 

Abstract
This report presents a Computer-Aided Engineering (CAE) study of a single-cylinder go-kart internal combustion engine. A kinematic simulation was performed to determine inertial loads from the crank-piston load path, which were then used in a static structural analysis of the piston. This analysis showed mechanical loads causing minor stresses of 1.92 MPa, well below the yield strength of 6061-T6 aluminium, the chosen material. A steady-state thermal analysis was conducted alongside the static structural study to evaluate the influence of temperature loading on piston stresses. The combined thermal-mechanical loading resulted in a maximum stress of 339 MPa, with a significant temperature gradient across the piston, indicating thermal expansion as a major contributor to piston stress. Iterative design improvements were made based on simulation data, involving modifications to geometry, materials, and thermal management. The process was then validated using a straightforward case study and an analytical solution to confirm results and establish mesh independence.
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1.0 [bookmark: _Toc216544749]Introduction

Pistons in internal combustion engines operate under extreme thermal and mechanical loading, enduring cyclic gas pressure and inertial forces that can cause fatigue damage, such as cracks and side wear. So, optimising the design through thermal and structural analysis is a necessity to ensure good durability and performance (Sathishkumar, Kannan and Sankarlal, 2020).
CAE is crucial in design, with FEA enabling engineers to assess deformation, stress, and temperature distribution before prototyping. The study used SolidWorks for modelling and assembly, and Ansys Workbench, which Dhananjay Paliwal et al. (2020) state is the renowned software used for static and dynamic structural analysis to ensure the design is within minimum and maximum limits under operation before fabrication. A similar study by Zheng et al. (2025) using Ansys FEA to analyse an aluminium piston found that temperature significantly affects stress, and the interaction between thermal expansion and mechanical constraint is the primary cause of piston stress. This report examined the structural performance of a 6061-T6 aluminium piston by generating realistic mechanical loads from a kinematic simulation and then applying thermal loads to compare and analyse their effects on piston performance.

[bookmark: _Toc216544750]3.0 Assembly Modelling
The first stage of a CAE workflow involves selecting the assembly, transferring it into Ansys Workbench, and preparing it for Simulation.
[bookmark: OLE_LINK7][image: ][image: ]A standard mechanical system analysed for both kinematic and structural purposes is an engine, which exhibits component interactions that establish clear load paths, stress concentrations, and dynamic motion of parts. For this study, a single-cylinder internal combustion engine (ICE) used in a go-kart was chosen, consisting of 11 parts modelled and assembled in SolidWorks and exported as a .step file for use in Ansys.
Figure 3.2 – Single Cylinder Engine Assembly X-Ray View
Figure 3.1 Single Cylinder Engine Assembly and Model Tree

[bookmark: _Toc216544751][image: A screenshot of a computer

AI-generated content may be incorrect.]4.0 Kinematic Simulation
This study used Rigid Dynamics simulation for the Kinematic analysis, which handles different motions, joints, reaction forces and inertia effects. Rigid Dynamics treats all bodies as fully rigid, so no deformation occurs in these simulations.
[bookmark: _Toc216544752]4.1 Simulation Setup
[image: ]A Rigid Dynamics study was added to a schematic in the workbench (Figure 4.1). Next, the engineering data for the materials were defined. All components were defined as 6061-T6 aluminium, matching other studies and reflecting common material choices for main components. Although not all engine parts are aluminium in reality, this simplification was made for modelling consistency and will be discussed later. Material data were imported from the Ansys Granta library into Workbench (Figure 4.2).
Figure 4.2 – Imported Material Data for 6061 T6 Aluminium from Granta in Material Properties
Figure 4.1 – Workbench Rigid Dynamics Study in Project Schematic

