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The primary aim of this assignment is to apply Computer Aided Engineering (CAE) processes to the modelling, simulation, and analysis of a mechanical assembly, with ANSYS software serving as the central tool for investigation. CAE has become a cornerstone of modern mechanical engineering practice, enabling engineers to predict system behaviour, optimise component design, and reduce reliance on costly physical prototyping. In this study, the focus is placed on developing an assembly comprising at least five interrelated components, ensuring that the geometry and constraints reflect realistic engineering conditions. The accuracy of this assembly is critical, as the fidelity of the CAD model directly influences the reliability of subsequent simulation results.
A kinematic simulation is conducted to establish realistic loading conditions, replicating the forces and displacements that the assembly would experience under operational circumstances. These loading conditions form the basis for a static structural analysis of a selected component within the assembly. The chosen component is subjected not only to mechanical stresses but also to thermal effects, recognising that elevated temperatures can degrade material properties and significantly influence fatigue life. By incorporating thermal considerations, the analysis provides a more comprehensive understanding of component performance under multi-physics conditions.
Iterative design improvements are introduced based on the outcomes of finite element analysis (FEA). This iterative approach reflects the cyclical nature of engineering design, where simulation results inform modifications that enhance structural performance, extend fatigue life, and optimise mass. The balance between strength, durability, and efficiency is a central theme of the study, demonstrating how CAE tools can guide evidence-based design decisions.
Validation is a critical element of the assignment, ensuring that simulation results are not accepted uncritically. A simplified test case is selected where an analytical solution can be derived from fundamental engineering principles. This analytical solution is compared against ANSYS outputs, supported by a mesh independence study to evaluate the influence of element sizing on accuracy, and an assessment of boundary condition sensitivity to highlight the importance of correct constraint application.
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Figure 1structural steel deformation
The component selected for static structural analysis is the engine piston, a critical element within the mechanical assembly that experiences significant mechanical and thermal loads during operation. The piston was modelled using structural steel due to its high strength and well-documented behaviour under elevated temperatures.
Using ANSYS 2024 R2, a steady-state thermal analysis was conducted to simulate the temperature distribution across the piston under realistic operating conditions. The results revealed a temperature range from 125.08°C to 500.14°C, with the highest thermal concentration occurring near the piston crown. This thermal gradient was then integrated into the static structural study to account for thermal expansion and stress induced by temperature variation.
The structural analysis applied boundary conditions derived from the kinematic simulation, ensuring that the loading scenario reflected realistic engine dynamics. The mesh was refined in regions of expected high stress, particularly around the piston pin bosses and skirt, to improve result accuracy. The simulation output included deformation contours and stress distribution maps, indicating that the component remained within the elastic range of the structural steel material under the applied loads.
 



[image: ]Figure 2structural steel stress
The analysis focused on the Equivalent (von-Mises) Stress distribution across the piston. Results indicated a stress range from 3.76 MPa to 4.04 GPa, with the highest stress concentrations located near the top edge of the piston crown. These regions correspond to areas subjected to combined compressive and thermal loads, where geometry transitions and contact surfaces intensify stress magnitudes. Lower stress values were observed in the skirt and lower body of the piston, where loading is less severe.
The mesh was refined in critical regions to improve result accuracy, particularly around the piston pin bosses and crown fillets. The stress contours revealed that the component remained within the elastic limit of structural steel under the simulated conditions, with no indication of plastic deformation or failure. However, the proximity of peak stress values to the material’s yield strength suggests that further investigation into fatigue behaviour and long-term durability may be warranted in future iterations.
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Figure 3 Magnesium deformation
The piston was also analysed using magnesium as the base material to evaluate its deformation response under identical loading and thermal conditions. Magnesium alloys are known for their low density and high strength-to-weight ratio, making them attractive for lightweight applications. However, they typically exhibit lower stiffness and yield strength compared to structural steel.
The total deformation ranged from 5.12 um to 514.63 um, with the maximum displacement occurring near the piston crown. This region is subject to the highest thermal and mechanical loads, and the increased deformation reflects magnesium’s lower modulus of elasticity. Compared to the structural steel variant, the magnesium piston showed noticeably higher displacement under the same conditions, indicating reduced rigidity and greater susceptibility to distortion.
