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[bookmark: _Toc216640579]Abstract - 
This report investigates the application of Computer Aided Engineering (CAE) tools to the analysis and optimisation of a piston within a crankshaft-piston assembly. A kinematic analysis was performed to generate representative operational loading conditions, which were subsequently applied to static structural and thermos-mechanical simulations. Prior to analysing the piston, validation studies were conducted using a cantilever beam under uniform load and a bimetallic strip subjected to thermal loading, allowing analytical and numerical results to be compared.
[bookmark: _Toc216639547]These validation studies were used to assess solver accuracy, mesh sensitivity, and the influence of boundary condition definition. The validated modelling approach was then applied to a baseline piston design, with iterative changes investigated to improve structural performance while considering the limitations and assumptions inherent in CAE modelling. The study demonstrates both the capability of CAE tools in supporting engineering design decisions and the importance of critical interpretation when applying numerical results to real-world components.
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1. [bookmark: _Toc216639551][bookmark: _Toc216640581]Introduction
Computer Aided Engineering (CAE) tools have become an integral part of the engineering discipline, significantly enhancing the design and testing stages of component development. Techniques such as finite element analysis (FEA) and kinematic simulation are widely known and used to predict structural behaviour under realistic operating conditions.
	However, the accuracy of these techniques certainly relies on some assumptions related to boundary conditions, material properties and numerical discretisation. Therefore, this report provides a needed critical understanding of both, their capabilities and their limitations. This report investigates the application of those CAE techniques to a mechanically realistic assembly of a crankshaft piston system, where the focus is on the structural performance of the piston component.
	In addition to the main analysis, validation studies were performed to validate the accuracy and the reliability of the solver. To optimize the results, changes to the design of the piston component were done but also studies into the mesh sizes and boundary conditions applied were also done.

These validation studies provide confidence in the solver’s ability to represent both mechanical and thermo-mechanical behaviour prior to its application to the piston component.
2. [bookmark: _Toc216639552][bookmark: _Toc216640582]Literature Review
Computer Aided Engineering (CAE) tools are widely used within the automotive industry to support the design and development of piston components; however, their effectiveness is strongly influenced by modelling assumptions and simplifications. Mahle’s Pistons and Engine Testing provides an authoritative industrial perspective on piston development and highlights that piston behaviour is governed by complex, combined mechanical and thermal loading conditions (Mahle GmbH, 2016). Accurately replicating these conditions within a numerical environment presents a significant challenge and often requires idealisation.
Mahle GmbH (2016) emphasise that CAE is most effectively used as an early-stage design tool, allowing engineers to identify stress trends, deformation patterns, and potential durability issues before physical testing is undertaken. However, it is also noted that CAE predictions are highly sensitive to boundary condition definition, loading application, and material property selection. In particular, the authors highlight that real engine conditions involve complex contacts, constraints, and thermal gradients that are difficult to replicate exactly within a finite element model. As a result, simplifications are routinely introduced, which can significantly influence solution accuracy if not critically assessed.
3. [bookmark: _Ref216633880][bookmark: _Toc216639553][bookmark: _Toc216640583]Methodology
The assembly of the crankshaft piston system was provided so the first step was building the system within ANSYS. This system involves four systems, the first system being the engineering data, this is where all of the material data is stored and having this on its own means all that's left to be done is dragging/linking it to the next system so that the materials don't have to be made every single time a new analysis system is introduced.
The second system is rigid dynamics, here the geometry/assembly is introduced, and the kinematic loadings are created through the assembly itself. Revolute joints are used to allowing the components to revolve around each other while not having any translational degrees of freedom. The joints allow the assembly to move as they would in the real-world by having the crankshaft spin rotationally and give the piston the freedom to move vertically at the same time.
The Static Structural system was used to evaluate the mechanical response of the piston under the loading conditions generated by the rigid dynamics analysis. Forces and pressures obtained from the kinematic simulation were transferred to the structural model to ensure consistency between system motion and applied loads. Constraints were applied to stabilise the model while recognising that these do not fully replicate in-service conditions.
To account for the elevated temperatures experienced by pistons in operation, thermal effects were incorporated into the analysis. A steady-state thermal analysis was used to determine the temperature distribution within the piston, which was subsequently coupled with the structural analysis to assess thermo-mechanical stress and deformation. This approach reflects common industrial CAE workflows while acknowledging the simplifications required for computational feasibility.
This workflow aligns with common industrial CAE practices, where kinematic solvers are used to generate representative inertia loads prior to structural evaluation (Mahle GmbH, 2016)
4. [bookmark: _Toc216639554][bookmark: _Toc216640584]Validation
In Section 6, which focuses on component testing, Mahle GmbH (2016) describe how CAE results are typically validated against component-level and full-engine experimental testing. Discrepancies between numerical and experimental results are often attributed to idealised constraints, simplified contact conditions, and uncertainty in material behaviour at elevated temperatures. This reinforces the need for validation studies and sensitivity analyses to establish confidence in numerical outputs and to understand how modelling choices influence results.
Therefore, validation studies were conducted to assess the accuracy and reliability of the CAE solver (ANSYS) prior to its application to the crankshaft piston system. This also provided an understanding of the fundamental mechanical and thermo-mechanical principles underpinning FEA.
In line with the guidance provided by Mahle GmbH (2016), CAE results are therefore treated as an aid to engineering judgement rather than definitive predictions, with particular emphasis placed on understanding the limitations and assumptions inherent in the modelling process.
4.1 [bookmark: _Ref216525194][bookmark: _Toc216639555][bookmark: _Toc216640585]Bimetallic Strip
The first case of validation conducted was with a Bimetallic Strip. This study focuses on thermal expansion, which will help with the Steady-State Thermal application mentioned previously in Methodology.
[bookmark: _Ref216633998][bookmark: _Ref216633941][bookmark: _Ref216633993]Table 1 - Bimetallic Strip Data
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The bimetallic strip was modelled in SolidWorks and in ANSYS using the material data, the parts geometry and the thermal load provided in Table 1.
[image: ]
[bookmark: _Ref216634032]Figure 1 - Bimetallic Strip Image

