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1. [bookmark: _Toc216475088]Introduction
Computer Aided Engineering (CAE) has become an essential component of modern Vehicle Design, enabling engineers to investigate structural behaviour, optimise system performance, and reduce development time before physical testing takes place. 
As vehicle systems become increasingly complex, the ability to accurately model assemblies, predict loading conditions, and assess component durability is critical for achieving safe, efficient, and lightweight designs. This assignment explores the practical application of CAE methods within a simulated engineering workflow, aligning with the Level 6 learning outcomes presented in the module specification.
Through the creation of a multi-component assembly, a kinematic study under realistic operating conditions, and a detailed structural analysis of a selected component, this work aims to demonstrate both the strengths and limitations of CAE tools within the design process. Emphasis is placed on iterative improvement, material behaviour under thermal and mechanical loading, and the role of fatigue considerations when refining a design for performance and mass efficiency. 
Finally, validation through analytical comparison and mesh-independence studies provides a critical appraisal of simulation accuracy, reflecting the need for engineers to understand not only how to use CAE software, but also the assumptions and uncertainties inherent within it. 















2. [bookmark: _Toc216475089]Literature Use
The modelling methods used in this project were guided by established literature on finite element analysis and structural mechanics. FEA theory highlights that numerical accuracy is strongly influenced by boundary conditions, mesh density, and element quality, which must be validated before results can be relied upon (McCaslin, 2021). Organisations such as NAFEMS emphasise the importance of benchmark testing and mesh-convergence studies to ensure that solver settings and modelling assumptions are appropriate for the intended application (Nafems, 2020).
The thermal validation is based on Timoshenko’s theory of bimetallic bending, which explains how differential thermal expansion generates curvature in bonded materials and provides a reliable benchmark for thermo-mechanical simulations (Lee, 2025). The static structural validation is based on Euler–Bernoulli beam theory, which describes the linear-elastic bending response of beams and remains a standard reference for assessing FEA accuracy (Lee, Number analytics, 2025).
Literature on mesh quality further informed the modelling strategy. Metrics such as skewness, aspect ratio, Jacobian ratio and overall element quality are very important when it comes to accuracy. particularly in regions with high stress gradients (Shumak, 2025). Mesh-independence studies are crucial to be able to rely on the results.
A review of published literature on piston materials and aluminium alloy behaviour at elevated temperatures was used to guide the selection of material properties and operating conditions within the CAE model.














3. [bookmark: _Toc216475090]CAE Discussion
The CAE model was developed to represent realistic thermo-mechanical loading conditions acting on the piston. The provided piston geometry was imported into ANSYS to ensure geometric consistency throughout the analyses. Material properties for 6061-T6 were selected based on available high-temperature engine data.
Thermal and mechanical loads were applied to represent midrange-peak operating conditions. A temperature distribution was imposed to simulate heat transfer from combustion gases, while a uniform pressure load was applied to the crown to represent combustion forces. Boundary conditions were defined to restrict only the degrees of freedom imposed by the piston–connecting rod assembly, acknowledging necessary simplifications due to the absence of full engine-body interaction.
Mesh refinement was focused on the piston crown, gudgeon pin holes, and high-stress regions, with mesh quality metrics evaluated and a mesh-independence study performed to ensure solution stability. Quadratic tetrahedral elements were selected based on a preliminary solver and element-type. While these modelling decisions provide a representative assessment of piston behaviour, the results remain subject to limitations associated with solver assumptions and multi-physics coupling.

4. [bookmark: _Toc216475091]Validation 
4.1. [bookmark: _Toc216475092]Purpose of validation 
Before using any CAE, tools and analysing the piston, it is important to understand modelling strategies, boundary conditions and solver settings, ensuring they produce accurate and reliable results. Validation was completed using two validation studies found online (DLUBAL, 2025) with known analytical solutions, a thermal bimetallic strip and a static cantilever beam. 
Based on the later workbenches using this validation, methods will directly link and be used to ensure accuracy. Using this method also allows for a comparison between analytical and Ansys results showing good limitations of both. 
4.2. [bookmark: _Toc216475093]Thermal Validation 
The first validation case considered a bimetallic strip designed using an online study found on (DLUBAL, 2025) composed of two materials with given properties such as isotropic thermal coefficients & isotropic behaviours. A comparison of analytical and Ansys was performed, While noting the limitations of both.
4.3. [bookmark: _Toc216475094]Analytical Solutions 
Analytical solution can be found using the following formula from Timoshenko’s equation: (Lee, NumberAnalytics, 2025)

