[image: ][image: ]
[image: ][image: ]



[bookmark: _Toc148286428]Contents Page
Contents Page	1
Introduction	3
FEA Techniques	3
Historical Development	3
Topology optimisation	3
Shape optimisation	4
Improvement in the Design Process	4
Future Developments	5
3D Modelling and Material Properties	6
Optimising Design	7
Applying Static Load	7
Generating Single Analysis	8
Stiffness to Weight Ratio	8
Design Objectives & Constraints	9
Design Variables	10
Run Optimisation	10
Comparison of Stiffness-to-Weight Ratios	13
Prototype Testing	14
Conclusion	14
Bibliography	15













Figure 1 - Topology Optimisation	3
Figure 2 - Optimised Vehicle Chassis	3
Figure 3 - Optimised Heat Exchange	4
Figure 4 - Shape Optimised Blade	4
Figure 5 - 3D Model	6
Figure 6 - Layers & Orientation	7
Figure 7 - Applying Force	7
Figure 8 - Single Analysis	8
Figure 9 - Mass of Wing	8
Figure 10 - Design Objective	9
Figure 11 - Design Constraints	9
Figure 12 - Design Variables	10
Figure 13 - Optimisation	10
Figure 14 - Optimised Design	11
Figure 15 - Optimised Layer thickness & Mass	11
Figure 16 - Adjustment to design variables	12
Figure 17 - Mass of Realistic Wing	12
Figure 18 - Deflection	12
Figure 19 - Displacement of Steel	13
Figure 20 - Mass of Steel Wing	13


[bookmark: _Toc147392376][bookmark: _Toc148286429]Introduction
Finite Element Analysis (FEA) optimisation techniques play a pivotal role in engineering, revolutionising the design stage across various industries. This essay highlights the historical development of FEA optimisation, examines the current state, and explores potential future developments. It will also explore the use of carbon fibre-reinforced plastics (CFRP) in the rear wing of a race car and discuss how FEA can enhance the design process, FEA can be used to maximise performance by increasing weight reduction whilst minimising displacement.

[bookmark: _Toc148286430]FEA Techniques
[bookmark: _Toc148286431]Historical Development
FEA is the simulation of a physical phenomenon using numerical data. According to (Simscale, 2023) papers on FEA techniques were first published by (Clough, 1956), this technology was developed independently by engineers in different industries, primarily in aerospace and automotive. This early stage of FEA was characterized by manual calculations and a trial-and-error approach, FEA techniques at this time were heavily constrained by limited computing power and available software. 
[bookmark: _Toc148286432]Topology optimisation
The next breakthrough for FEA came in the 1990s with the emergence of topology optimisation. This technology uses FEA to optimise material distribution within a CAD model, this uses mathematical techniques to optimise the distribution of material to reduce weight and material usage while maintaining the structural integrity of the component (Bendsoe, 2003). This redistribution of material can be seen in Figure 1. 
[image: ]
[bookmark: _Toc148286449]Figure 1 - Topology Optimisation
The emergence of topology optimisation was limited by the computational power of the time, this limitation made it difficult for organisations to develop software that calculated equations quickly enough to make this theoretical optimisation practical. As technology has advanced so have the capabilities of topology optimisation (Sigmund, 2013), these advancements have made topology common in all areas of engineering.
[image: ]The automotive industry has especially benefited from the advancements in topology optimisation, it has been used to optimise various components, such as the chassis, engine components and suspension systems. By utilising this technology, the automotive industry has been able to reduce the weight of vehicles, improving fuel efficiency which has a positive environmental impact. While reducing weight is important when considering the design of a vehicle the top priority is structural integrity and driver safety, topology helps in achieving weight reduction whilst also maintaining the structural integrity of a vehicle’s chassis (Yang, 2000) by identifying areas that need additional support which can be seen in Figure 2.[bookmark: _Toc148286450]Figure 2 - Optimised Vehicle Chassis

[image: ]Thermal management is a curtail aspect of engineering, whether a component is exposed to external heat sources or internal heat generation thermal analysis is an essential step in understanding how a component will behave. Temperature variation can cause components to expand or contract, applying additional stresses. This is valuable for assessing responses to heating or cooling and optimising designs in various applications, from electronics to industrial machinery (Hughes, 2019). Topology optimisation can be applied to thermal analysis by setting the objective to minimise heat, Figure 3 shows a parametric and a topological optimised heat exchange. Although the topological design may offer more thermal efficiency it would also have manufacturing limitations, leading to an increase in cost (Petrillo, 2021). [bookmark: _Toc148286451]Figure 3 - Optimised Heat Exchange