Figure 1 provided further clarification on what the bimetallic strip should look like by clarifying the thickness of the component but also showing that a fixed support was used. 
[image: A math equation with a line
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[bookmark: _Ref216634066]Figure 2 - Bimetallic Strip Equation

The analytical solution displayed in Figure 2 shows the maximum deflection/total deformation of the component. The value 7.049mm calculated from the solution was used as a reference against the numerical output from ANSYS to then see the accuracy of the CAE solver.
	
[image: A colorful bar of a bar
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[bookmark: _Ref216634167]Figure 3 - Bimetallic Strip Total Deformation

Figure 3 shows the total deformation of the bimetallic strip solved within ANSYS. The value is 7.1213mm and when compared to the value from the analytical solution, it shows that ANSYS provided a result 98.98% accurate. A mesh size of 0.250mm was used due to what was mentioned in the RFEM Settings by Dlubal Software (2025).
[bookmark: _Toc216639556][bookmark: _Toc216640586]4.1.1 Fixed Positions
A reason for the difference in results may be due to the application of the boundary conditions. So, some tests were conducted to see if changing how the model is fixed, what would happen to the result, would the total deformation increase, decrease or remain the same.
	Quite a few fixed points were tested and the best total deformation value in comparison to Figure 3 was when the top & bottom edges were selected as the fixed points. The value given was 7.0569 mm, this is 99.88% (99.89% if rounded up). Refining the constraint definition reduced the discrepancy between analytical and numerical results from 1.02% to 0.12%, demonstrating the strong sensitivity of thermo-mechanical simulations to boundary condition application. Although the numerical improvement appears small in absolute terms, it represents a significant portion of the remaining error and highlights how modelling assumptions can directly influence solution accuracy. 
	Changing the fixed point can go the other way also, when it was just the middle edge selected, the total deformation was 375.26 mm, proving furthermore that the selection of the boundary conditions are very important to the end results. These results are shown in Table 2.