	Components
	Joint Type

	Cylinder Block to ground
	Fixed

	Crankshaft to Cylinder Block
	Revolute

	Con Rod (Big End) to Crankshaft
	Revolute

	Gudgeon Pin to Con Rod (Little End)
	Revolute

	Piston to Gudgeon Pin
	Revolute

	Piston to Cylinder Bore
	Translational

	Main Caps to Sump
	Fixed

	Sump to Cylinder Block
	Fixed

	Block to Head Gasket
	Fixed

	Head Gasket to Cylinder Head
	Fixed

	Big End Bearing to Con Rod
	Fixed


[image: A computer screen shot of a computer program

AI-generated content may be incorrect.]After the assembly was imported, the component materials were defined (Figure 4.3). Defining the joints is an essential step in setting up this simulation, allowing the right components to move appropriately and fixing others in place. The table in Figure 4.4 lists the types of joints used. The assembly mesh was then created, for the Rigid Dynamics study, the default mesh settings were used. Figure 4.4 – Joint List for Rigid Dynamic Simulation
Figure 4.3 – Material Definition in Ansys Mechanical

[image: A computer screen shot of a computer program

AI-generated content may be incorrect.]A joint load of 5000rpm was applied at the crank (Figure 4.5). Joint probes were added to measure force and torque at the crank main bearing, as well as forces at the big end bearing/con-rod joint and gudgeon pin to piston joints. 

Figure 4.5 – Rigid Dynamic Joint Load at Crankshaft/Block Joint

[bookmark: _Toc216544753]4.2 Simulation Results
[image: Engine, Racing, Honda GX200, 14.24hp Super Stock (2947), Ready to Ship][image: A computer screen shot of a computer program

AI-generated content may be incorrect.][image: A computer screen shot of a computer program

AI-generated content may be incorrect.]After running the solver, the forces were used as input loading conditions for the static structural study. Figure 4.6 shows the Force vs Time plot for the gudgeon pin/piston joint with a max force of 222.33N in the vertical direction (Y-Axis). The force is non-uniform as the piston accelerates rapidly near top-dead-centre (TDC) and decelerates near bottom-dead-centre (BDC). The inertial forces during acceleration and deceleration indicate they dominate the mechanical load path at high velocities. Figure 4.7 shows the torque at the Crank main bearing, where the joint load was applied, peaking at 11.9Nm at 5000rpm. To verify these loads are reasonable for a single-cylinder engine, they can be compared to a similar-sized real engine. Figure 4.8 displays the torque and power curves for a Honda GX200 (200cc), which produces 14.38Nm at 5000rpm. 
Figure 4.8 – Honda GX200 Torque/Power Curves
Figure 4.6 – Force vs Time Plot at Gudgeon Pin/Piston Joint
Figure 4.7 – Torque vs Time Plot at Crank/Block Joint

[bookmark: _Toc216544754]5.0 Static Structural Analysis
[bookmark: OLE_LINK2][image: A computer screen shot of a 3d model

AI-generated content may be incorrect.][image: A screenshot of a computer

AI-generated content may be incorrect.]The Kinematic forces were used as inputs for the Static Structural study by linking them (Figure 5.1), enabling analysis of the piston under realistic engine-loading conditions. As this is a simple piston design, the default mesh with 7985 nodes and 4081 elements was used to reduce computational load (Figure 5.2). Figure 5.2 – Piston Mesh Definition
Figure 5.1 – Rigid Dynamics and Static Structural Studies linked in Workbench

After isolating other components, boundary conditions were applied, including a vertical force of 222.33N to simulate the peak inertial load from the Gudgeon pin (Figure 5.3). 
[image: A computer screen shot of a blue and grey cylinder

AI-generated content may be incorrect.][image: A computer screen shot of a cylinder

AI-generated content may be incorrect.]Then, a fully fixed cylindrical support was added around the piston skirt to act as the constraint from the cylinder bore (Figure 5.4). This is because the solver must remove all rigid body degrees of freedom (DOFs), which means the constraint is stronger than it would be in reality. Figure 5.4 – Piston Cylindrical Support Definition
Figure 5.3 – Static Structural Support and Load on Piston

[image: A computer screen shot of a blue and green object

AI-generated content may be incorrect.]After running the solver, it reveals that the Equivalent/Von-Mises stress peaks at 1.92 MPa near the bottom of the piston skirt, where the gudgeon pin load is highest. This is well below the 275 MPa yield strength of 6061-T6 aluminium. Figure 5.5 – Piston Static Structural Von Mises Stress Heatmap