[bookmark: _Toc148286433]Shape optimisation 
[image: ]Shape optimisation is an FEA technique that focuses on finding the optimal geometry of a component whilst keeping material distribution constant, this optimisation technique can be found in industries such as aerospace, automotive and civil engineering. The objective of this optimisation is to improve the performance of a component by reducing stress concentrations, minimising weight, or improving aerodynamics (Nemec, 2004). An example of how the aerodynamics of a turbine blade can be improved through shape optimisation can be seen in Figure 4. The shape is aerodynamically optimised using fluid dynamic analysis (FDA) to simulate how the airflow interacts with the turbine. In this case, the turbine has been optimised to create a differential in pressure around the edges of the blade to create lift.[bookmark: _Toc148286452]Figure 4 - Shape Optimised Blade

[bookmark: _Toc148286434]Improvement in the Design Process
FEA optimisation is an indispensable tool when designing a component, the versatility allows all industries to benefit by improving designs in various ways. The overall efficiency can be improved by reducing the reliance on physical prototyping and testing, saving valuable time and resources during the development this directly relates to a reduction in cost. FEA also improves the design process by minimising material waste and production costs by identifying an optimal design in early development (Emmetcosten, 2019).
These innovative techniques also give design engineers greater freedom when exploring unconventional designs. Traditional methods would require extensive prototyping and development before a design’s performance could be truly analysed, using FEA engineers can maximise product performance whilst meeting design constraints and safety requirements.  

[bookmark: _Toc148286435]Future Developments
Currently, the Development of FEA is held by limitations such as computational power and manufacturing constraints. As technology advances the future of FEA holds several exciting prospects.  AI and machine learning can play a more significant role in FEA optimisation, utilising this technology in FEA techniques can lead to faster design exploration and non-intuitive design solutions effectively enhancing the design process (Wuest, 2016).
Advancements in material science can also progress FEA optimisation by providing new materials which can be integrated with CAD software. Unique material properties can new design solutions that may not be possible to achieve with traditional materials, advancements in the manufacturing process will also allow unique and complicated geometries to be produced that may not be achievable through conventual methods. Additive manufacturing is well suited to FEA-optimised designs due to the capability of producing closed and complex geometries.
The concept of generative design can be used for complex multi-criteria design problems, the software will use varying parameters within a pre-defined limit to generate a set of distinctive designs, and these designs can then be filtered through various constraints that represent the objective of the design (Krish, 2011). This automated technology is becoming more widespread and helps assist engineers in streamlining the design process and encouraging innovation.   
Real-Time Optimisation: As computing power continues to advance, real-time optimisation during the design process will become feasible. This will provide instant feedback, allowing for rapid design iteration and decision-making.

[bookmark: _Toc148286436]3D Modelling and Material Properties
A model of the wing was created on solid works and imported into a design studio, this will be the baseline for the analysis. The material properties for CFRP as stated in the brief were then applied to the wing, this data is used to represent the real-world properties of CFRF and is a crucial step in running a consistent in running simulation. As seen in Figure 5. The edges of the wing are also considered completely rigid, nobody is completely rigid which makes this test slightly inaccurate, however, it will still give a good indication of the stiffness-to-weight ratio.
[image: A computer screen shot of a green book
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[bookmark: _Toc148286453]Figure 5 - 3D Model
	[bookmark: _Hlk148177706]Youngs Modulus in the longitudinal direction (E_1)
	132 GPa

	Young’s Modulus in the lateral direction (E_2)
	10.8 GPa

	Poisson’s Ratio (Nu_12)
	0.24

	In-plane 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)
	1540kg/m^3

	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 in-plane shear stress (S)
	43.4 MPa



The theta values were also adjusted on the model to ensure that the plies would run in the correct direction.





