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[bookmark: _Toc148287937]Introduction
Carbon Fibre reinforced plastics (CFRP) are used widely in manufacturing for various applications such as aerospace components, fuselages, wings etc. Automotive components, chassis, body panels and civil engineering construction but to name a few. The material's low density to high strength ratio enables it to outperform other materials that may have been previously used in a given application, such as aluminium in automotive body panels. According to various studies, a reduction of 10% of the vehicle’s weight translates into a 7% improvement of fuel consumption (Inma, 2017) allowing materials such as CFRP a clear route into the automotive component design room.
This report aims to discuss FEA optimisation techniques, optimise and analyse the different techniques used in the testing of these components and discuss the acquisition of the data used to generate the information used by design engineers.
[bookmark: _Toc148287938]FEA Optimisation Techniques
[image: ]Finite Element Analysis (FEA) optimisation techniques are used to refine and optimise designs by leveraging FEA simulations to achieve specific design goals defined by the user. These design goals could be criteria such as minimising mass, volume, stress, strain or displacement for example; there may also be various constraints to be considered when designing for these various objectives. FEA optimisation is commonly applied in the automotive industry, with different goals needed for different sectors, for example, the optimisation goals of a commercial vehicle manufacturer would be vastly different to the goals required by a race car manufacturer. [bookmark: _Toc147948630][bookmark: _Toc147948640][bookmark: _Toc148288027]Figure 1- Examples of Optimisation Techniques

[bookmark: _Toc148287939]History of Finite Element Analysis
The first developments of FEA analysis are generally accepted to be in the late 1800’s when John William Strutt Rayleigh came up with a method of predicting the natural frequency in a simple structure. 
By the 1940s, numerical techniques had been developed for predicting the performance of a broader range of structures. This period was the beginning of FEA in digital computing, with the unveiling of a room-sized computer, used by the US Military to calculate the trajectories of ballistics during World War 2. The device itself used electromechanical methods to store the data calculated using vacuum tubes. (Anon., 2018)
By the 1960’s a company called MSC was awarded a contract from NASA to develop general-purpose FEA software, this software is now known as NASTRAN. 
[bookmark: _Toc148287940]Topology Optimisation
Topology optimisation is a mathematical optimisation method applied during the early stages of design development. Its primary objective is to enhance the efficient distribution of material within the model, considering the constraints, applied loads and space limitations imposed by the designer. (Anon., 2020)
Topology optimisation is applied to pre-existing models, allowing the designer to optimise either the entire component or specific elements of it, referred to as the ‘design space’. The process uses FEA to establish a mesh within the design space, the mesh is then scrutinised for stress and strain distribution, providing the designer an insight into areas bearing the most load. (Velling, 2020)
Some sections of the design space may show optimal material distribution, other areas may not. Inefficient sections with low stresses and strains may be trimmed, gradually removing material from the model. 
Throughout the trimming process on the model, the optimisation software will be continually checking the overall structural integrity, ensuring that the correct amount of material is removed to keep the model within the design constraints. 
[bookmark: _Toc148287941]Shape Optimisation
Shape optimisation aims to select the most beneficial and optimal structural geometries that improve mechanical performance while also adhering to the user’s constraints. With the help of automated design tools, engineers can look for creative solutions that may not be obvious to even the most seasoned experts. In fluid dynamics, the interest in shape optimisation has been driven by many real-world problems. For example, within aerodynamics, the reduction of drag and therefore of fuel consumption by trucks and cars, or the reduction of aircraft fuel consumption and running costs. (Jonathan Viquerat, 2021) 
Shape optimisation tools gauge the impacts of simultaneously making adjustments to multiple design parameters, not only dimensional changes but complete changes in shape.
[bookmark: _Toc148287942]Sizing Optimisation
Sizing optimisation stands as an effective technique in streamlining structural design; already widely used across various engineering and manufacturing industries to obtain optimised structural configurations with competitive performance and reduced design lead times.
Similar to shape optimisation, sizing optimisation is used at the end of the design process when the general layout of a component is fixed, and only minor changes are allowed by changing the shell thickness in selected regions. A sizing optimisation starts with a finite element model that needs minor improvement or with the finite element model generated by a topology optimisation.
[bookmark: _Toc148287943]FEA Optimisation Future Developments
FEA optimisation is likely to see several advancements in the future as the technology, computational power and engineering methodologies continue to evolve. 
Some of the future developments in FEA optimisation may include:
Increased Computational Power: As computers become more powerful, FEA simulations can be conducted with higher accuracy and greater complexity. This will allow for more detailed and accurate optimisation of complex structures.
Topology Optimisation: Topology optimisation techniques will likely become more advanced, enabling engineers to explore more diverse design possibilities. This could lead to structures that are not only lighter and stronger but also more innovative and efficient.
Material Characterisation: Future FEA software may include advanced material models that can simulate the behaviour of a wider range of materials under different conditions, including smart materials and composites.
Machine Learning and AI: With the use of AI growing, FEA optimisation may benefit from machine learning and AI algorithms by allowing faster convergence and more intelligent design suggestions. AI can assist in finding the best solutions and automating parts of the design process.
Overall, the future of FEA optimisation will likely involve a combination of advanced computational capabilities, smarter algorithms, and a focus on sustainability and efficiency. These improvements will allow engineers to design more innovative and efficient structures while reducing time and costs.
[bookmark: _Toc148287944]Design Studio for GENESIS Model
[bookmark: _Toc148288028]Figure 2 - Solidworks Model of Rear Wing