Tip deflection:
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[bookmark: _Toc216487000]Figure 1 Thermal Hand Calcs

4.4. [bookmark: _Toc216475095]Ansys Results 
To begin finding Ansys results a mesh study is required to make sure the results found are accurate, using the online studies as a target goal, a mesh element size refinement study can be done. This is where a coarse mesh is tested and then changed to gradually get finer until point of convergence. As seen by the table provided below (figure 2). 2 mesh types were looked at, number 3 and 14, due to the accuracy they provided. Mesh run 3 (Figure 3) was chosen due to how accurate it was according to the analytical target. While mesh run 14 was chosen due to the poor accuracy it proved. An investigation into what factors influence a mesh was conducted.
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Mesh 3 is a finer mesh and is the most reliable for the thermal study as it provided the best results. This is due to the overall geometric resolution and element quality. Mesh qualities such as skewness, Jacobian ratio and aspect ratio take a huge role in making sure a mesh is correct. With mesh 3 all of these stayed within the expected thresholds (Simscale, 2021) , which in turns means the elements deform predicably under loads and reduces numerical errors. [bookmark: _Toc216487002]Figure 3 Mesh Size 3

A finer mesh such as this has its advantages over a coarser mesh as it can capture curvature with greater precision and steep stresses but also avoids the issue of going too fine and getting excessive distortion. This results in mesh 3 shows that it is both stable and converged, indicating that further refinement would increase computational cost without providing meaningful improvements in accuracy.

[image: A long grey rectangular object with black text

AI-generated content may be incorrect.]Mesh 14 was the coarsest mesh, producing extremely inaccurate results. The large discrepancy can be accounted to poor geometric resolution and low element count. Due to the low element count it fails to capture local curvature and bending effects accurately and effectively makes an artificially stiff structure. Mesh qualities such as skewness, aspect ratios, element quality all fell into the inaccurate range, reducing numerical accuracy. As a result, the 10mm mesh doesn’t produce accurate or reliable results. [bookmark: _Toc216487003]Figure 4 Mesh 14

4.5.  Mesh Quality and Element Metrics
[bookmark: _Toc216475100]Mesh quality plays a critical role in the accuracy and stability of numerical simulations. Element size governs the resolution of stress concentrations and bending curvature, with coarse meshes under-predicting peak responses, while finer meshes improve accuracy at increased computational cost and potential element distortion in complex regions (Shumak, 2025).
To ensure numerical reliability, the mesh was configured such that most elements achieved an element quality greater than 0.7, with elements below approximately 0.1–0.2 carefully examined due to the risk of severe distortion. Additional quality metrics were assessed, including skewness, Jacobian ratio, and aspect ratio, to confirm element integrity. Low skewness, Jacobian ratios predominantly within the range of 1–10, and controlled aspect ratios were maintained to minimise numerical error and ensure stable stress and strain predictions.
4.6. Static Structural Validation 
[image: A whiteboard with math equations

AI-generated content may be incorrect.]The static structural validation used a cantilever beam to assess the accuracy of the linear-elastic modelling approach found online (DLUBAL, 2025). This benchmark is widely relied upon in structural mechanics because the Euler–Bernoulli beam theory provides a closed-form prediction for tip deflection and bending stress (Lee, Number analytics, 2025). The beam was fixed at one end and subjected to a vertical load at the free end. (Appendix 1) From here, the analytical deflection was calculated and then compared against the study.(Appendix 2)[bookmark: _Toc216487004]Figure 5 Static Structural Hand Calcs






Mesh-quality checks like mentioned before were monitored in the same manner as the thermal validation and are therefore not repeated here. Instead, this section focuses on element-size convergence and method comparisons. The mesh-size study showed that even with element size change, deflection values hardly changed prompting the investigation into linear vs quadratic and solver methods. The full comparison of element size versus deflection is shown in (Table 1).
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Table 1 Basic Element size study