[bookmark: _Ref216634282][bookmark: _Ref216634270]        Table 2 - Bimetallic Strip Fixed Positions
	Bimetallic Strip

	Fixed Point 
	Result
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	Both Faces
	7.1213 mm
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	Top & Bottom Edges
	7.0569 mm
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	Middle Edge
	375.26 mm



4.2 [bookmark: _Toc216639557][bookmark: _Toc216640587]Cantilever Beam with Uniform Load
The second validation case was Cantilever Beam with a uniform load applied across its length. This case focuses on how the beam acts once under linear elastic assumptions, especially the load the beam is under. This will help with the Static-Structural application mentioned in Methodology.
[bookmark: _Ref216634375]Table 3 - Cantilever Beam Data
[image: A table with text and numbers
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The cantilever beam was also modelled in SolidWorks and in ANSYS using the material, geometry and load data displayed in Table 3.

[image: A diagram of a line with arrows and a line
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[bookmark: _Ref216634422]Figure 4 - Cantilever Beam Image
Figure 4 provided further clarification on what the cantilever beam should look like. This shows the thickness, width, length and shows that the pressure is acting on the beams entire length.
[image: A black text on a white background
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[bookmark: _Ref216634458]Figure 5 - Cantilever Beam Equation
The analytical solution displayed in Figure 5 shows the maximum deflection/total deformation of the component. The value 157.143mm calculated from the equation was used as a target value to reach or get as close to as possible. The comparison between this value and the value gathered from an ANSYS test will then display the accuracy of the CAE solver.
[image: A colorful pixelated rectangular object
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[bookmark: _Ref216634512]Figure 6 - Cantilever Beam Total Deformation
Figure 6 shows the total deformation of the cantilever beam solved within ANSYS. The value 157.15mm is 99.995% accurate. The difference being 0.007mm. So not a lot of improvement needed. The mesh size tested was 0.02mm, as recommended by Dlubal Software (2025). 
A reason for this discrepancy and that could be with how the ANSYS software reads the cantilever beam itself. The validation case through the analytical solution, of course does not account for meshing, and reads the beam as a 3-dimensional component.
[bookmark: _Toc216639558][bookmark: _Toc216640588]4.2.1 Fixed Positions
However, to keep things consistent, the fixed point of the cantilever beam was investigated although not a lot of different positions can be tried and tested due to the beam being one piece of material compared to the bimetallic strip being two pieces of material. 
	Fixed points tested consist of the top edge, the bottom edge, top & bottom edges, left & right edges and all the edges. All to see if the value is closer than the face fixed point, to the value produced by the equation. None of these however improved, they either produced the same value or increased significantly. But knowing the impact it can have from 4.1 is very useful for testing the piston.
[bookmark: _Toc216639559][bookmark: _Toc216640589]4.3 Mesh Testing
The mesh study was initially supposed to be conducted on the piston, however there was some errors coming up when changing the mesh size. The mesh size was 4mm originally and changing it to 2mm produced some different results. But, when 1mm mesh size was tried the solver had issues.
	So, a mesh study was conducted on the bimetallic strip due to the fixed location also working for the bimetallic strip. This was also conducted with the fixed point being the top and bottom edges (best result).
     Table 4 - Bimetallic Strip Mesh Study
	Bimetallic Strip

	Mesh Size (mm)
	Total Deformation (mm)

