linked to this, test simulations will be carried out on design studio to represent how an F1 rear wing is statically tested. From this, the wing can be optimized to decrease the mass as much as possible, without violating the constraints. The software will be able to orientate the layers of ply’s, so they are in the most effective layup for optimization. 
Research will then be carried out to determine what kind of results should be expected from the static tests, they can then be compared to the simulation results to see where there any relationships or anomalies in the findings. Relevant technical literature and standards regarding the rear wing will be included to provide evidence of the actual tests and results which occur in tests conducted by the FIA. 
This report will only review the point loads which the rear wing is subjected to when being statically tested. In the real world, a rear wing will be subjected to many more forces than are demonstrated in this report.
A baseline model of the rear wing was used, it had a 10KN UDL acting over the wing as default until research was carried out and the loads were changed. 

















2. [bookmark: _Toc148097109]Task 1 – FEA Optimisation Techniques 

[bookmark: _Toc148097110]What is FEA?
FEA is an important tool to use for simulation by using numerical calculations for different elements. It will allow engineers to create less prototypes, carry out less physical experiments which in turn speeds up the process, resulting in a cost saving (Simscale, 2023). It is much easier to detect where a component will require optimisation by FEA, but it relies very much on the accuracy of the input data.
There are various types of optimisation techniques that can be introduced when using FEA. Topology is important as it can allow for optimisation by decreasing the material amount of a specific component while still retaining the mechanical / structural integrity. FEA is carried out by inputting information such as external forces, material properties, constraints, and load forces. This will allow the software to be able to maximise the performance of the part within the defined requirements (Engineering Product Design , 2023).
FEA can also analyse the aerodynamic shape of the rear wing and optimise the curves, aerofoil profile shapes and chord length of the wing however, the FIA defines that the chord length of the rear wing must be 415mm (0.415m). This gives all teams a level playing field, but teams can then enhance their car by coming up with innovative designs. FEA can generate thousands of different results, so the final design solution is then chosen by the teams to suit the rest of their car design. 
The material selection of the F1 rear wing is mainly carbon fibre as this material gives the greatest strength to weight ratio, so it can withstand very high loads that a rear wing experiences without adding as much weight as other materials would. The FIA has very strict regulations which teams must follow regarding the space envelope the teams have to play with. Another way teams can optimise the rear wing is due to the carbon fibre being an anisotropic material, the way the material is woven can provide different mechanical properties. This could affect how the rear wing is optimised later down the design process. 
A racing track can have very violent curbs and other surfaces off of the racing line which send vibrations through the structure of the F1 car. These vibrations can be analysed in FEA software to simulate how they have an effect on the structure of the F1 car over periods of time, as cracks, fractures may start to form due to vibrations. 
FEA software is a very helpful tool as when it procudes results, it can also produce reports and other documentation that can be helpful to the engineering team and other stakeholders. 
Gradient-based optimisation is an algorithm that will attempt to find the lowest point by taking steps of optimisation in the deepest / highest ‘slope’. Once the optimiser is close to the target, the descent will start to flatten out. This is useful for FEA software as it will help the model learn new and improve older predictions over time. This algorithm works well when the objective set is a smooth and convex function (LinkedIn, 2023). 
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[bookmark: _Toc148097094]Figure 1 - Gradient-Based Optimisation
Particle swarm optimisation can be used to find a solution, which is closely related to the to the global optimum but will never be able to prove the real global optimum. It is based on a simulation of the behaviour of birds within a flock. It is based on the particles being able to go off in various directions and then to regroup into a formation. This is a good optimisation technique as there are few algorithm parameters and it’s efficient. 
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[bookmark: _Toc148097095]Figure 2 - Particle Swarm Optimisation