[image: A computer screen shot of a blue object

AI-generated content may be incorrect.]Figure 5.6 displays the total deformation heatmap. The maximum deformation is negligible (0.000232 mm) due to the small load, but the hotspot indicates the most significant deformation at the bottom of the pin-boss, aligning with the stress distribution. The highest stresses and deformations occur where the inertial load acts on the least material in the pin-boss. This static analysis represents a single peak load condition. As the piston moves via the con-rod through the Gudgeon pin, it experiences reversing loads. However, a static analysis yields similar stresses in both directions, so only one was considered. 
Figure 5.6 – Piston Static Structural Total Deformation Heatmap

[bookmark: _Toc216544755][image: A screenshot of a graph

AI-generated content may be incorrect.]6.0 Thermal Loading
[bookmark: OLE_LINK8][image: A computer screen shot of a computer program

AI-generated content may be incorrect.][image: A screenshot of a computer

AI-generated content may be incorrect.] The static structural analysis indicated a hotspot near the pin-boss, but the stress levels remained well below the yield strength of 6061-T6 Aluminium. The study was conducted at 22°C, which is suitable as a baseline, but actual piston operation occurs at much higher temperatures. Incorporating thermal loads enables analysis of the effects of temperature on stress and deformation. Figure 6.1 illustrates the thermal boundary conditions applied to different piston areas to simulate combustion loads. In Workbench, connecting a Steady-State Thermal system enables importing thermal loads (Figure 6.2), and convection loads with heat transfer coefficients from the datasheet can be assigned to relevant piston regions (Figure 6.3).
Figure 6.3 – Steady-State Thermal Convection Loads and Heat Transfer Coefficients for Piston Thermal Study
Figure 6.2 – Rigid Dynamics, Static Structural and Steady-State Thermal systems linked in Ansys Workbench
Figure 6.1 – Piston Thermal Study Datasheet

[image: A computer screen shot of a thermal system

AI-generated content may be incorrect.][image: A computer screen shot of a colorful cylinder

AI-generated content may be incorrect.]Figure 6.4 shows the temperature heatmap, which can be used to verify the thermal loading before re-solving the static structural study. The piston crown is the hottest area at 288.45°C as it’s the face which meets the combustion gases, and the skirt region under the pin-boss reaches 205.48°C. This is a realistic temperature gradient for a piston, and these results can now be input into the static structural study by linking the steady-state thermal solution into the static structural setup (Figure 6.5).Figure 6.4 – Steady-State Thermal Piston Study Temperature Heatmap
Figure 6.5 – Steady-State Thermal Solution linked to Static Structural Setup block

[image: A computer screen shot of a yellow object

AI-generated content may be incorrect.]The solver was then re-run to get the static structural behaviour of the piston under both the kinematic and thermal loads. Figures 6.6 and 6.7 show the Von-Mises stress heatmap of the piston under these loads.Figure 6.6 – Bottom View of Static Structural Equivalent Stress Heatmap under thermal and kinematic loading

[bookmark: OLE_LINK3][bookmark: OLE_LINK4][image: A colorful circular object with text

AI-generated content may be incorrect.]The combined kinematic and thermal loads have a greater impact on piston stress than kinematic loading alone, with a peak stress of 339.19 MPa on the underside of the piston crown. This exceeds the yield strength of 6061-T6 aluminium, which is 199.9 MPa at room temperature and decreases with increasing temperature. (Su and Young, 2019). The underside crown region operates above the elastic limit under combined loading. With a maximum stress of 1.92 MPa at the pin-boss during kinematic loading, thermal loading from combustion is the primary factor influencing piston stress along the load path through the Gudgeon pin. This is consistent with Chandra Mohana et al. (2024), who found that 6061 Aluminium pistons are more susceptible to thermal stresses, especially with steep gradients, and their low ductility increases the risk of cracking under heat. Figure 6.7 shows lower thermal stresses at the crown side, which can expand radially relative to the skirt due to thin walls, consistent with aluminium pistons under high thermal loads. 
Figure 6.7 – Top View of Static Structural Equivalent Stress Heatmap under thermal and kinematic loading

[image: A screenshot of a computer

AI-generated content may be incorrect.][image: A colorful circular object with a hole with Crust in the background
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AI-generated content may be incorrect.]Figures 6.8 and 6.9 present deformation heatmaps indicating that the dome's flat top displaces about 0.000356mm due to thermal expansion. The underside of the crown undergoes less deformation, while the skirt shows none because it is fully constrained.Figure 6.9 – Bottom View of Static Structural Deformation Heatmap under thermal and kinematic loading
Figure 6.8 – Top View of Static Structural Deformation Heatmap under thermal and kinematic loading


