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[bookmark: _Toc188119137]1.0 Introduction

The application of CAE (Computer-Aided Engineering) tools has revolutionized the process of analysing and optimizing mechanical components in recent years, and it is often thought to be one of the most important technological tools that today designers are using in development of products (Azemi, Mehmeti and Maloku, 2018). These tools can simulate real-world conditions and enable engineers to assess performance, identify weaknesses, and improve a design before prototyping. This report will discuss a comprehensive study on simulating the behaviour of a four-stroke engine assembly under realistic operating conditions using ANSYS Workbench, focusing on structural and thermal analyses of a connecting rod.
The study demonstrates the simulation and analysis of a realistic assembly comprising of a crankshaft, connecting rod, wrist pin and piston, followed by a kinematic analysis and structural assessment of the connecting rod to evaluate performance under various loading scenarios. Design improvements are implemented to enhance structural integrity and optimize mass, showing that the use of CAE tools in the motorsport industry can be incredibly valuable. Analytical comparisons are also made in the study to validate the properties of different materials and design features.
By integrating modelling and simulation of components, this project aims to demonstrate the important role of CAE tools in engineering, while highlighting their limitations and areas for improvement. The findings are expected to provide insights into how thermal and structural considerations influence design decisions and improve the efficiency and structural integrity of components.

[image: ]Figure 1 - ANSYS Workbench Logo
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[bookmark: _Toc188119139]2.1 Assembly and Kinematic Analysis
The assembly provided for this study comprises the bottom end of a four-stroke engine, including the crankshaft, connecting rod, wrist pin, and piston. The assembly is to be imported to ANSYS Workbench for a kinematic analysis however the structural and thermal studies will be performed solely on the connecting rod. This is where the investigation and design optimization will be focused on throughout this study. 
A kinematic analysis is completed with the aim of investigating the forces that each component is subject to, the direction of the force and its frequency. The results from a kinematic analysis are used to simulate individual components under real-world loading conditions, analyse the integrity of the component by measuring deformation and strain, and using the results to identify areas which may require improvement in their design. This has been done by importing the geometry into ANSYS Workbench and simulating a rotation at the end of the crankshaft at 6,000RPM, recording the forces present at either end of the connecting rod. The results for the kinematic analysis relevant to this study are shown below in Figure 2 and Figure 3.

[image: ]
Figure 2 - Top End Kinematic Analysis
[image: ]
Figure 3 - Bottom End Kinematic Analysis
Figure 4 below shows the maximum force experienced at each end of the connecting rod (main bearings and wrist pin) during the kinematic simulation.
	Load Site
	Direction
	Force (N)

	Top End
	X (Downwards)
	17,086

	Top End
	-X (Upwards)
	9474

	Bottom End
	X (Downwards)
	14,712

	Bottom End
	-X (Upwards)
	24,336


Figure 4 - Maximum Kinematic X-Axis Forces
For a structural simulation to commence, it is crucial to calculate the maximum forces the component will experience in its real-world use. The data acquired from the initial kinematics simulation is based solely off mass and inertia and therefore does not simulate the additional force the component will experience due to combustion. The equations below show how an approximate figure was calculated for the maximum compressive force. The maximum forces due to inertia are calculated during the kinematic analysis at each end of the component, total tensile and compressive force are equal to the sum of the maximum opposing forces experienced during the simulation.
Bore = D = 32.07mm = 0.03207m
Stroke = S = 81.4mm = 0.0814m
Ap = PI(D/2)^2 = PI(0.03207/2)^2 = 0.00080777m^2
Pmax = 70 Bar = 7 MPa = 7*10^6 Pa (Estimated Peak Cylinder Pressure)
Fpeak = Ap * Pmax = 5,654.4N
Maximum Compressive Force = 17,086 + 24,336 + 5,644.4 = 47,066.4N
Maximum Tensile Force = 14,712 + 9,574 = 24,286N
The total compressive and tensile forces to use during the structural and thermal analyses are 47,066.4N and 24,286N respectively. Whilst these figures are estimates only, they can provide helpful insight when designing a component exposed to frequent load cycles and high temperatures.