	4
	7.0981

	2
	7.0751

	1
	7.0483

	0.5
	7.0603

	0.25
	7.0569

	0.2
	7.0751

	0.15
	7.0546

	0.1
	7.0532



Although the results generally follow the expected trend of improved accuracy with mesh refinement, the non-monotonic behaviour observed at finer mesh sizes suggest numerical sensitivity and diminishing returns beyond a certain element density. This highlights that mesh independence is not achieved through indiscriminate refinement, but through identifying an appropriate balance between solution accuracy and numerical stability. These findings informed mesh selection for the piston analysis, where computational cost and solver robustness were also critical considerations.
5. [bookmark: _Toc216639560][bookmark: _Toc216640590]Assumptions, Simplifications & CAE Limitations
The CAE workflow employed in this study involved a fully linked process comprising rigid body dynamics, static structural analysis and thermal-structural coupling. This approach reflects common industrial practice, though it does involve several assumptions and simplifications that impact the results albeit necessary.
The kinematic analysis assumes all components behave as perfectly rigid bodies. This neglects elastic deformation during motion and therefore ignores the influence of components compliance on load transfer.
Loads generated from the kinematic simulation were applied as equivalent static forces in the structural analysis. This assumption simplifies a fundamentally dynamic process and does not capture transient effects associated with rapid load changes during the engine cycle. 
Similarly, materials were assumed to behave in a linear elastic manner, with non-linear effects like plastic deformation and creep neglected.
Thermal effects were represented using a steady-state thermal analysis, assuming constant temperature distributions.
Geometric simplifications were made via the omission of the other components within the assembly, with the focus being on the piston itself. These exclusions required the application of constraints to stabilise the model, impacting the end results.
Although fatigue life is an important design consideration, a full fatigue analysis was beyond the scope of this work due to the need for detailed load histories and cyclic material data. Consequently, static stress results were interpreted to identify regions of potential fatigue risk.

Overall, these assumptions and limitations mean that the CAE results should not be viewed as absolute predictions but rather as results in the correct ballpark.
6. [bookmark: _Toc216639561][bookmark: _Toc216640591]Piston Testing
For the piston analysis, three materials were selected for investigation: 6061-T6 aluminium alloy, Ti-6Al-4V titanium alloy, and 4041 steel. The material data was gathered via Granta EduPack which is a material hub linked to the ANSYS software. These materials were chosen to represent a broad range of mechanical and thermal properties commonly encountered in engineering design, enabling the influence of material selection on piston structural performance to be critically evaluated using CAE techniques.
In addition to material variation, multiple piston design configurations were analysed to explore opportunities for structural optimisation. The original design was evaluated to establish reference stress, deformation, and thermal response characteristics. Subsequent design iterations were then assessed with the aim of improving performance while considering the inherent trade-offs between strength, stiffness, mass, and thermal behaviour. This approach reflects an iterative CAE-driven design process, where numerical results are used to inform engineering decisions rather than to identify a single optimal solution.
The results presented in the following sections compare the structural response of each material and design configuration under identical loading conditions, with particular focus on stress distribution, deformation, and the implications for practical piston design.
6.1 [bookmark: _Toc216639562][bookmark: _Toc216640592]Design A
[image: A black object with a hole
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        Figure 7 - Piston Design A
Design A is the original design of the piston; this is used to form a set of baseline results that are used to then optimise the design of the piston itself. To optimise the piston, the results that are looked at are the total deformation of the piston, the stress the piston is under and the temperature that the piston can withstand.
[bookmark: _Ref216634848]Table 5 - Design A Data
	
	Max – Min Values

	Materials
	Temperature (°C)
	Total Deformation (mm)
	Equivalent Stress (Mpa)

	6061 T6 Aluminium
	305.54 - 161.39
	0.34328 - 0.0012617
	2201.8 - 1.0659

	Ti-6AI-4V Titanium
	639.25 - 91.393
	0.21505 - 0.0012825
	1641.3 - 2.7676

	4041 Steel
	394.53 - 110.8
	0.22841 - 0.0016888
	4416.1 - 5.2742



Table 5 shows the max values for temperature, total deformation and equivalent stress for the 3 materials that were tested. Analysing the results, with Ti-6AI-4V Titanium as it’s material, the piston can withstand the highest temperature, while deforming the least and is under the least amount of stress.
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[bookmark: _Ref216635188]Figure 8 - Design A Total Deformation         
[image: A blue and green object with text
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[bookmark: _Ref216635196]Figure 9 - Design A Equivalent Stress
Although Design A provides a useful baseline, the stress concentrations observed around the crown and pin boss regions indicate opportunities for targeted geometric optimisation.
6.2 [bookmark: _Ref216636684][bookmark: _Toc216639563][bookmark: _Toc216640593]Design B
[image: A silver object with a hole
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Figure 10 – Piston Design B
Design B is similar to Design A; the small changes were made just to get a better understanding and a slight ballpark in terms of what changes should be made to improve the results. Design B sees the top layer simplified where the points in the middle are continued to the edge instead of the bits that were on top of this layer. And then a hole in the middle was added.
[bookmark: _Ref216635309]Table 6 - Design B Data
	