[bookmark: _Toc148097111]History of FEA 
Finite Element Analysis (FEA) was invented back in the 1950’s where it was introduced in the UK by Rolls Royce and by Boeing in the US. The first FEA program become available after a professor at Berkeley developed it, which was later funded by NASA in 1965 to create a more sophisticated version of FEA software which would be called NASTRAN (NASA Structural Analysis System) which is still used today (Tipton, 2017). 
Topology optimisation historically used to be a manual process which relied a lot on the input data by engineers. This resulted in the process being very time consuming and was a very trial and error-based task. Mathematical formulations were then developed so that the software could detect the most efficient way a material was distributed within a certain design area. 
It is now integrated into FEA software, which combines various functions together to find the best size, shape and orientation, while still abiding by the material parameters, loads and complex structures. 
[bookmark: _Toc148097112]Future of FEA
Some of the future developments that can be incorporated into an FEA software is AI (Artificial Intelligence) and ML (Machine Learning). AI will be able to help engineers optimise designs by identifying the best parameters which are still within the constraints of the design (Structural Numerical Research Center, 2023). Machine Learning is useful as it can use algorithms, utilise data sets and previous experiment results to make predictions and simulations even faster. It will allow the algorithms to detect any relationships between the input parameters and output results. Once this is done, the parameters can be modified to simulate different conditions which will then be simulated quicker by the software (Structural Numerical Research Center, 2023). 
FEA will also have to account for new materials which are discovered and new processes such as additive manufacturing. This will require an FEA application to simulate different complex behaviours such as elasticity, plasticity etc. 
Real-time updates and optimisation will be looked at in the future of FEA as for example, an F1 rear wing may have sensors on, that provide real-time data and results. From this, the FEA software can provide various iterations of design optimisations while the car is still on the track. 











3. [bookmark: _Toc148097113]FEA Optimisation of Rear Wing
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[bookmark: _Toc148097096]Figure 3 - Original FEA Model of a Rear Wing
Above is the picture of the rear wing, which was used to carry out some optimization on, it provides a simple mesh of the wing so that force loads, layer information etc. can be input into the FEA software.
Firstly, the steel baseline rear wing was weighed to find the initial weight and how much this will be reduced when different parameters are set in the FEA software. 
The weight of the steel baseline part was 7.5Kg
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[bookmark: _Toc148097097]Figure 4 - Weight of Rear Wing
[bookmark: _Toc148097114]Applying a material to the rear wing:

To apply a Carbon Fibre material to the FEA model, I had to choose to apply an orthotropic material (MAT8) and then enter all the input data which is stated below.
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 

Once the material was applied to the rear wing, the vectors had to be set from fore to aft to ensure that all the theta vectors were all in the same direction. These vector lines can be assumed to be the fibres of the material.  
[image: A red fabric with black lines

Description automatically generated]
[bookmark: _Toc148097098]Figure 5 – Rear Wing Before Generating Theta Vectors
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[bookmark: _Toc148097099]	Figure 6 - Rear Wing After Generating Theta Vectors	
[bookmark: _Toc148097115]Applying layers at different orientations
Once all the vectors were pointing in the correct direction, the 25 layers of ply at 0.1mm each which would make the thickness of the carbon fibre 2.5mm. The layer stack-up was as follows:
· Five ply’s at -90 degrees, 
· Five ply’s at -45 degrees, 
· Five ply’s at 0 degrees, 
· Five ply’s at 45 degrees 
· Five ply’s at 90 degrees
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[bookmark: _Toc148097100]Figure 7 - Adding Layers at Different Orientations
Once this was complete, a single analysis was then run to simulate how much the rear wing would deflect. On this model, the edges of the rear wing are highlighted blue as they are assumed to be fixed in six degrees of freedom as they are attached to a rigid structure. 
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[bookmark: _Toc148097101]Figure 8 - Deflection of Rear Wing
[bookmark: _Toc148097116]Optimising the rear wing with FEA
To optimize the rear wing, it’s important that the objectives, variables and constraints are set. These are the main categories that will need to be defined as this will allow the software to optimize the rear wing while staying within some set boundaries (Broekaart, 2015).  
Objectives – This is where the target of the optimization is defined. It could be to minimize / maximize the mass, volume, stress, displacement etc. For this rear wing, the objective was to reduce the mass of the carbon fibre wing while still staying within the set constraints.
Variables – The variables are the parameters that can be changed to ensure that the objectives are met within the constraints. In this instance, the variables were the number of ply’s within a layer and the thickness of them. While setting the variables, an upper and lower boundary had to be defined so the FEA software can investigate every option in between the boundaries.  

