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Introduction 
The evolution of Computer-Aided Engineering (CAE) tools has revolutionised the design and optimisation of engineering components, significantly enhancing efficiency, accuracy, and performance. This report focuses on the application of CAE techniques in analysing and improving a piston. The study incorporates kinematic, thermal, and structural analyses to assess the piston’s performance under real-world operating conditions. Iterative geometry and material modifications are applied to optimise the piston’s structural integrity, reduce its mass, and improve its overall efficiency.
The report begins with a validation of FEA methods through simplified test cases, comparing analytical results with simulation outputs to ensure accuracy. A comprehensive kinematic analysis establishes the forces acting on the piston, followed by thermal studies to investigate temperature effects and material degradation. Static structural simulations provide insights into stress distribution, deformation, and strain, forming the basis for design improvements. Geometry iterations progressively reduce the piston’s mass while maintaining structural performance. Subsequently, alternative materials, such as 356-T6 and 2618-T6 aluminium and Ti-6Al-4V titanium, are evaluated to determine the most suitable option for high-performance applications.
Through this approach, the report demonstrates the capabilities of CAE in solving complex engineering problems and highlights the limitations of these tools, such as their dependency on boundary conditions, meshing accuracy, and software assumptions. Ultimately, this work serves as a practical exploration of how CAE processes can be applied to optimise automotive components, reflecting both their potential and the need for engineering judgement in real-world applications.
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[image: A grey object with two holes]As a baseline, all tests are initially conducted on a simple piston design. Subsequently, adjustments are made to the geometry and material selection to evaluate their impact on performance and functionality.Figure 5 - Standard piston design


[bookmark: _Toc185446487] Kinematic Analysis
A basic assembly consisting of a piston, gudgeon pin, connecting rod, and crankshaft is used to evaluate the performance of the initial piston design under simplified operating conditions. The material selected for the initial analysis is 6061-T6 aluminium.
To fully understand and simulate the forces acting on the standard piston design, a kinematics study is conducted. This study utilises the masses of the components and other predefined variables, such as engine speed, to evaluate all resultant forces acting on the piston.
[bookmark: _Toc185446488]Simulation Setup
Accurate connections between the components in the assembly are imperative for producing real-world conditions in the simulation. Constraints are applied to all components in the assembly to ensure that, when the crankshaft rotates, the piston behaves as expected in an internal combustion engine. 
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As previously mentioned, the kinematic analysis utilises the masses of the components and the rotational velocity of the crankshaft to calculate the forces acting on the piston–gudgeon pin connection. For all the tests in this report, the rotational velocity was kept constant. 