A model of a rear wing has been made up on Solidworks, this will be the baseline model which acts as the starting point for the task. The model is assumed to be infinitely rigid either end. It has been proposed that the wing is manufactured from a unidirectional carbon fibre reinforced plastic. 


The Theta values were also adjusted on the model, assuring that all of the plies will run in the correct direction relative to the theta value set for each grid.                                                                                             **LINE UP THETA VALUES**






[bookmark: _Toc148288029]Figure 3 - Material Specification

The material properties were added to the model, following the specification given for the CFRP. Carbon fibre composite materials have excellent lightweight design potential due to their high stiffness and strength ratios. CFRP's density is roughly 20% that of steel and 57% that of aluminium (Dynexa, n.d.), meaning the same amount of steel would be roughly 7700 kg/m3 


The group properties of the model were selected, these properties included the material to be used for the model, which was created previously, using the CFRP specification, the thickness of each ply which would be 1mm each ply, with a total of 5 plies to be used, and the angle each ply would be at in relation to the front to rear direction of the vehicle. 
[bookmark: _Toc148288030]Figure 4 - CFRP Layers & Angles

 








Next, the primary objectives of the FEA analysis considered were: 
[bookmark: _Toc148287945]Minimising the Mass
Minimising the mass of the component is essential for various reasons, in the specific case of a rear wing for a Formula One car, a lightweight design is highly desirable ‘allowing for higher speeds and greater fuel efficiency’ (3M, 2023). A lighter structure often also provides better aerodynamic characteristics which allow for increased acceleration and manoeuvrability.
The objective was set in the ‘Design’ tab to ensure that upon optimisation of the component, the key objective would be to minimise the mass.[bookmark: _Toc148288031]Figure 5 - Objectives For Optimisation


[bookmark: _Toc148287946]Constraints[bookmark: _Toc148288032]Figure 6 - Flexion Constraints

Constraints are important when conducting FEA optimisation as they prevent the process from generating designs that may compromise the safety or durability of the component. By setting constraints such as maximum stress or deflection, this ensures that any design created by the software will be within the criteria given. For this specific model, the primary constraint was the deflection allowed across the wing, according to (Fédération Internationale de l’Automobile, 2022) Article 3.2.2 states that: ‘All aerodynamic components or bodywork influencing the car’s aerodynamic performance must be rigidly secured and immobile with respect to their frame of reference’.
The dimensions used to decide the amount of flexion allowed were taken from (Giuliana, 2021), that states: ‘At the extremes of the air foil, a horizontal rearward force of 75kg will be applied, compared to 50kg. Overall, the wing must not exceed 1mm of flexion, while the previously allowed tolerance was a maximum of 3mm.’
[image: A computer screen shot of a green object

Description automatically generated][bookmark: _Toc148288033]Figure 7 - Adding Constraints

Here, the constraints were set for the model, of 0.001m displacement across the component. So 1mm will the maximum allowed displacement when the single analysis is run.




[bookmark: _Toc148287947]Adding Forces 
[image: ][bookmark: _Toc148288034]Figure 8 - Forces X- Z-

The forces to be added to the component are defined also by (Giuliana, 2021) stating that a horizontal force of 75kg and a 100kg force vertically should be applied to the component for testing. 
The forces added were in the Z- and X- directions in relation to the model, these directions are the front to rear directions of the car and also the downforce vertically. [bookmark: _Toc148288035]Figure 9 - Force Direction & Magnitude

When applying the magnitude of the forces acting upon the component it is important to remember that they are measured in Newtons, and also that the magnitude input by the user will add that magnitude of force to each vector, so to calculate the force per vector, the user must divide the total force by the number of vectors selected, in the this case all 5263 vectors were selected, for a UDL, the calculation would be as follows:
100KG = 980.665 / 5263 = 0.18633194 N per vector
75KG = 735.49875 / 5263 = 0.13974895 N per vector

[bookmark: _Toc148287948]Single Analysis
[bookmark: _Toc148288036]Figure 10 - Gensis Single Analysis

When the component parameters are completed, it is possible to run a FEA single analysis of it. 
The software will run an analysis and subsequently generate a report which allows the user to compare the requires constraints to the actual values that the component would deform.