The deformation gradient was smooth across the component, with lower values concentrated in the skirt and pin boss regions. The mesh resolution was maintained consistently to ensure comparability between material cases. These results highlight the trade-off between weight reduction and structural stiffness when selecting magnesium for high-temperature, high load components.

	

[image: ]
Figure 4magnesium under stress
The equivalent (von-Mises) stress distribution ranged from 3.76 MPa to 4.04 GPa, with peak stress values concentrated near the top edge of the piston crown. This region experiences the highest combined loading due to combustion forces and thermal gradients. The stress levels observed are notably high relative to magnesium’s yield strength, indicating that the material may be operating near or beyond its elastic limit in critical zones.
Lower stress regions were found in the piston skirt and lower body, consistent with reduced mechanical loading and thermal exposure. The stress gradient across the component reflects the influence of geometry transitions, particularly around fillets and contact surfaces, which act as stress risers.
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[image: ]Figure 5cast iron deformation
Cast iron was assessed to determine its deformation behaviour under combined mechanical and thermal loading. The material is valued for its compressive strength, thermal stability, and vibration damping, though its brittle nature requires careful evaluation in high stress applications.
The applied thermal profile ranged from 125.08°C to 500.14°C, with peak temperatures concentrated near the piston crown. Under these conditions, total deformation ranged from approximately 1.83 um to 212.67 um, with the maximum displacement occurring in the crown region. This area is subject to the most intense thermal and mechanical loads, making it the critical zone for structural assessment.
The skirt and pin boss regions exhibited minimal displacement, consistent with lower stress exposure. Mesh refinement was applied around fillets and contact surfaces to capture localised behaviour accurately. The deformation gradient was smooth across the component, confirming that cast iron retained its overall shape under the applied loads.
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Figure 6cast iron stress
The piston was analysed under static structural loading to evaluate the equivalent (von‑Mises) stress distribution when cast iron is used as the base material. Cast iron’s high compressive strength and thermal stability make it suitable for components exposed to elevated temperatures and cyclic forces, though its brittle nature requires careful stress evaluation.
The stress distribution ranged from approximately 1.75 MPa to 1.946 GPa, with peak stress values concentrated near the top edge of the piston crown. This region experiences the most intense combined loading due to combustion pressure and thermal gradients. Geometry transitions and contact surfaces in this area act as stress risers, amplifying localised stress concentrations.
Lower stress levels were observed in the skirt and pin boss regions, consistent with reduced mechanical and thermal exposure. The mesh was refined around fillets and high‑gradient zones to improve resolution and capture localised effects accurately. Despite the high stress values near the crown, the component remained within the elastic range of cast iron under the simulated conditions, with no indication of failure or plastic deformation.
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Figure 7revised magnesium alloy piston deformation
Following a design modification to the piston crown—introducing circular relief holes—the deformation behaviour of the component was re-evaluated using magnesium alloy. This material is known for its low density and high strength-to-weight ratio, making it attractive for lightweight engine applications. However, its reduced stiffness compared to ferrous alloys requires careful assessment under thermal and mechanical loads.
The simulation revealed a total deformation range from approximately 6.67 µm to 652.2 µm, with maximum displacement occurring around the modified crown region. The introduction of holes altered the stress flow and stiffness distribution, resulting in increased local flexibility and higher displacement in the upper section of the piston.
The skirt and pin boss areas remained relatively stable, showing minimal deformation. Mesh refinement was applied around the hole edges and fillet transitions to capture localised behaviour accurately. The deformation gradient was continuous across the component, and the piston retained its overall shape under load
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Figure 87revised magnesium alloy piston stress
The simulation revealed an equivalent (von-Mises) stress range from approximately 4.97 MPa to 2.684 GPa, with peak stress values concentrated around the modified crown region. The addition of holes altered the stress flow, creating new concentration zones near the hole edges and fillet transitions. These geometric features acted as stress risers, amplifying localised stress intensity.