[image: A computer screen shot of a machine]Piston mass - 0.418 kg			rotational velocity – 4000rpmFigure 6 - Kinematic analysis of 6061-T6 standard piston.
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[bookmark: _Toc185446491]Material Property Degradation Due to Heat
Thermal degradation of a material refers to the loss of physical, mechanical, or electrical properties due to elevated temperatures (Tang, Gao, et al., 2023). In this study, the mechanical properties, such as Young’s modulus, are of primary interest.
Because material properties change at elevated temperatures, thermal degradation must be considered when performing structural analysis on components like pistons, where high temperatures are expected during normal operation. 
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ANSYS’s material selection package, Granta, already includes material properties across a range of temperatures. Therefore, for this study, only the heat transfer coefficients and temperatures for different areas of the piston need to be considered.
According to (Sudarmadji, Susilo, Asrori, 2022), heat transfer coefficients are influenced by multiple factors. These include the thermal conductivity of the materials in question, the environment the parts are subjected to, and the surface properties of the materials.
For the purposes of this report, the temperatures and heat transfer coefficients were kept constant for each test, as provided by (Noble, 2024). However, in a more accurate test, the heat transfer coefficients would vary with the materials used. 
[image: A computer screen shot of a computer]
Figure 7 - Temperature analysis of 6061-T6 standard piston.
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The static structural analysis uses the information collected during the kinematics and thermal studies to assess how the piston would behave in real-world conditions. In this section, external forces acting on the piston, independent of the kinematic forces, can also be included, in this case, the combustion pressure. A pressure of 70 bar is applied throughout all the studies in this report, a value based on the peak pressures recorded in the Ford Sigma engine’s measured data.
The deformation of the piston and the Von Mises strain were calculated to evaluate the piston’s performance. 
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Figure 9 -6061-T6 Standard piston strain
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The goal of this analysis is to reduce the mass of the piston while ensuring it can still withstand the forces expected during normal operation. This is achieved by using the results of the structural analysis to identify areas with minimal strain and deformation, which indicate zones where material can be removed. 
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The initial geometry modification removes a large section from the inside of the crown and reduces material from the gudgeon pin supports, as these areas exhibited low stress and deformation.
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Description automatically generated]First iteration piston mass: 0.189kgFigure 11 – 1st iteration deformation 2
Figure 12 – 1st iteration deformation
Figure 13 – 1st iteration strain 2
Figure 14 – 1st iteration strain
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2nd iteration mass: 0.107kg
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Description automatically generated]Based on the low strain observed in the crown, skirt, and gudgeon pin supports, the thickness of all these areas was reduced by 2 mm. Additionally, the skirt was shortened by 4 mm, further reducing the mass compared to the first iteration. Figure 16 - 2nd iteration strain
Figure 17 - 2nd iteration strain 2
Figure 18 - 2nd iteration deformation 2
Figure 19 - 2nd iteration deformation
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According to the design goal of reducing mass while retaining the piston’s functionality, the second iteration performs the best. This geometry was then used to determine which material would be best suited to reducing deformation and strain.
Four materials were assessed, including 6061-T6 aluminium, 356-T6 aluminium, 2618-T6 aluminium, and Ti-6Al-4V titanium.
The 6061 aluminium was selected due to its good ductility, favourable stress-strain characteristics, and high durability under dynamic loading conditions (Reddy, Khan, et al., 2024).
The 356 aluminium was chosen for its high strength-to-weight ratio, high tensile strength, and rigidity. This alloy is commonly used in aerospace and automotive applications due to these mechanical properties (Dwivedi, Sharma, Misra, 2014).
Commonly used in motorsport and high-performance engines, 2618 aluminium was also chosen for investigation. Similar to the other aluminium options, a high strength-to-weight ratio is a key factor. Additionally, this grade performs better at elevated temperatures compared to the other aluminium alloys (Zappi, 2014).
A titanium alloy was also assessed due to its high strength-to-weight ratio, high fatigue resistance, and excellent performance at elevated temperatures (Francesco, Mega, Cornacchia, 2021).
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FEA validation is critical for building confidence in model predictions and assessing their accuracy (Lava, Jones, et.al, 2020). When constructing an FEA model, it is necessary to understand that the quality of the output is completely dependent on the accuracy of the boundary conditions, when setting up the model. Weather this be the material properties, forces applied or the accuracy of the geometry model. Both of the following tests are based on those provided by (Dlubal, 2024).
[bookmark: _Toc185446499]Bimetallic strip
[image: A rainbow colored object with a blue background][image: A diagram of a solution]The first test conducted was the deformation of a bimetallic strip under a thermal load. This test has two metals, invar and copper, bonded together and fixed at one end, exposed to a thermal load of 100°C. Their different coefficients of thermal expansion create a deformation. This deformation is the focus of the test. Figure 1 - Dlubal bimetallic strip recreated in ANSYS
Figure 2 - Dlubal bimetallic strip diagram


Table 1 - Dlubal and ANSYS bimetallic strip results
	 
	Analytical Result 
	Test Result
	Error

	Dlubal
	7.049mm
	7.064mm
	99.78%

	ANSYS
	
	7.123mm
	98.96%
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Description automatically generated]The second test performed was cantilever with uniform load test where a thin plastic plate, fixed at one end is subjected to a uniform pressure across the whole top surface. Again, the deformation is the focus of this test. Figure 3 - Dlubal elastic bending diagram

[image: A rainbow colored pencil

Description automatically generated]Figure 4 - Elastic bending test recreated in ANSYS