[bookmark: _Toc148288037]Figure 11 - Single Analysis Report

The GENESIS report shows that the component violated the set constraint by 147.5%.
[image: ]

This constraint violation is not acceptable to the desired dimension. The (Fédération Internationale de l’Automobile, 2022) states that: ‘The car with the non-compliant rear wing may be disqualified from the race or event.’



[image: A computer screen shot of a computer

Description automatically generated][bookmark: _Toc148288038]Figure 12 - Displacement of Initial Model

The analysis model shows the areas effected most by the loading exerted on the component, and the quantitative values of the flexion that occurred during the testing. 
The darkest shaded areas of red indicate places on the component that has displaced the most. In the case of this analysis, the highest displacement was in the centre area on the top section which displaced by 2.4mm (1.4mm more than the specified constraint).
The baseline sample’s HIS report also generated a reading for the mass of the component labelled as the objective, as this was previously set to be minimum. The layer thickness for each of the plies is also shown which was set previously in the design variables.
DESIGN CYCLE #0, OBJECTIVE =  3.765982E+00, MAXIMUM VIOLATION = 147.5%.
 DESIGN VARIABLE #        1 =  1.000000E-03    L1THK   
 DESIGN VARIABLE #        2 =  1.000000E-03    L2THK   
 DESIGN VARIABLE #        3 =  1.000000E-03    L3THK   
 DESIGN VARIABLE #        4 =  1.000000E-03    L4THK   
 DESIGN VARIABLE #        5 =  1.000000E-03    L5THK   

Before any optimisation, the mass of the component was 3.76kg with a layer thickness of 1mm for each of the plies, however this resulted in the 147.5% violation of the constraint.
[bookmark: _Toc148287949]Optimisation
[image: A computer screen shot of a computer program

Description automatically generated][bookmark: _Toc148288039]Figure 13 - Optimised Colour Mesh

It is now possible to run an optimisation cycle within the GENESIS software, this run will take into consideration the restraints and design variables previously set by the user and optimise the component to conform / converge to these parameters and constraints.
The design mesh/colour mesh DISP model analysis now shows the displacement across the component is 9.8E-4m equating to 0.98mm, which is within the tolerance range set. 

The optimisation process ran a total of 13 cycles before hard convergence within the parameters. 
DESIGN CYCLE #13, OBJECTIVE = 4.788959E+00, MAXIMUM VIOLATION =   0.0%.
 DESIGN VARIABLE #        1 =  3.072919E-04    L1THK   
 DESIGN VARIABLE #        2 =  1.353106E-03    L2THK   
 DESIGN VARIABLE #        3 =  2.998070E-03    L3THK   
 DESIGN VARIABLE #        4 =  1.489704E-03    L4THK   
 DESIGN VARIABLE #        5 =  2.100075E-04    L5THK   

The table above shows the HIS report for the final cycle, the mass of the component is now 4.78kg, which is a 1.02kg increase from the original model, however, the maximum violation of constraint is now 0%. A notable design variable change is the in the distribution and subsequently the adaptation to the overall thickness of the component. 
The outer most plies of the component have reduced significantly in thickness, whereas the inner layers have increased. This may be because the most stresses and strains occur at these points, so they have been thickened to reduce the deflection to within our parameters. 

[image: A screenshot of a computer

Description automatically generated]The overall thickness of the component is now 0.00635m (6.35mm), this is an increase of 1.35mm from the baseline model.[bookmark: _Toc148288040]Figure 14 - Component Thickness


[bookmark: _Toc148287950]Ply Thickness – Real Life Numbers
The above-generated report highlights the optimal solution for the component tested, however, the ply thicknesses generated are unachievable in a real-life manufacturing scenario, so to counter this, a discrete design variable was added to only allow ply thicknesses of a manufacturable standard.
After another optimisation cycle using the new design variable parameters, the ply thicknesses are given only increments of 0.1mm.