Since the datasheet included peak combustion pressure, it can be applied to the crown to give a more representative reading with both thermal and pressure loads in addition to the kinematic loading (Figure 6.10), which can be used to verify if the thermal loads are where the majority of the stresses a piston undergoes will come from.
Figure 6.10 – Static Structural Combustion Pressure Load

[image: A colorful circular object with a hole with Crust in the background

AI-generated content may be incorrect.][image: A colorful circular object with a hole

AI-generated content may be incorrect.][image: A computer generated model of a circular object

AI-generated content may be incorrect.]Figures 6.11 and 6.12 show the Von-Mises stress heatmap around the piston. With a maximum stress of 341.13 MPa, which is only  2 MPa above the Gudgeon pin load path and thermal loading, proves how dominant the thermal loading is in the stress on the piston.Figure 6.12 – Bottom View of Static Structural Equivalent Stress Heatmap under thermal and kinematic and combustion pressure loading
Figure 6.11 – Top View of Static Structural Equivalent Stress Heatmap under thermal, kinematic and combustion pressure loading

[image: A blue and green circular object with holes

AI-generated content may be incorrect.]This is further proven by the deformation heatmaps (Figures 6.13 and 6.14), where deformation is mostly unchanged; however, the downward force reduces peak deformation, which was on the top face of the dome due to thermal expansion.
Figure 6.14 – Bottom View of Static Structural Deformation Heatmap under thermal, kinematic and combustion pressure loading
Figure 6.13 – Top View of Static Structural Deformation Heatmap under thermal, kinematic and combustion pressure loading

[bookmark: _Toc216544756]7.0 Iterative Design Improvement & Optimisation
[image: A table with numbers and a number of objects

AI-generated content may be incorrect.]The main findings from the FEA study showed that the Piston’s structural performance is primarily governed by thermal loading. The crown and the underside of the crown proved to be the main stress and deformation points, whilst the piston skirt and grooves had much lower stresses. To achieve a longer piston service life, deformation and stress on the piston can be reduced, and the design optimised by removing excess material to reduce the weight and cost of each piston (Lee and Ku, 2021).Table 1 - Piston FEM Crown thickness vs deformation study results

[bookmark: OLE_LINK5][bookmark: _Toc216544757]7.1 Geometry Improvement
[image: A table with numbers and text

AI-generated content may be incorrect.]The piston crown has a flat-top domed design that increases the compression ratio and engine power. However, it causes thickness variations and sharp transitions, leading to higher stress and a deformation hotspot at the flat edge. Crown thickness is the most critical factor for stress and deformation, by a share of around 84.78%. (Sowmyashree P and Abdul Aziz, 2024). Tables 1 and 2 indicate that increasing crown thickness by 3mm reduces deformation by 42.9% and stress by 35.8% on a piston with a 3mm top land height, consistent with FEA results. Thicker crowns improve bending stiffness, decreasing thermal stress. This method effectively reduces crown stress, primarily when fillets are used to soften sharp edges. However, excessive thickness raises mass and inertial loads, potentially causing adverse effects and higher mechanical stress. Too much crown thickness can also alter the compression ratio. Therefore, it is essential to balance crown thickness to minimise stress without adding unnecessary weight.Table 2 - Piston FEM Crown thickness vs stress study results

[bookmark: _Toc216544758]7.2 Thermal Management Improvement
The study found that thermal loading primarily causes stresses and deformation in the piston. An 83°C thermal gradient leads to bending stresses of 341 MPa on the underside of the crown. To reduce this gradient, oil can be directed onto the hottest piston region using cooling jets to cool its centre.(Mohammad Izadi Najafabadi et al., 2013). This study showed that impinging oil lowered the average piston temperature by 70°C and reduced the temperature gradient to 50°C, about 40% less than in the thermal analysis. By cooling the hottest point on the piston crown, the temperature gradient and related thermal stresses could be effectively minimised.
[bookmark: _Toc216544759]7.3 Material Improvement
The final key finding from the study was that the maximum stress was well above the yield strength of 6061-T6 Aluminium even at room temperature (275 MPa). Whilst this is an overestimation due to over-constraint, the material isn’t suitable for this piston design under the simulated loading. One option is 4032-T6 Aluminium, which Ekonomi -Teknik et al. (2023) found has a yield strength of 315 MPa and exhibits much lower property degradation from heat, as well as reduced thermal expansion, which could also drive down thermal stresses. AISI 4140 steel is another preferred piston material due to its high hardness, fatigue strength and modulus of elasticity at a low cost (Chatterjee and Chakraborty, 2021).