Table 2 – Dlubal and ANSYS Elastic bending results
	
	Analytical Result 
	Test Result
	Error

	Dlubal
	157.143mm
	157.15mm
	99.99%

	ANSYS
	157.143mm
	163.65mm
	96.02%
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While there are differences between the Dlubal and ANSYS results for the bimetallic strip and elastic bending tests, 0.82% and 3.97% respectively these results are still close to the expected results. 
There are multiple reasons for these differences all stemming from the mathematical models behind each software. 
Both software use numerical algorithms to solve the governing equations, differences in these cause variations in results. the main root of these differences is iterative solvers and convergence criteria, some solvers focus on speed, using approximations and larger convergence criteria while others focus on accuracy using more strict convergence percentages. Analysis that contains non-linear problems such as elastic materials will exacerbate these problems, one explanation as to why the elastic bending example has a larger error difference when compared to the bimetallic strip. 
Another explanation for the differences relevant to these tests is that different software packages interpret material properties differently even when defined he same. The material properties rely on the interpolation of stress-strain data, again this is more pronounced for materials with high plasticity. 
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FEA tools use a mesh analysis approach to calculate the requested output, dividing the geometry into discrete smaller elements solving each the governing equations for each element while accounting for their interactions. 
The shape and size of the mesh has an impact on the accuracy and solve time of each analysis, in general a smaller mesh size is more accurate but takes longer to solve than a larger mesh size (Noguchi, Naoe, 2017). A smaller mesh approximates complex geometries more accurately, but this results in more equations that need solving, thus more time and computing power is required. 






To understand how mesh approximates affect results both the validation examples were completed with different mesh sizes. 
Table 3 - Validation mesh comparison
	
	Mesh size (mm)
	Test deformation (mm)
	Analytical deformation (mm)

	
Bimetallic strip
	0.25
	7.1213
	
7.049

	
	0.5
	7.123
	

	
	1
	7.1233
	

	
Elastic bending
	5
	163.82
	
157.143

	
	10
	163.65
	

	
	20
	163.3
	



While these two tests show insignificant variation in the output when compared to the mesh size there are some minor changes. In the case of the bimetallic strip there is less deformation with a smaller mesh size suggesting that the less stress in calculated in the material due to thermal expansion when performed over a smaller area.
The elastic bending test shows more deformation with a smaller mesh size, this is the result of rounding estimations where more pressures are being calculated over the surface, where each mesh element adds force to the element next to it. 
The geometry of these parts are both simple cuboids so the mesh size has little impact on the accuracy of the geometry estimation. A more complex geometry would show larger differences in output when the mesh size is adjusted. 
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Description automatically generated]Kinematics studyFigure 20 - 6061-T6 standard geometry kinematics analysis.

[bookmark: _Toc185446506][image: A computer screen shot of a computer]Thermal studyFigure 21 - 6061-T6 standard geometry thermal study


[bookmark: _Toc185446507][image: A computer screen shot of a computer][image: A computer screen shot of a computer]Static structuralFigure 22 - 6061-T6 standard geometry Von Mises strain
Figure 23 - 6061-T6 standard geometry deformation
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Description automatically generated]Kinematics studyFigure 24 - 6061-T6 1st geometry iteration kinematics study


[bookmark: _Toc185446510][image: A computer screen shot of a computer program]Thermal studyFigure 25 - 6061-T6 1st geometry iteration thermal study
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Figure 27 - 6061-T6 1st geometry iteration strain 2
Figure 28 - 6061-T6 1st geometry iteration deformation 2
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Description automatically generated]Figure 29 - 6061-T6 1st geometry iteration deformation
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Description automatically generated]Kinematics studyFigure 30 - 2nd geometry iteration kinematics study


[image: A colorful circular object with a round hole]Thermal studyFigure 31 - 6061-T6 2nd geometry iteration thermal study



[image: A multicolored object with text][image: A multicolored mesh structure]Static structuralFigure 32 - 6061-T6 2nd geometry iteration deformation
Figure 33 - 6061-T6 2nd geometry iteration deformation 2