A method study was also performed to examine the influence on accuracy. Linear vs quadratic, tetrahedral meshes were compared first, followed by linear and quadratic variants of the hex-dominant, sweep and multizone meshing methods (Table 2).  Across all approaches, quadratic elements consistently produced results closer to the analytical prediction due to their higher-order interpolation, which is better suited for representing bending curvature unlike linear which uses first order calculation. (FEA, 2021).
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Table 2 Linear Vs Quadratic



Different meshing approaches also influence accuracy. Tetrahedral meshes are easy to generate and suit complex geometry, but they can be less accurate in bending compared with more structured methods like hex dominant. (Bentley, 2021).
Different meshing approaches also influence accuracy. Tetrahedral meshes are easy to generate and suit complex geometry, but they can be less accurate in bending compared with more structured methods like hex dominant. (Bentley, 2021).
For these reasons, both linear and quadratic elements, and multiple meshing strategies, were tested. Quadratic and structured meshes generally provided higher accuracy, while linear and unstructured tetrahedral meshes were faster but less reliable for capturing bending behaviour.

Overall, the static structural validation demonstrates that accurate bending predictions depend on both sufficient mesh refinement and appropriate element formulation. The combination of a refined mesh and quadratic elements produced the closest match to analytical theory, providing confidence in the numerical strategy applied later in the piston analysis.
4.7. [bookmark: _Toc216475101]Boundary Condition Study 
A brief boundary-condition check was conducted to ensure that the condition the simulation was founded upon was correct. In the rigid dynamics model, alternative joint definitions and constraint stiffness variations were assessed for the crank, connecting rod, gudgeon pin assembly, while maintaining consistent degrees of freedom, including axial piston translation. In the structural analysis, minor variations in weak spring stiffness and support definition were examined to confirm numerical stability without introducing artificial constraint effects.
These variations produced noticeable differences in predicted deformation for coarser meshes, particularly due to increased numerical sensitivity and reduced constraint resolution. However, for the refined meshes adopted in the final analysis, the predicted deformation and stress responses showed minimal deviation. This behaviour is consistent with established findings that boundary-condition sensitivity decreases as mesh resolution and element quality improve, resulting in more stable and mesh-independent solutions. (Lee, Nmber Analatics, 2021)
Overall, the results confirm that, once a refined mesh and consistent joint definitions are applied, the FE response becomes largely independent of minor boundary-condition approximations, supporting the robustness and reliability of the validation and main case study results.
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[bookmark: _Toc216487005]Figure 6 Weak springs
4.8. [bookmark: _Toc216475102]Validation Summary 
Both the thermal and structural validation studies showed strong agreement with analytical predictions once sufficient mesh refinement and appropriate element size were applied. Coarse or linear meshes under-predicted deformation due to artificial stiffness, whereas quadratic and structured meshes produced smoother stress distributions and improved accuracy. Mesh convergence trends confirmed a systematic reduction in numerical error with decreasing element size, with the 0.3 mm mesh representing a converged solution (Figure 3). Method studies further demonstrated that quadratic elements and direct solvers provided results closest to analytical solutions. Collectively, these findings validate the modelling approach adopted for the subsequent piston analysis and confirm its suitability for reliable comparative thermo-mechanical assessment.











5. [bookmark: _Toc216475103]Main Case Study
5.1. [bookmark: _Toc216475104]Baseline Assembly and Analysis Strategy 
The assembly consists of a crankshaft, connecting rod, gudgeon pin and piston, with ideal modelling for realistic loads transfer paths. Having the focus on the piston is due to the combined inertial, thermal and pressure induced loads it experience, making it ideal to explore all CAE tools available. 
For a baseline run 6061-T6 was chosen due to existing material information making it easy to implement. By using a multi-physics CAE workbench, realistic operating condition were able to be simulated. The workbench comprised of rigid dynamics to generate realistic mechanical loads, a steady state thermal study to analysis temperature distribution and finally a static structural analysis to evaluate stress, strain and deformation. 
The Boundary conditions and mesh were selected from the validation section. By using these settings, it provided confidence in the numerical findings and trends observed throughout the studies.
5.2. [bookmark: _Toc216475105]Load Case Generation (Rigid Dynamics) 
Rigid dynamics was chosen to conduct analysis on realistic inertial and joint reaction force based on a set crankshaft rotation; the alternative was using a simplified analytical force estimation, due to the fact rigid dynamics will account for coupled motion of rotating and reciprocating components that are found in the geometry used. 
For this solver to accurately provide results joints were needed to enable realistic force transfer and rotation of components, the joints used were:
· Revolute joint crankshaft – connecting rod
· Revolute joint connecting rod – gudgeon pin
· Revolute joint gudgeon pin – piston
· Body-to-ground revolute joint – crankshaft 
· Body-to-ground General – piston side skirts
Reason for using a general for the piston side skirts was to allow translation only in the z axis mimicking a piston movement in the cylinder. All these joints provide a realistic piston motion without compromising on rigid body motion. Crankshaft speeds were set to 4000 rpm to mimic a mid-range engine operation rather than higher rpm. Although higher engine speeds would increase inertial loading, this rotational speed was selected as a conservative and representative operating condition. The objective of this study was to evaluate relative structural trends between design iterations rather than to predict absolute peak-load behaviour. 
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[bookmark: _Toc216487006]Figure 7 Joints Table
[bookmark: _Toc216487007]Figure 8 Joints