Constraints – This is where the there are limits set on how much the rear wing should deflect, this is also known as limiting the degrees of freedom. For the rear wing, a constraint of 17mm was applied as (Fédération Internationale de l’Automobile, 2022) mentions that one degree of rotation could not be exceeded. I carried out some trigonometry to calculate this. This allows for some flexibility within the material itself but not enough to be classed as a ‘bendy wing’.
(Mitchell-Malm, 2021) States that some additional tests are required to ensure the wing is within F1 regulations. These are the loads which were applied to the rear wing in the FEA software. A load of 1000N is applied vertically to ensure that the wing does not surpass one degree of rotation. The other test is to measure the rotation of the top of the wing with two simultaneous forces of 750N each being applied at either end of the wing. To ensure that either side of the wing was receiving the exact same load, I had to ensure that the same number of cells were selected either side of the centreline of the wing. 
36 cells were selected, so 750N had to be spread evenly over those 36 cells. 
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[bookmark: _Toc148097102]Figure 9 - Static Loads Being Applied
[image: A green grid with black squares

Description automatically generated]
[bookmark: _Toc148097103]Figure 10 - Static Loads Applied Vertically and Horizontally
Once all three of these category parameters were set, a single analysis was carried out followed by the optimization of the rear wing. A limit of thirty design cycles was set and the optimization came to a hard convergence in nine design cycles. From the graphs, it is visible to see that the weight of the sections of rear wing had decreased in mass from 3.7Kg to 0.9Kg. The software was allowed to change the thicknesses of the ply and the orientation of them. The second graph shows the maximum percent that the constraint was violated. There is usually a peak as the software needs a starting point for the optimization, so it usually tries an optimization beyond the constraints so it can work backwards and find the best solution.  
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[bookmark: _Toc148097104]Figure 11 - Optimisation Graphs
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[bookmark: _Toc148097105]Figure 12 - Design History File


From the design data, it is possible to see how all the parameters change when the software is optimizing the part. 
The layer thicknesses all started at:				They finished at:
L1 – 1.00E-03							L1 – 1.092E-03
L2 – 1.00E-03							L2 – 6.258E-04
L3 – 1.00E-03							L3 – 4.338E-04
L4 – 1.00E-03							L4 – 5.599E-04
L5 – 1.00E-03							L5 – 9.356E-04
It is important to consider that carbon fibre is unlikely to be sold in these thicknesses as they are very thin. The carbon fibre thicknesses should be able to be added into the software, so that design studio knows what layer thicknesses can be chosen and then purchased. This is because the optimization tool is finding the best solution even though it may not be feasible in the real world.






