[image: A multicolored mesh structure][image: A model of a circular object] Figure 34 - 6061-T6 2nd geometry iteration strain 2
Figure 35 - 6061-T6 2nd geometry iteration strain
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Description automatically generated]Kinematics studyFigure 36 - 356-T6 2nd geometry iteration kinematics study
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Description automatically generated]Thermal studyFigure 37 - 356-T6 2nd geometry iteration thermal study
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Description automatically generated]Static structuralFigure 38 - 356-T6 2nd geometry iteration deformation 2
Figure 39 - 356-T6 2nd geometry iteration deformation
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Description automatically generated]Figure 40 - 356-T6 2nd geometry iteration strain
Figure 41 - 356-T6 2nd geometry iteration strain 2
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Description automatically generated]Kinematics studyFigure 42 - 2618-T6 2nd geometry iteration kinematics study
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Description automatically generated]Thermal studyFigure 43 - 2618-T6 2nd geometry iteration thermal study
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Description automatically generated]Static structuralFigure 44 - 2618-T6 2nd geometry iteration deformation
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Description automatically generated with medium confidence] Figure 45 - 2618-T6 2nd geometry iteration deformation 2
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Figure 46 - 2618-T6 2nd geometry iteration strain 2
Figure 47 - 2618-T6 2nd geometry iteration strain
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Description automatically generated]Kinematics studyFigure 48 – Ti-6Al-4V 2nd geometry iteration kinematics study
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Description automatically generated]Thermal studyFigure 49 - Ti-6Al-4V 2nd geometry iteration thermal study
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Description automatically generated]Static structuralFigure 50 - Ti-6Al-4V 2nd geometry iteration strain 2
Figure 51 - Ti-6Al-4V 2nd geometry iteration deformation 2
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Description automatically generated][image: A multicolored meshed wheel]Figure 52 - Ti-6Al-4V 2nd geometry iteration strain
Figure 53 - Ti-6Al-4V 2nd geometry iteration deformation
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All the initial tests to determine the desired geometry were performed using 6061-T6 aluminium. The standard piston design has a mass of 0.418 kg. Kinematic loading at 4000 rpm produced a maximum force of 2378 N. The maximum deformation and strain resulting from the motion loads and 70 bar combustion pressure were 0.3 mm and 6.08 mm⁻¹, respectively (Figures 22 and 23).
Analysis of the visual output for areas with the lowest strain and deformation identified zones where material could be removed to reduce mass. The crown thickness was reduced, the skirts were shortened, and material was removed from the gudgeon pin supports.
The first geometry iteration reduced the piston mass to 0.189 kg—a 55% reduction—and changed the kinematic force to 1753 N, a 26% decrease. This modification increased the deformation to 0.34 mm and reduced the strain to 5.6 mm⁻¹ (Figures 28 and 29).
Further material was removed for the second geometry iteration, guided again by the visual output. This time, the wall thickness was reduced by 2 mm across the piston, including the gudgeon pin supports, while forgoing the cut-outs.
The second iteration reduced the mass to 0.107 kg, a 74% reduction from the standard geometry, lowering the kinematic force to 1005 N—a 58% decrease. This modification reduced the deformation to 0.27 mm and the strain to 5.3 mm⁻¹ (Figures 32 and 33).
The reduced piston mass in each iteration significantly lowered the kinematic forces, resulting in less deformation and strain despite structural changes. This demonstrates how optimising mass not only improves performance by reducing inertial loads but also minimises stress concentrations. 



[bookmark: _Toc185446519]Material iterations
Based on the second geometry iteration demonstrating the most desirable responses to the applied forces, this model was selected for the materials analysis. 
Table 4 - Material selection analysis
	
	6061-T6
	

	Max temperature (°C)
	Max deformation (mm)
	Max strain (mm-1)

	305.66
	0.27
	5.3



	
	356-T6
	

	Max temperature (°C)
	Max deformation (mm)
	Max strain (mm-1)

	306.6
	0.26
	3.6



	
	2618-T6
	

	Max temperature (°C)
	Max deformation (mm)
	Max strain (mm-1)

	316.45
	0.27
	5.3



	
	Ti-6Al-4V
	

	Max temperature (°C)
	Max deformation (mm)
	Max strain (mm-1)