5.3. [bookmark: _Toc216475106]Thermal Environment Definition (Steady State Thermal)  
A steady state thermal was performed to gain an estimated temperature distribution across the piston during operation; this was them directly linked to a static structural on top of the dynamic loads obtained previously. 
Mesh density was based on the mesh independent study yet again ensuring valid results. Heat convection transfers were placed on areas such as:
· Crown
· Skirt
· Underside
· Ring grooves
The reason for multiple heat transfer convections were to mimic real-life conditions and uniform convective behaviours. The use of multiple convection zones enabled a more representative temperature gradient to develop compared to a single uniform boundary condition.
The same convection coefficients were applied consistently across all design iterations to allow direct comparison between results. (Appendix 3) The thermal analysis assumed steady-state conditions and uniform convective behaviour, which simplifies the highly transient and spatially varying thermal environment of a real engine. These assumptions are considered acceptable for comparative [image: A screenshot of a computer

AI-generated content may be incorrect.]assessment and are discussed further in the limitations section.[bookmark: _Toc216487008]Figure 9 Thermal Boundary Conditions
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[bookmark: _Toc216487009]Figure 10 Piston Temperature

5.4. [bookmark: _Toc216475107]Coupled Structural Assessment 
Compiling rigid dynamics and steady state thermal loads together then importing them into a static structural was the next step. The model utilised a 2 mm global mesh with 1 mm refinement at the crown and gudgeon pin holes. Motion and thermal loads were applied alongside a 10 MPa crown pressure to represent combustion loading.
Weak springs were turned on to aids in stabilisation without compromising on artificial stiffness. By using this method solver convergence improved without influencing results found.
For Aluminium alloy 6061-T6, temperature-dependent yield strength data available within the material model was utilised. This allowed the effect of elevated operating temperature on yield behaviour to be partially captured, improving the physical realism of the baseline assessment. However, for the other two materials temperature dependent yield data wasn’t used noting a significant limitation, as addressed later. 
[image: A colorful object with a blue background

AI-generated content may be incorrect.]
[bookmark: _Toc216487010]Figure 11 Max Deformation Baseline
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[bookmark: _Toc216487011]Figure 12 Strain
5.5. [bookmark: _Toc216475108]Material Sensitivity Study
To assess the influence of material selection on piston performance, a material sensitivity study was conducted using two additional materials: a glass-fibre reinforced ABS+PA polymer and a titanium alloy. The polymer material was intentionally selected as an unsuitable piston candidate to demonstrate the consequences of poor material selection, while titanium represented a high-performance structural alternative.
All geometry, boundary conditions, loads, and mesh settings were identical to the baseline case to ensure a fair comparison. As expected, the polymer piston showed a significant increase in deformation and strain proving how it is insufficient regarding stiffness and sustainability at higher temperatures and loads. In contrast, the titanium piston demonstrated substantially reduced deformation and stress levels due to its superior strength and stiffness, although with an associated increase in density. 
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[bookmark: _Toc216487013]Figure 14 Poly Max Def
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[bookmark: _Toc216487014]Figure 15 Poly Strain

5.6. [bookmark: _Toc216475109]Topology-Guided Design Optimisation 
Based on the material sensitivity study, titanium was selected for topology optimisation due to its superior structural performance. This study was conducted to identify regions of low structural significance where material could be removed without compromising overall stiffness and strength.
Geometric constraints were applied to preserve critical functional features, including the piston crown, skirts, and ring grooves. A mass reduction target of 50% was specified. The resulting topology density distribution indicated that significant material could be removed from the underside of the piston, particularly in regions distant from primary load paths.
The topology was used as more of a guide than a final design that was then used to influence further designs. 