[image: A computer screen shot of a green object

Description automatically generated]The next step was to create 5 layers, each layer was made 1mm thick, making the total thickness 5mm. The angle of each layer was set at -90 degrees, -45 degrees, 0 degrees, 45 degrees and 90 degrees, each. Assigning these properties can be seen in Figure 6.[bookmark: _Toc148286454]Figure 6 - Layers & Orientation


[bookmark: _Toc148286437]Optimising Design
With the correct material properties assigned, the wing is ready to begin optimisation. The wing will be optimised to reduce mass whilst meeting a displacement constraint.
[bookmark: _Toc148286438]Applying Static Load
Next, a static load will be applied to the wing, Giuliana's (2021) article states that to pass the formula one standard the wing must be able to displace less than 1mm with a 100kg (735.49875N) load applied vertically. Ferrari's official website also states that:  ‘Modern Formula One cars can typically generate around 750 kg — or 1,653 pounds — of downforce at speeds of 100 mph. With the rear wing of the vehicle contributing to around 20% of the total downforce, it would produce around 150kg at 100mph. when Chat GPT was prompted with the question ‘How much downforce does an F1 car produce?’, it gave this response, ‘Downforce is related to the speed of the car, at 100 mph F1 car can produce 600-800 kilograms, which can vary significantly based on the car's aerodynamics.’ (Chat GPT, 2023).
A static UDL was applied to the wing, to achieve the vertical direction for the force the direction for ‘Z’ was set to ‘-1’. The model contains 5263 grids, to apply the force (735.49875N) uniformly across these grids a magnitude of 0.13974N was applied to each grid as shown in Figure 7.
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[bookmark: _Toc148286455]Figure 7 - Applying Force

[bookmark: _Toc148286439]Generating Single Analysis
With the material properties and the load assigned a single analysis is then generated and imported to the model of the wing. To find the displacement ‘Cyc 0 LC 1 DISP’ must be selected in the deform mesh window. ‘Cyc 0 LC 1 DISP’ is then selected in the colour mesh window, and the displacement is displayed next to the model with a key, the red areas have undergone the most displacement whereas the blue areas have undergone the least displacement. The edges of the wing, which can be seen in Figure 8, have undergone the least amount of displacement, this is because the edge of the wing is considered completely rigid. The greatest amount of deformation has occurred in the centre of the wing, which is displayed in red, this region has deformed by 1.3mm which is 0.3mm higher than the 1mm constrained. This excessive displacement would mean the wing would fail the formula one scrutineering.
[image: A computer screen shot of a computer program

Description automatically generated]
[bookmark: _Toc148286456]Figure 8 - Single Analysis
[bookmark: _Toc148286440]Stiffness to Weight Ratio
With the single analysis generated the stiffness-to-weight ratio can be calculated. The stiffness of the wing can be calculated using the force applied (735.49875N)  and the deflection (1.3mm). The stiffness can then be divided by the mass to calculate the stiffness-to-weight ratio.
[image: ]
[bookmark: _Toc148286457]Figure 9 - Mass of Wing
[bookmark: _Hlk148099464]The stiffness-to-weigh ratio of the CFRP is:
Stiffness (k) =    N/mm
stiffness/weight =  0.0153N2/mm
[bookmark: _Toc148286441]Design Objectives & Constraints
To run a successful optimisation in Design Studio strict objectives and constraints must be applied to the model. Firstly, the design objective was set to minimise mass, as stated in the brief, this can be seen in Figure 10.
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[bookmark: _Toc148286458]Figure 10 - Design Objective
Now the objective has been determined constraints must be applied. In this case, the constraint is the displacement, which has been selected and the upper bound has been set to 1.0mm, as shown in Figure 11.
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[bookmark: _Toc148286459]Figure 11 - Design Constraints

[bookmark: _Toc148286442]Design Variables
The brief states that the design variables are the number of plies at each orientation, these plies can be placed at -90 degrees, -45 degrees, zero degrees, 45 degrees and 90 degrees. The design variable can be seen in Figure 12.
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[bookmark: _Toc148286460]Figure 12 - Design Variables
[bookmark: _Toc148286443]Run Optimisation
All the parameters are now determined so the optimisation can begin, Figure 13 shows that the design has taken 14 cycles to fully optimise the wing. The graphs show that displacement and mass have both been reduced by varying the plies. The optimisation can then be imported, and the optimal mass and displacement can be viewed.
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[bookmark: _Toc148286461]Figure 13 - Optimisation
The optimal displacement can be viewed by selecting the last cycle, displacement can then be selected in the colour mesh window. The displacement has been reduced to 0.98mm, adhering to the formula one specification, the displacement can be viewed in Figure 14.
[image: A computer screen shot of a computer program

Description automatically generated]
[bookmark: _Toc148286462]Figure 14 - Optimised Design
[image: ]
[bookmark: _Toc148286463]Figure 15 - Optimised Layer thickness & Mass
[bookmark: _Hlk148100747]The stiffness-to-weigh ratio can now be calculated for the optimised design:
Stiffness (K)    N/mm
Stiffness-to-weight =  0.0224N2/mm
Although this is the optimal layer thickness it is not realistic to manufacture. Layer thicknesses of 2.917075E-3m are not achievable due to manufacturing constraints.