4. [bookmark: _Toc148097117]Testing the rear wing 
When an F1 rear wing undergoes static testing, they are governed and spectated by a delegate of the FIA who will deem if the car has passed or failed the test. The testing that is carried out on an F1 rear wing is to test the flexibility of the horizontal and vertical forces acting on it as stated in task 3. 
[image: ]             [image: ]
[bookmark: _Toc148097106]Figure 13 - Two 750N Simultaneous Load Test & 1000N Vertical Downward Test
These tests were brought in as teams found loopholes and work-arounds for the old FIA regulations, which seen teams have ‘flexi-wings’ that would move and flex under loads, but would pass the rigirous FIA tests while stationary (Noble, 2023). 
For aerodynamic load testing, 60% scale models of the F1 car are used in wind tunnels to demonstrate the effectiveness of the design while simulating the forces a car may encounter on the track. This testing is also useful for validating the results once the assembly has been optimised by FEA. CFD will firstly be carried out to ensure there is a positive effect of the optimisation before building those parts for the model of the car (Barretto, 2020).  Teams will be able to validate different angles of attack, drag and other aerodynamic charachteristics which the cars will face on different tracks. 
When a rear wing is tested, it is done by using various different methods and by using various sensors. Some of the static pull / push tests consist of using actuators in set locations of the wing to adhere to the F1 regulations. Below is an image of how the top of the rear wing is tested by using a load cell and an actuator. This particular setup uses a wiffle arrangement so different loads can be applied to parts of the wing at the same time. 
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[bookmark: _Toc148097107]Figure 14 - Whiffle Tree Test Setup
For more dynamic testing, the car has an ‘aero-rack’ attached to the car which is full of keil probes, these allow the air flow pressure to be measured at the rear wing section of the car (Formula 1, 2023). This data can then be collected and recorded, then used within the FEA simualtion data input to make the simulations more realistic and relevant.
5. [bookmark: _Toc148097118]Relevant F1 Technical Literature and Standards
· (Fédération Internationale de l’Automobile, 2022) state that the bodywork may not rotate more than 1 degree when the simultaneous 750N and 1000N loads are applied to the wing. 
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· (Fédération Internationale de l’Automobile, 2022) mentions that the car must undergo scrutineering to ensure that the car passes all the checks in accordance with the technical and safety regulations. 
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· (Fédération Internationale de l’Automobile, 2023) explains that If a team makes a financial breach of the cost cap, teams will face penalties such as the ones mentioned below. The teams may have to have reduced hours of testing available to them, which will hamper their developments and advances throughout the season. 
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During the production and testing of the rear wing, employees must follow the health and safety regulations such as:
· LOLER – Lifting Operations and Lifting Equipment Regulations
· COSHH – Control Of Substances Hazardous to Health 
· HASAWA – Health and Safety At Work Act 
· PUWER – Provision and Use of Work Equipment Regulations 


6. [bookmark: _Toc148097119]Conclusion 
To conclude, it has become clear how important FEA is becoming in today’s day and age. Almost every structure being manufactured no matter how big or small is undergoing some sort of FEA. It can be used to optimize parts for weight, stress, cost, size etc. and plays a crucial role for ensuring that structural integrity, performance and safety are all adhered to. It is also important to be able to simulate real life situations without having to waste money and materials on prototypes and testing facilities. However, this assignment did instill how difficult and complex these software applications can be to use and interpret. 
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3.59 Rear Wing Mainplane Flexibility

a. Bodywork may not deflect more than 6mm along the loading axis and 1.0° in a Y-plane,
when two loads of [0, 0, -1000]N each, are applied simuitaneously to the Rear
Profiles. The loads will be applied at [X¢=375, £300, 910]

b, Bodywork may not deflect more than 6mm along the loading axis and 1.0° in a Y-plane,
when two loads of [324, 0, -940]N each, are applied simultaneously to the Rear Wing
Profiles. The loads will be applied at [X¢=325, £300, 900]

‘The loads in () and (b) will be applied through adaptors, supplied by the team, that lie
between 250mm and 350mm from Y=0 and between Xx=90 and at least Xx=500. The upper
surface each adaptor must lie at =910 and should have a counterbore of 52mm diameter for
the application of the load in (b).

‘The deflection will be measured on the rear wing profiles, at [Xs Y] [350, £150], and

[350, £450] and relative to the Rear Impact Structure. Teams must provide four pads to
support tracking targets. Details of the targets is given in the Appendix to the Technical and
Sporting Regulations.
“The tests defined in this a
the permitted deflections

icle may be performed with the RW Flap removed. In such cases
be 25% higher than those defined in () and (b).
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31) SCRUTINEERING
31.1 Each Competitor will be required to carry out initial scrutineering of his cars which will
commence four (4) hours prior to the start of P1 and submit the duly completed

declaration no later than 48-two (2) hours before the start of P1.
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(b)

A "Minor Sporting Penalty", meaning one or more of the following:

(i)
(ii)

(iii)

(iv)

public reprimand;

deduction of Constructors' Championship points awarded for the
Championship that took place within the Reporting Period of the breach;

deduction of Drivers' Championship points awarded for the Championship
that took place within the Reporting Period of the breach;

suspension from one or more stages of a Competition or Competitions,
excluding for the avoidance of doubt the race itself;

limitations on ability to conduct aerodynamic or other Testing; and/or
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