[bookmark: _Toc188119140]2.2 Structural and Thermal Analyses
After completing a kinematics analysis and calculating the compressive and tensile forces that a component is likely to experience, a static structural analysis can be taken out to simulate the component under these conditions and analyse results such as stress, elastic strain and total deformation. To gain the most accurate results possible, a thermal load is incorporated into this simulation so that the material will behave accordingly. Multiple simulations can be run with varying temperatures and materials so that the effects of each variable can be analysed.
The three thermal profiles that will be used in this study are as shown below in Figure 5.
	Thermal Profile
	Bottom End
	Central Beam
	Top End

	1
	50°C
	75°C
	100°C

	2
	75°C
	100°C
	125°C

	3
	100°C
	125°C
	150°C


Figure 5 - Thermal Profiles
The simulation will also be run using three different steel alloys, to analyse how each material’s properties effect the component when under load at different temperatures. The three steel alloys that will be used are listed below.
· Structural Steel, S275N
· Carbon Steel, 1020
· Low Alloy Steel, 4140
Each of these materials will be treated as having the same density (7.85g/cm^3), as the difference is negligible and unlikely to impact the results of this investigation in any noticeable way.
To begin both a thermal and structural analysis using ANSYS Workbench, firstly the engineering data (material properties) are shared from the kinematics analysis to the new studies. The connecting rod geometry is imported to the thermal analysis and shared with the structural analysis too. Opening the thermal analysis setup allows for a thermal load to be applied across the component as shown in Figure 6. 
[image: A computer screen shot of a tool

Description automatically generated]
Figure 6 - Thermal Analysis Setup
Once a thermal load has been generated in this analysis, the data can be imported into the structural analysis, where loads can be applied to the components geometry and simulated under the temperature previously generated. Figure 7 shows a screenshot of this stage. ‘Probes’ are used within ANSYS Workbench and are a tool that allow the user to record a wide range of data at a specific point in the geometry in response to a load. 
[image: A computer screen shot of a computer
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Figure 7 - Static Structural Analysis

[bookmark: _Toc188119141]2.3 Iterative Improvement and Optimization
The primary aim of this study is to utilize the results from the static structural analysis to iteratively alter and improve the design of the selected component (connecting rod). This will be done by analysing weak points within the component and the analysis can be used to highlight areas of potential improvement within the current design. The ability to analyse the properties of a component in this manner and improve its design and performance before physical prototyping or manufacturing begins, demonstrates how powerful of a tool CAD and CAE programs are within the engineering industry. Without this, manufacturers would have to spend significantly more time and money before reaching a final design after testing.
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[bookmark: _Toc188119143]3.1 Compressive