	558.04
	0.16
	6.5



The three grades of aluminium all exhibited hot spots in the centre of the crown, highlighting an area of potential failure when exposed to repeated loads. They experienced similar levels of deformation, with the maximum occurring at the edge of the crown. However, the area with the highest average deformation was the skirt, again indicating a potential area for failure over time.
While the titanium alloy appears to be the best option due to the lowest deformation, the increased temperatures it reaches could present other issues in a real engine environment.
Among these options for this geometry, 2618-T6 aluminium is the best choice for a piston due to its balance of high-temperature performance and weight reduction. 
[bookmark: _Toc185446520]Discussion
[bookmark: _Toc185446521]Benefits and limitations of CAE tools
[bookmark: _Toc185446522]Benefits
CAE tools offer numerous advantages over traditional manual methods throughout the design and manufacturing stages. Before the advent of CAE, the design phase required engineers to use precision drafting tools to create drawings by hand. This process allowed greater room for human error and made designs more difficult to interpret. The 3D environment and error suppression methods employed by modern systems help to mitigate these issues. Each geometry iteration referenced in this report would have taken many hours, if not days, to produce manually, compared to just one or two hours using CAD.
Structural analysis methods have also significantly improved with the introduction of computers. Manual calculations are no longer required to the same extent as before. Modern software enables the incorporation of material properties, allowing engineers to assign materials—using tools such as the Granta library in this case—to geometries and simulate forces through kinematic analysis, thereby saving man-hours. Consequently, the resulting products are often more refined and of higher quality.
Additionally, many external loading factors, such as thermal loads and fatigue tests, can be applied to evaluate their impact on a part. Such tests would be extremely challenging to replicate using manual methods. In the context of this piston analysis, thermal loads were introduced, and using material properties such as thermal conductivity and degradation, accurate deformation and strain calculations were performed to reflect the real-world conditions experienced by the piston.
[bookmark: _Toc185446523]Limitations
While CAE offers many benefits, it is not without limitations. The accuracy of the output is heavily dependent on the accuracy of the input parameters and boundary conditions.
FEA systems rely on meshing to divide the geometry into discrete sections, and the quality of this mesh determines the quality of the results. Meshing simplifies the geometry, introducing assumptions, particularly for minor details. A finer mesh reduces these negative impacts but requires more computing power and time to solve. While it is cheaper than the man-hours required for traditional methods, it still incurs its own costs.
Software limitations also pose challenges. The mathematical models on which FEA systems rely often do not replicate real-world behaviour perfectly due to rounding errors and their inability to account for anomalies. Material libraries, though extensive, do not always contain the exact materials being assessed and cannot account for defects sometimes present in physical components.
As previously mentioned, CAE comes with associated costs. Licensing fees are a significant factor, as is the hardware required to run the software. The more computational power available, the more accurate the results can be. These costs can render CAE inaccessible to smaller organisations.
A key issue with CAE, often overlooked, is the over-reliance on simulation methods. A small error at the beginning of the simulation setup can propagate into a much larger inaccuracy at later stages, potentially causing the part to fail. Perhaps more problematically, unnoticed errors can produce inaccurate results, leading to the production of parts that are not fit for purpose. Blindly trusting simulations without applying engineering judgement can result in design flaws. This highlights the importance of validation and physical testing to ensure the accuracy of the results. 
[bookmark: _Toc185446524]Further work
If this piston design were to be carried forward for further analysis with the possibility of manufacturing, it would be prudent to conduct a life fatigue test. This test would calculate the expected lifetime of the piston by simulating cyclic loads and material degradation, based on the selected material, geometry, and boundary conditions.
If time permitted, another geometry iteration would also be conducted using topology optimisation. This is defined by (Sigmund and Maute, 2013) as a method for determining the optimal placement of material within a prescribed design domain to achieve the best structural performance. This process involves performing sensitivity analysis, which evaluates the effect of material distribution on the desired output. These sensitivities then guide iterative adjustments of design variables, improving performance while adhering to the given constraints and boundary conditions.




[bookmark: _Toc185446525]Conclusion 
This study highlights the significant role of CAE tools in modern engineering, particularly in the design and optimisation of a piston. By systematically applying kinematic, thermal, and structural analyses, the report demonstrates how iterative improvements to geometry and material selection can yield substantial performance benefits. The initial piston design, based on 6061-T6 aluminium, underwent two geometry iterations that reduced its mass by 74% and lowered kinematic forces by 58%, while maintaining acceptable levels of deformation and strain.
Material assessments further emphasised the importance of balancing strength, thermal stability, and weight. While Ti-6Al-4V titanium exhibited superior resistance to deformation, its elevated operating temperatures present challenges in real-world applications. Ultimately, 2618-T6 aluminium emerged as the most suitable material, offering an optimal balance of strength and performance under elevated temperatures.
The findings underline both the advantages and limitations of CAE processes. While CAE significantly accelerates design optimisation and enhances accuracy, the reliability of results depends on precise input parameters, meshing quality, and boundary condition assumptions. Validation testing, as conducted in this report, remains essential to ensure confidence in simulation outcomes.
Future work could explore life fatigue analysis and advanced optimisation techniques, such as topology optimisation, to further refine the design. This study serves as a practical testament to how CAE can transform engineering workflows, enabling the development of lightweight, high-performance components essential for the automotive and motorsport industries.
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