Lower stress levels were observed in the skirt and pin boss regions, consistent with their reduced exposure to combustion forces
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Figure 9 cast iron revised deformation[image: A colorful object with a cross
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The cast iron piston displayed a total deformation range from approximately 2.94 µm to 494.92 µm under static structural loading. The highest displacement was concentrated at the crown, where thermal and mechanical forces overlap. This behaviour reflects cast iron’s relatively lower elasticity compared to steels, but also its ability to resist compressive distortion effectively.
Beyond the numerical results, the deformation pattern highlights how cast iron’s microstructure — composed of graphite flakes within a ferrite/pearlite matrix — influences its mechanical response. The graphite inclusions act as natural stress concentrators, which can explain the smooth but measurable displacement gradients observed across the crown surface. While the skirt and pin boss regions remained stable, the crown’s deformation suggests that cyclic loading could initiate micro‑crack formation over time, especially near sharp geometry transitions.
From a design perspective, the piston retained dimensional stability under the applied loads, but the brittle nature of cast iron means fatigue life and crack propagation should be considered in durability assessments.













Figure 10 Cast iron revised under stress[image: A blue and green object with black lines
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The cast iron piston was assessed under static structural loading to determine the equivalent (von‑Mises) stress distribution. Results indicated a stress range from approximately 4.97 MPa to 2.68 GPa, with the highest values concentrated at the crown region. This zone is subjected to the most severe combination of combustion pressure and thermal gradients, making it the critical area for stress evaluation.
Distinct stress amplification was observed around the hole edges and crown fillets, where geometry transitions act as stress risers. These localised peaks are characteristic of cast iron’s microstructure, where graphite inclusions can initiate crack formation under repeated cyclic loading. Although the piston remained within the elastic limit during the simulation, the brittle nature of cast iron means that fatigue and fracture risk must be considered in long‑term operation.
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Figure 11 structural steel revised deformation
The piston constructed from structural steel exhibited a total deformation range from approximately 1.77 µm to 205.5 µm under combined thermal and mechanical loading. Peak displacement occurred at the crown, where pressure and temperature effects converge. The deformation profile was smooth, with gradients tapering toward the skirt and pin boss regions, indicating stable load distribution.
Structural steel’s high modulus of elasticity contributed to its resistance against distortion, even in regions of complex geometry. The material’s predictable behaviour under elevated temperatures ensured that thermal expansion remained controlled, with no signs of geometric instability or buckling.
Mesh density was increased around fillets, hole boundaries, and contact interfaces to capture localised displacement accurately. The piston retained its dimensional integrity throughout the simulation, confirming that structural steel is well-suited for high-load, high-temperature environments 
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Figure 12 structural steel revised under stress
The piston constructed from structural steel was subjected to static structural analysis to evaluate its stress response under combined thermal and mechanical loads. The simulation revealed an equivalent (von-Mises) stress range from approximately 3.79 MPa to 2.094 GPa, with peak stress concentrations located near the crown region. These high-stress zones correspond to areas of complex geometry and direct load transfer, such as fillets, hole boundaries, and contact interfaces.
Structural steel’s high yield strength and ductility allowed the component to remain well within its elastic range, even under elevated stress conditions. The stress contours showed a smooth gradient from the crown toward the skirt, indicating efficient load distribution and minimal abrupt transitions that could trigger localised failure.
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	Deformation behaviour and stiffness
· Structural steel: Lowest displacement indicates highest stiffness and strong shape retention under load. Useful where dimensional stability and ring sealing are critical over thermal cycles.
· Aluminium alloy: Moderate displacement reflects lower modulus; acceptable for performance engines if skirt and ring pack tolerances accommodate thermal expansion.
· Cast iron: Higher displacement than steel despite good compressive strength; remains dimensionally stable enough for traditional applications but less forgiving near complex crown geometry.
· Magnesium alloy: Highest displacement signals reduced stiffness; requires design reinforcement (thicker crown ribs, fillet radii, local wall increases) to manage crown deflection and maintain ring sealing.