[image: A computer screen shot of a computer

Description automatically generated]The inputs for the software will need to be adjusted to achieve a realistic optimisation. An adjustment was made to the design variables, this alteration meant that the optimisation would only alter the layer thickness in increments of 0.2mm, after this adjustment another optimisation was run so the new stiffness-to-weight ratio can be calculated. The layer thickness can be viewed in Figure 17, now they are whole numbers which can be achieved when manufacturing.[bookmark: _Toc148286464]Figure 16 - Adjustment to design variables

Figure 18 shows the deflection has now decreased to 0.79mm, this is due to the mass being increased due to the new design constraint. Using these new values the stiffness to weight can be calculated.

Stiffness (K)    N/mm
Stiffness/weight =  0.0242N2/mm


[image: ]
[bookmark: _Toc148286465]Figure 17 - Mass of Realistic Wing
[image: A computer screen shot of a computer program
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[bookmark: _Toc148286466]Figure 18 - Deflection
[bookmark: _Toc148286444]Comparison of Stiffness-to-Weight Ratios
The same force was applied to a steel model for comparison. The CFRP and the steel model have the same displacement but the steel roughly doubles the mass, this has resulted in the stiffness-to-weight ratio for CFRP being double that of steel. The stiffness-to-weight ratio was then further improved by optimising the wing, the optimisation resulted in the displacement and mass decreasing which significantly improved the stiffness-to-weight ratio, however, this was unachievable due to the unrealistic layer thicknesses. The design was then adjusted to produce realistic layer thicknesses and a second analysis was carried out, this resulted in the displacement being reduced further but the mass increasing which made the stiffness-to-weight ratio. This study is a clear example of how FEA optimisation can be used to produce a more efficient design before prototyping. 
	
	Displacement (mm)
	Mass (kg)
	Stiffness-to-weight Ratio (N2/mm)

	Steel 
	1.3
	7.53176
	0.0076

	CFRP
	1.3
	3.765982
	0.0153

	Optimised Model
	0.98
	3.41326
	0.0224

	Realistic Model
	0.79
	3.916622
	0.0242
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[bookmark: _Toc148286467]Figure 19 - Displacement of Steel
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[bookmark: _Toc148286468]Figure 20 - Mass of Steel Wing
Stiffness (k) =    N/mm
stiffness/weight =  0.007657N2/mm

[bookmark: _Toc148286445]Prototype Testing
Naturally, the next step in the design process would be to produce a prototype. Prototyping is used to ensure that the components are not only efficient but also structurally sound, these experiments will give engineers a better understanding of how a component will behave when it encounters a force, and the results can then be compared with the FEA simulations. To measure the deflection a force will be applied to the wing
The success of the testing relies on a well-designed and controlled setup, precise measurement instruments such as strain gauges and load cells will be used to accurately capture the wing's deformation. The test environment will also be controlled to regulate temperature and humidity, which will have an impact on the performance of the wing. A loading system composed of hydraulic actuators will apply a force in the centre of the wing whilst a data acquisition system collects real-time data.
A load will applied incrementally, starting with low intensity and gradually increasing to simulate various racing conditions. The deformation will be recorded at each increment. The prototype should also be loaded until failure to provide an idea of the structural limitations and safe working conditions.
Effective data acquisition is essential when extracting meaningful insights, data should be verified for consistency and quality, and errors and anomalies should also be addressed. It is also important to visualise the data using graphs and charts to aid in understanding the information. It is crucial to then compare the findings of the testing to the simulation data to identify areas of agreement and discrepancies.  Recommendations can be made based on the experimental findings, and improvements to the design should be made as well as adjustments to the FEA simulation.

[bookmark: _Toc147392378][bookmark: _Toc148286446]Conclusion
In conclusion, the process of FEA optimisation are laboratory testing are essential in validating the rear wings design. The rear wing of a car is an indispensable component in motorsport engineering and benefits greatly from FEA optimisation, optimal design can be produced quickly and at a low cost. Prototyping is also essential in validating the FEA results, it gives engineers insights into how the wing will deform in racing conditions. Using these tools will allow engineers to excel in the demanding world of motorsport where every fraction of a second counts.
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