	Max – Min Values

	Materials
	Temperature (°C)
	Total Deformation (mm)
	Equivalent Stress (Mpa)

	6061 T6 Aluminium
	303.47 - 161.71
	0.35956 - 0.0011901
	2332.5 - 3.5583

	Ti-6AI-4V Titanium
	617.46 - 91.416
	0.21508 - 0.00030491
	1913.4 - 2.3918

	4041 Steel
	390.16 - 111.18
	0.23344 - 0.0025332
	4680.9 - 9.8252



The increase in equivalent stress observed in Design B suggests that material removal in the crown region disrupted established load paths rather than reducing mass efficiently. While total deformation remained comparable to Design A, the higher peak stresses indicate that simplification of the geometry alone does not necessarily improve the structural performance.
6.3 [bookmark: _Toc216639564][bookmark: _Toc216640594]Design C
[image: A 3d model of a piston
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Figure 11 – Piston Design C
Design C took inspiration from (Mishra & Kumar, 2019). It’s not identical in terms of geometry but the overall design was inspired.
[bookmark: _Ref216636613]Table 7 - Design C Data
	
	Max – Min Values

	Materials
	Temperature (°C)
	Total Deformation (mm)
	Equivalent Stress (Mpa)

	Ti-6AI-4V Titanium
	689.17 - 91.421
	0.22893 - 0.00087581
	1957.2 - 2.8418



Although Design C demonstrated improved thermal performance, the increase in equivalent stress relative to Design A suggests that the adopted crown geometry may prioritise thermal resistance at the expense of mechanical load distribution. This highlights the trade-off between thermal and structural optimisation when adapting literature-inspired designs.
6.4 [bookmark: _Toc216639565][bookmark: _Toc216640595]Design D
[image: A silver cylinder with a round center
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[bookmark: _Ref216635464][bookmark: _Ref216635460]     Figure 12 - Piston Design D
Design D was created by thickening the crown of the piston and then making a design on top as shown in Figure 12.

[image: A close-up of a metal object
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[bookmark: _Ref216636915]          Figure 13 - Piston Design D (Underneath)
Figure 13 shows the slight change made to the underneath of the piston. The width of the rings where the gudgeon pin sits.
[bookmark: _Ref216636782][bookmark: _Ref216636763]Table 8 - Design D Data
	
	Max - Min Values

	Materials
	Temperature (°C)
	Total Deformation (mm)
	Equivalent Stress (Mpa)

	Ti-6AI-4V Titanium
	706.43 - 91.397
	0.23373 - 0.0024786
	1772.7 - 0.97286



Table 8 shows the final data gathered in this study, with it representing the performance of Design D. Quite a clear difference in terms of the stress in the low stress concentrated areas of the piston with the low value decreasing all the way to 0.97 MPa.
6.5 [bookmark: _Toc216639566][bookmark: _Toc216640596]Comparing Results
[bookmark: _Ref216635626]Table 9 - All Designs Titanium Data
	
	
	Max - Min Values

	Design
	Materials
	Temperature (°C)
	Total Deformation (mm)
	Equivalent Stress (Mpa)