DESIGN CYCLE #17, OBJECTIVE =  4.895777E+00, MAXIMUM VIOLATION =   0.0%.
 DESIGN VARIABLE #        1 =  3.000000E-04    L1THK   
 DESIGN VARIABLE #        2 =  1.400000E-03    L2THK   
 DESIGN VARIABLE #        3 =  3.000000E-03    L3THK   
 DESIGN VARIABLE #        4 =  1.500000E-03    L4THK   
 DESIGN VARIABLE #        5 =  3.000000E-04    L5THK   



[bookmark: _Toc148287951]Stiffness to Weight – Initial CFRP

[bookmark: _Hlk148102393]Stiffness (K)    N/mm
Stiffness/weight =  0.0193553N2/mm
[bookmark: _Toc148287952]Stiffness to Weight – Steel

Stiffness (K)    N/mm
Stiffness/weight =  0.0100986N2/mm
[bookmark: _Toc148287953]Stiffness to Weight – Optimised CFRP

Stiffness (K)    N/mm
Stiffness/weight =  0.0372754N2/mm
[bookmark: _Toc148287954]Stiffness to Weight – Realistic Optimised CFRP

Stiffness (K)    N/mm
Stiffness/weight =  0.0363746N2/mm
[bookmark: _Toc148287955]Comparison of Stiffness-to-Weight Ratios

	
	Displacement (mm)
	Mass (kg)
	Stiffness-to-weight Ratio (N2/mm)

	Initial CFRP
	2.4
	3.76598
	0.0193553

	Steel
	2.3
	7.53176
	0.0100986

	Optimised CFRP
	0.98
	4.78895
	0.0362754

	Realistic Model
	0.99
	4.85797
	0.0363746



From the testing of the different materials and optimisations, it is evident that the initial un-optimised CFRP component and the steel component have almost the same displacement under the same loading, however, the steel component is double the mass of the CFRP resulting in stiffness to weight ratio being around half of the CFRP component. The stiffness-to-weight ratio can be further improved through optimisation of the component, this almost doubles the ratio, however, this would not be achievable due to manufacturing constraints as previously mentioned. 
[bookmark: _Toc148287956]Prototype Testing
Formula One car development begins with a team of people producing complex 3D CAD models of potential designs for each individual component. These components include transmission components, electronics, mechanical designs and aerodynamic critical components. 
[image: ]Aerodynamics is one of the most important aspects of the design phase and teams will typically spend a lot of time designing these components. Computational Fluid Dynamics simulations play a key role in modelling and evaluating wing designs. These simulations allow design engineers to assess the impact of different wing designs and configurations and how they would be affected by the forces acting on them during application.[bookmark: _Toc148288041]Figure 15 - Formula One Wind Tunnel Model

When the design engineers are happy with the component’s performance in the CFD testing software, it is then possible to consider physical prototyping. The main method of physical testing is to produce a prototype model and test it in a wind tunnel. Formula One teams typically have their own wind tunnel facilities, where they can control airflow and other test conditions precisely. These tunnels are equipped with powerful fans that can simulate the conditions that the components may face in a real-life application.
Formula One teams will manufacture components of the car typically using rapid prototyping and 3D printing methods, (Motorsport.com, 2022) states: ‘in the past, some teams actually ran full-scale cars in wind tunnels but now the maximum is set at 60 per cent to reduce costs’. The wind tunnel is configured to replicate the conditions the car will encounter on the track, including factors like airspeed and angle of attack, however (Motorsport.com, 2022) also goes on to mention that: ‘the speed is limited to a maximum of 180 km/h, which means they cannot fully test all aspects of the car’s performance’; so even though the data collected during testing is meticulously analysed by a team of engineers, the results still cannot be fully validated until in-application testing can be done. These results however can be compared with the CFD analysis and the design adjusted accordingly. 
The data from the wind tunnel testing can be measured in various ways depending on the specific parameters of interest and the goals of the test. Some methods for data acquisition include:
· Pressure Sensors – These sensors are placed strategically around the wind tunnel to measure air pressure at specific points, they help determine the distribution over the model and are crucial for the analysis and comparison of the CFD simulation.
· Visualisation Techniques – These techniques, dissimilar to sensors, provide a qualitative approach to wind tunnel testing, showing the physical distribution of flow around the component.
· Force and Load Sensors – These sensors convert forces and loads into digital values that can be recorded by the user, this data can then be analysed by the user.

[bookmark: _Toc148287957]Conclusion
To conclude it is possible to deduce that the CFRP component would be considerably lighter than the steel component after the FEA data had been analysed. To confirm the results, it would be important to create a scale model to the allowed dimensions and perform testing in a wind tunnel, the results of this experiment could then be compared to the results of the CFD and a more efficient design could be optimised using an FEA optimisation software such as Design Studio. 
It is also evident that FEA optimisation software is a powerful tool for any design engineer, improving efficiency, safety and innovation, while reducing the cost to do it. 
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