5.7. [bookmark: _Toc216475110][image: A wireframe of a piece of metal

AI-generated content may be incorrect.]Geometry refinement, stress mitigation and durability[bookmark: _Toc216487015]Figure 16 Topology

[image: A drawing of a device

AI-generated content may be incorrect.]After looking at the topology optimisation results, cut outs were made in CAD identified as having low structural significance. The modified geometry was then re-analysed using the same workflow to ensure consistency and allow direct comparison with previous design iterations. 
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[bookmark: _Toc216487017]Figure 18 Cut Piston

The refined design exhibited a slight increase in maximum deformation; however, overall stress and strain levels were reduced relative to the unmodified titanium piston. Analysis of the stress contours revealed localised stress concentrations around the ring groove regions, attributable to sharp geometric transitions. To mitigate these concentrations, a 0.5 mm fillet was introduced at the ring groove edges to reduce stress gradients and improve load distribution.
[image: A blue and black object with a hole
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AI-generated content may be incorrect.]Re-analysis of the filleted design demonstrated a reduction in peak von Mises stress and a more uniform stress distribution across critical regions, resulting in an overall structurally improved piston configuration. The combined effect of topology-guided material removal and local geometric refinement therefore achieved a favourable balance between stiffness, strength, and mass reduction.
[bookmark: _Toc216487018]Figure 19 Stress New Cut
[bookmark: _Toc216487019]Figure 20 Strain on New Piston


To assess the durability of the final optimised design, a fatigue life and factor of safety (FOS) assessment was conducted using the peak mechanical loads derived from the rigid dynamics analysis as a representative cyclic loading condition. The fatigue analysis indicated that the optimised piston achieved acceptable fatigue life within the assumed operating conditions, while the FOS distribution confirmed that critical regions remained within allowable safety margins.
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[bookmark: _Toc216487021]Figure 22 Life Cycle
These results demonstrate that the iterative design process not only improved static structural performance but also enhanced fatigue resistance. However, it is acknowledged that fatigue predictions are highly sensitive to assumptions regarding loading history, material data, and surface condition. As such, the fatigue and FOS results should be interpreted as indicative rather than definitive.
5.8. [bookmark: _Toc216475111]Assumptions of Limitations of the CAE
The CAE workflow used in this study has results that are dependent on several simplifying assumptions and solver limitations.
· Rigid dynamics: Components were modelled as perfectly rigid, neglecting elastic deformation, contact, lubrication, and combustion pressure variation. Mechanical loading was therefore represented using peak joint reaction forces and should be interpreted as representative rather than fully predictive.
· Thermal analysis: A steady-state approach with simplified convective boundary conditions was used, excluding transient thermal cycling and detailed cooling effects. The resulting temperature is therefore an approximation.
· Structural analysis: Linear elastic behaviour and small deformations were assumed, with temperature-dependent yield strength applied only where available. Weak springs were introduced for numerical stability.
· Mesh, optimisation, and fatigue: Local stress predictions remain sensitive to mesh resolution and idealised geometry. Topology optimisation and fatigue analyses used simplified loading assumptions and did not account for manufacturability or thermal cycling.
Overall, the results are best interpreted in terms of relative trends between design iterations rather than absolute results. Despite these limitations, the methodology remains appropriate for early-stage design evaluation and optimisation.
[bookmark: _Toc216475112] Conclusion 
This study applied a multi-physics CAE workflow to evaluate and optimise the structural performance of a piston under combined mechanical and thermal loading. Rigid dynamics was used to generate representative loading, which was coupled with thermal and static structural analyses to assess stress, strain, and deformation.
Material and geometric optimisation demonstrated that piston performance is highly sensitive to material selection and local geometry, with topology-guided refinement and stress mitigation leading to improved structural behaviour and acceptable fatigue performance. While simplifying assumptions and solver limitations were required, these were critically acknowledged and contextualised.
Overall, the results demonstrate the value of CAE tools for comparative design evaluation and early-stage optimisation, with findings best interpreted in terms of relative trends rather than absolute performance prediction.
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Appendix 2 Heat Temps
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