Stress distribution
· Structural steel: High but manageable peak stresses with smooth gradients; ductility offers safety margin against localized peaks at fillets and hole edges. Good tolerance to stress raisers.
· Aluminium alloy: Peak stresses are closer to yield; geometry transitions act as stress risers. Needs careful fillet optimization, chamfered hole edges, and load path smoothing to preserve margin.
· Cast iron: Very high peaks at the crown and hole boundaries; brittle structure (graphite flakes) elevates crack initiation risk under cyclic loading even if static elastic limits aren’t exceeded.
· Magnesium alloy: Peak stresses rival cast iron; limited ductility in some Mg alloys increases notch sensitivity. Edge qualityi, and compressive surface.
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To verify the accuracy of simulation results produced in ANSYS 2024 R2, a simplified case study was selected involving a bimetallic strip composed of Invar and Copper. This strip was fixed at one end and subjected to a uniform thermal load of 100 °C, causing it to bend due to the mismatch in thermal expansion between the two bonded layers. The aim was to compare the simulated free-end deflection against a known analytical solution derived from Roark’s Formulas for Stress and Strain.
(Dlubal Software, 2018)
Analytical Benchmark                                                                                                                                                       The analytical solution predicts the maximum deflection at the free end using the following expression:
[image: A math equation with black text
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  (Dlubal Software, 2018)
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Figure 13 bimetallic strip with 1mm mesh
The ANSYS simulation produced a maximum deflection of 7.1233 mm with 1mm mesh, which is within 1.05% of the analytical prediction. This level of agreement confirms that the simulation accurately captures the thermo-mechanical behaviour of the bimetallic strip.
[image: A long black object with a blue background
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Figure 14 bimetallic strip with 0.1mm mesh
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Figure 15 bimetallic strip with 0.5mm mesh
The results showed minimal variation across mesh sizes, with all deflection values falling within 1.05% of the analytical benchmark. The difference between the coarsest and finest mesh was only 0.003 mm, confirming that the simulation is not sensitive to mesh refinement in this case.









[bookmark: _Toc216639669]6 Conclusion
This study has demonstrated the effective application of Computer Aided Engineering (CAE) tools to the modelling, simulation, and optimisation of a mechanical assembly. By integrating kinematic, thermal, and static structural analyses, the performance of a piston under realistic operating conditions was evaluated across multiple material variants. Structural steel, magnesium alloy, and cast iron were each assessed for deformation and stress behaviour, highlighting the trade‑offs between stiffness, durability, and weight reduction.
The results confirmed that structural steel offered the lowest deformation and most stable stress distribution, making it the most reliable choice for high‑load applications. Magnesium alloy provided significant mass savings but exhibited the highest displacement and stress concentrations, requiring careful design reinforcement. Cast iron demonstrated good compressive strength and thermal stability but revealed brittle behaviour and elevated stress peaks near the crown. Iterative design modifications, such as introducing crown relief holes, showed how geometric optimisation can redistribute stresses and improve performance, though they also introduced new stress risers that must be managed.
Validation was achieved through a simplified bimetallic strip case study, where ANSYS results were compared against an analytical benchmark. The close agreement within 1.05% error, supported by a mesh independence study, confirmed the accuracy and reliability of the simulation 
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Material Max Deformation (um) Min Deformation (um)  Max Stress (MPa)  Min Stress (MPa) Notes on Behaviour
Castlron 494.92 2.94 2683.8 4.97 Brittle, stable under load, high stress near crown
Aluminium Alloy 449.42 2.95 340.71 0.081 Lightweight, higher deformation, stress nearyield
Magnesium Alloy 652.2 6.67 2683.8 4.97 Very light, highest deformation, stress concentrated at crown holes
Structural Steel 205.5 1.77 2094.2 3.79 Stiffest, lowest deformation, excellent stress tolerance
Material Max Deformation (um) Min Deformation (um)  Max Stress (MPa)
Castlron 1099.41 1220.511 1341.612
Aluminium Alloy -54.274 -155.2997 -256.3254
Magnesium Alloy 1020.77 1094.314 1167.858
Structural Steel 948.14 1096.87 1245.6
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