	A
	Ti-6AI-4V Titanium
	639.25 - 91.393
	0.21505 - 0.0012825
	1641.3 - 2.7676

	B
	Ti-6AI-4V Titanium
	617.46 - 91.416
	0.21508 - 0.00030491
	1913.4 - 2.3918

	C
	Ti-6AI-4V Titanium
	689.17 - 91.421
	0.22893 - 0.00087581
	1957.2 - 2.8418

	D 
	Ti-6AI-4V Titanium
	706.43 - 91.397
	0.23373 - 0.0024786
	1772.7 - 0.97286


Looking at Table 9 the designs have produced varying results. 
Analysing the temperature column, the designs started off getting worse in terms of not being able to withstand certain temperatures, but it quickly saw an improvement with Design D being the best in that category.
In terms of the total deformation of the piston, the results vary. Although none of the designs deform that much at all, Design B deforms the least with both the max and min values.
With the Stress values, Design C is under the most stress with the highest max value and the highest min value. Design D, however, has the 2nd lowest max value behind Design A but is in a league of its own with the min value. No surprise though given that Design D was the only design that saw changes made in the lowest stress concentrated areas.
Design D demonstrates the most balanced overall performance, with reduced stress concentrations through targeted reinforcement of low-stress regions identified in earlier designs. Although total deformation increased slightly, the redistribution of stress suggests a more efficient load path, making this design more suitable for durability-driven applications.
7. [bookmark: _Toc216639567][bookmark: _Toc216640597]Conclusion
This study demonstrated the application of CAE tool to the analysis and iterative optimisation of a piston within a crankshaft-piston assembly. A fully linked CAE workflow was developed, incorporating rigid body kinematics, static structural analysis, and thermo-mechanical simulation. Validation studies using a cantilever beam and a bimetallic strip showed close agreement between analytical and numerical results, providing confidence in the solver’s ability to represent fundamental mechanical and thermal behaviour.
The validated modelling approach was then applied to a baseline piston design, followed by a series of iterative design modifications. Analysis of Designs A–D demonstrated how CAE tools can be used to identify stress concentrations, evaluate the effectiveness of geometric changes, and inform subsequent design decisions. While some design iterations resulted in increased stresses or deformation, these outcomes provided valuable insight into load paths and highlighted the importance of targeted rather than indiscriminate material removal. Design D was found to offer the most balanced performance, achieving reduced stress concentrations through informed geometric reinforcement, despite a small increase in total deformation.
Throughout the study, several assumptions and simplifications were necessary, including rigid body kinematics, linear elastic material behaviour, steady-state thermal loading, and idealised boundary conditions. These limitations mean that the results should be interpreted as comparative indicators rather than absolute predictions. Nevertheless, the analysis demonstrates how CAE tools can effectively support early-stage engineering design by enabling rapid evaluation of design concepts and identification of critical regions.
Overall, this work highlights the value of CAE as a decision-support tool when used with appropriate validation and critical interpretation. Further work could include transient thermal analysis, more representative contact modelling, and fatigue life assessment to improve correlation with real engine operating conditions.
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[bookmark: _Toc216639569][bookmark: _Toc216640599]Appendices
[bookmark: _Toc216639570][bookmark: _Toc216640600]Appendix A – Fixed Point Study
       Table 10 - Full Bimetallic Strip Fixed Points Study
	Bimetallic Strip

	Fixed Point 
	Result
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	Both Faces
	7.1213 mm
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	Top & Bottom Edges
	7.0569 mm
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	Middle Edge
	375.26 mm
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	Top, Middle, Bottom Edges
	7.1228 mm
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	Top Face
	7.06 mm
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	Bottom Face
	7.1424 mm
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	Left & Right Edges
	7.2584 mm
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	Top, Bottom, Left, Right Edges
	7.1024 mm
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	All Edges
	7.1382 mm




[bookmark: _Toc216639571][bookmark: _Toc216640601] Appendix B – Titanium (Ti-6AI-4V) Results
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Figure 14 - Design A Equivalent Stress different view
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Figure 15 - Design A Total Deformation different view
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Figure 16 - Design D Equivalent Stress
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Figure 17 - Design D Equivalent Stress different view
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Figure 18 - Design D Temperature
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Figure 19 - Design D Total Deformation
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Figure 20 - Design D Total Deformation different view
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