[bookmark: _Toc216544760]8.0 Validation Study
[image: A close up of a white box

AI-generated content may be incorrect.]Türkay (2025) found that initial FE models showed discrepancies with analytical results, particularly in complex models due to boundary and support conditions, and concluded that accurate results aren’t obtainable with models that don’t provide sufficient mesh convergence. This validation study uses an analytical solution and a simplified Ansys FE test case to verify mesh independence and convergence, and how it can influence result accuracy. A 1000mm cantilever beam with a 100mm square cross-section (Figure 8.1), fixed at one end and subjected to a 10,000N force at the other, allows comparison between analytical deflection and stress predictions and Ansys results.Figure 8.1 – Cantilever Beam SolidWorks Model and Dimensions

[bookmark: _Toc216544761]8.1 Hand Calculations
 Below are the simplified equations from Beléndez, Neipp and Beléndez (2002) required to predict the maximum stress and deflection of the beam:
                                                          
                       
Where I = Second moment of inertia, E = Young’s Modulus, 
T = Width (m), H = Height (m), F = Force (N), L = Length (m) 
[image: A screen shot of a graph

AI-generated content may be incorrect.]The Young’s Modulus for 6061 T6 Aluminium at the simulation temperature (22°C) was interpolated from Ansys material data (Figure 8.2).Figure 8.2 – Temperature-dependent Young’s Modulus Plot for 6061-T6 Aluminium

                                                    
 
          
 
With the maximum deflection and stress values predicted, the static structural study was run in Ansys to confirm the accuracy of the calculations and the solver.


[bookmark: _Toc216544762]8.2 Ansys Static Structural Analysis
[image: A computer screen shot of a rectangular object

AI-generated content may be incorrect.][image: A screenshot of a computer

AI-generated content may be incorrect.]The boundary conditions were set in Ansys Mechanical (Figure 8.3), and a simple mesh size of 25mm was used for the first simulation (Figure 8.4).Figure 8.4 – Cantilever Beam Mesh Setup
Figure 8.3 – Cantilever Beam Static Structural Study Setup

[image: A screenshot of a computer
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AI-generated content may be incorrect.] Once the solver was run, the maximum deflection (Figure 8.5) and stress (Figure 8.6) could be compared with the hand calculations. Both results matched very closely, with a 0.22% difference in deformation values and a 3.6% difference in the maximum stress at the support. These differences can vary due to mesh discretisation; however, the close results confirm that the finite element method for the piston study is reliable and suitable for simulating structural response.
Figure 8.6 – Cantilever Beam Equivalent Stress Heatmap
Figure 8.5 – Cantilever Beam Total Deformation Heatmap

To assess the influence of mesh sizing, additional simulations were run with coarser and finer meshes; the results are listed in Table 3.
Table 3
	Mesh Size:
	Max Deformation:
	Deformation error from analytical solution
	Max Stress:
	Stress error from analytical solution

	50mm
	
	
	
	

	25mm
	
	
	
	

	12.5mm
	
	
	
	



All mesh sizes result in deformation errors within 0.35% of the analytical solution, showing accurate global stiffness at 50mm. The 50mm and 25mm meshes have similar stress errors, but the 12.5mm mesh shows a much higher error of 31.9% due to stress singularity at the fixed end. Since refining from 25mm to 12.5mm caused minimal difference in results but a large change in stress error, the 25mm mesh is considered the mesh-independent solution. 
[bookmark: _Toc216544763]8.3 Boundary Condition Influence
Boundary conditions can strongly influence the accuracy of outputs in Finite element simulations. In the piston study, the skirt was more constrained by a fully fixed cylindrical support than in a real piston, which allows small axial and lateral movements due to compliance from the oil rings and oil film. This means the study's output represents a conservative upper bound rather than an exact physical value. 

[bookmark: _Toc216544764]9.0 CAE Tools Discussion
[bookmark: _Toc216544765]9.1 Use of CAE in the Study
[bookmark: OLE_LINK9]CAE tools were used in this study to model and conduct kinematic analysis of the engine assembly, as well as thermal and structural analysis of the piston to evaluate current design performance, select materials, and propose iterative design improvements based on the study results. Ansys Workbench provided an integrated environment where kinematic, thermal, and structural studies could be interconnected for automatic load transfer, helping maintain accuracy and improve workflow.
The Rigid Dynamics solver was particularly useful in this study, as it used inertial forces obtained from the kinematic analysis and thermal loading from input data simultaneously to analyse the effects of both temperature and force on the piston. Conducting the study in stages also highlighted how temperature was the dominant contributor to stress and deformation on the piston. Combined with the thermal solver, detailed deformation, stress and temperature heatmaps were generated. 
[bookmark: _Toc216544766]

9.2 Limitations
During the piston study, some limitations of the CAE software became evident. The fixed cylindrical support was stiffer than in a real engine, leading to higher stress values, so absolute stress values should be interpreted as upper bounds rather than exact values. Thermal loads were based on datasheet temperatures and heat transfer coefficients rather than engine-specific CFD data, and the steady-state assumption overlooked transient heating during engine cycles. Meshing can introduce uncertainties; while deformation stabilised even with coarser meshes in the validation study, stress was sensitive to mesh refinement due to singularities creating hotspots. This highlights that CAE results depend on proper boundary conditions. Another key limitation of CAE tools was highlighted by Zhao et al. (2025), who noted that real-time, large-scale complex simulations require significantly more computational power to complete, and model simplification to reduce computational demands can introduce errors and reduce accuracy.
Overall, the software improved the design process and identified high-stress zones, but the absolute stress values should be interpreted cautiously due to the modelling assumptions. 
[bookmark: _Toc216544767]

10.0 Findings
This study utilised kinematic, structural, and thermal finite element solvers to assess a single-cylinder engine and an aluminium piston. The kinematic simulation showed a crank torque of 11.9 Nm at 5000 rpm and an inertial force of 222.33 N through the Gudgeon pin, appropriate for this engine size. When a static load was applied, the piston experienced a maximum stress of only 1.92 MPa at the pin-boss with minimal deformation, indicating inertial forces are not a design constraint. Thermal analysis revealed that the crown reached 288 °C and the skirt approximately 205 °C, resulting in a peak combined stress of 339 MPa at the crown's underside. This far exceeds the yield strength of 6061-T6 Aluminium at high temperatures, and these results were supported by the studies of Chandra Mohana et al. (2024). This confirmed that thermal expansion combined with the rigid cylindrical skirt constraint significantly increased overall stress, with mechanical and combustion loads each contributing just under 2 MPa. 
The optimisation showed that reducing thickness variation, adding fillets to the piston’s underside, increasing crown thickness, and selecting high-temperature alloys are effective for improving durability. These findings, supported by finite element analysis, demonstrate how CAE tools enable rapid, targeted design iterations informed by both visual and quantitative data. The validation confirmed the modelling approach, with analytical and Ansys results differing by less than 0.35% for deflection and by less than 4% for stress. A mesh-independence study verified the process's stability, though local stresses remain sensitive to mesh size and boundary conditions. The CAE workflow highlighted design limitations: although peak stresses exceeded the yield strength of 6061-T6 aluminium, the conservative analysis still identified critical stress areas.
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Table 4.1: Total deformation results

Control factors Total

Caseno. - deformation
Height of top Crown (mm)

land thickness

1 2 7 1015
2 2 8 0.856
3 2 10 0.589
4 3 7 1.049
5 3 8 0.882
6 3 10 0.599
7 4 7 1.074
8 4 8 0.889
9 4 10 0.638
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top land thickness

1 2 7 122246

2 2 8 1098.8

3 2 10 960.2

4 3 7 14115

5 3 8 12148

6 3 10 906.02

7 4 7 13365

8 4 8 10399

9 4 10 904.55
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