Maximum Deformation (mm)
	Material / Thermal Profile
	1
	2
	3

	Structural Steel, S275N
	0.30418
	0.29804
	0.29748

	Carbon Steel, 1020

	0.30146
	0.29516
	0.29399

	Low Alloy Steel, 4140

	0.30089
	0.29476
	0.29403


Figure 8 - Maximum Deformation, Compressive

Maximum Elastic Strain (mm/mm)
	Material / Thermal Profile
	1
	2
	3

	Structural Steel, S275N
	0.002296
	0.0023171
	0.003095

	Carbon Steel, 1020

	0.0022696
	0.0022696
	0.0029254

	Low Alloy Steel, 4140

	0.0022685
	0.0022686
	0.0029957


Figure 9 - Maximum Elastic Strain, Compressive

Maximum Stress (MPa)
	Material / Thermal Profile
	1
	2
	3

	Structural Steel, S275N
	481.45
	481.46
	581.47

	Carbon Steel, 1020

	481.34
	481.36
	555.28

	Low Alloy Steel, 4140

	481.35
	481.36
	568.48


Figure 10 - Maximum Stress, Compressive


[bookmark: _Toc188119144]3.2 Tensile

Maximum Deformation (mm)
	Material / Thermal Profile
	1
	2
	3

	Structural Steel, S275N
	0.089665
	0.13811
	0.18658

	Carbon Steel, 1020

	0.085635
	0.1319
	0.1782

	Low Alloy Steel, 4140

	0.087808
	0.13525
	0.18272


Figure 11 - Maximum Deformation, Tensile

Maximum Elastic Strain (mm/mm)
	Material / Thermal Profile
	1
	2
	3

	Structural Steel, S275N
	0.0023942
	0.0035315
	0.004669

	Carbon Steel, 1020

	0.0022633
	0.0033384
	0.0044138

	Low Alloy Steel, 4140

	0.0023207
	0.0034231
	0.0045257


Figure 12 - Maximum Elastic Strain, Tensile

Maximum Stress (MPa)
	Material / Thermal Profile
	1
	2
	3

	Structural Steel, S275N
	421.28
	621.42
	821.58

	Carbon Steel, 1020

	401.77
	592.64
	783.54

	Low Alloy Steel, 4140

	412.16
	607.96
	803.79


Figure 13 - Maximum Stress, Tensile


[bookmark: _Toc188119145]4.0 Results

Upon analysing the data obtained from the structural and thermal analyses, it becomes apparent that the thermal conditions the component is subject to make a significant impact on the components ability to withstand a tensile load. When tested at 100-150°C, total deformation increases by over double that of what is seen when tested at 50-100°C, similarly, the maximum stress increases by a large factor across the three temperature profiles. This is due to the increased ductility of steel alloys at higher temperatures. 
The compressive test on the other hand, shows a very slight reduction in total deformation at higher temperatures, at a first glance this seems to be an error as it is well known that steel alloys become more ductile and malleable at higher temperatures. The likely reason for these results is that due to the increase in ductility, the steel is more likely to compress, and ‘fatten’, as opposed to deforming in a bending fashion across its entire axis. The maximum stress and strain figures do not increase as much with temperature as they do with the tensile results either.
Overall, the 1020 Carbon Steel appears to be the most beneficial material for this application out of the three that were tested. Across all the results, it shows the highest resistance to deformation and is capable of withstanding compressive and tensile forces to a much greater extent when exposed to higher operating temperatures. The carbon content in this alloy reinforces the atomic structure of steel, increasing overall strength and reducing ductility. A higher carbon content can make steel more difficult to manufacture with as it resists deformation and cannot be moulded or forged as easily, however, 1020 Carbon Steel only has a carbon content of around 2%, making it a good material choice for production (Dawang Metals, 2024). For these reasons, 1020 Carbon Steel is the best choice for this application.
[image: A multicolored tower with a blue background

Description automatically generated]Figure 14 shows how the connecting rods geometry is a deformed when under a compressive load. This curvature occurs primarily around the ‘neck’ of the component, and this much deformation in an engine would likely cause it to seize almost immediately. In the real world, the component would be supported by the crankshaft and wrist pin, perhaps keeping the connecting rod from deforming in this way. Regardless, this level of deformation would not be suitable for production and requires some additional development first.
Figure 14 - Connecting Rod Deformation due to Compressive Force

[bookmark: _Toc188119146]5.0 Validation Testing

[bookmark: _Toc188119147]5.1 Why is Validation Important?
Validating results from a study such as this one is an important and crucial step to ensure that the results and data acquired from the analyses are accurate within a reasonable tolerance. The most efficient method of achieving this is to manually calculate the results for a simple analysis and compare these with the data acquired from the same analysis using ANSYS Workbench. If the results match, or are within a reasonable ballpark of each other, then it can be said the program used for the analysis is likely to be accurate and represent real-world physics within an appropriate degree of accuracy. If the results noticeably vary from each other then this can be a cause for concern, and further investigation may be required to understand why the analysis was unsuccessful, and what can be done to improve the accuracy of the results.

[bookmark: _Toc188119148]5.2 Validation Method
To validate the results from this experiment, a cantilever beam will be designed using SolidWorks and a uniform pressure applied across the top surface within ANSYS Workbench. The total deformation will then be calculated and compared to the results. The dimensions and material properties for the beam are listed below.
· Modulus of Elasticity, E = 210000MPa
· Poisson’s Ratio, v = 0.00
· Shear Modulus, G = 105000MPa
· Length, L = 1m
· Width, w = 0.05m
· Thickness, t = 0.005m
· Pressure, p = 2750Pa = 0.00275MPa
The calculations for expected results are as follows. (Screenshots taken from: Dlubal Software, 2016).

[image: A math problem with numbers and lines
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Figure 15 - Calculations (Dlubal Software, 2016)
[image: A math equations on a white background
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Figure 16 - Calculations (Dlubal Software, 2016)
 The results from these calculations show that the maximum deformation under load for the specified component should be 157.143mm.

[bookmark: _Toc188119149]5.3 Validation Results

[image: A screenshot of a computer
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Figure 17 - Cantilever Material Data
[image: A screenshot of a computer

Description automatically generated] Figure 18 - Cantilever Maximum Deformation
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Figure 19 - Cantilever Geometry Deformation

Expected Deformation = 157.143mm
CAE Calculated Deformation = 157.146mm
The accuracy of this analysis can be calculated as a percentage using the equation below.
((Expected Deformation / CAE Calculated Deformation) * 100) – 100 = Percentage Difference in Results
((157.146/157.143) *100) – 100 = 0.00191%
The results from this validation experiment show that the CAE software used in this study was able to successfully simulate the total deformation of a geometry and provide data within 0.00191% accuracy of the expected outcome. With a difference of just 0.003 millimetres, it can be said that the accuracy of the simulation is extremely high and can be trusted as a reliable method of testing components pre-production. The results acquired from this validation test significantly increase the credibility of the data acquired from the rest of the study as similar processes were used for each study. The minor discrepancy between results is likely be due to an atmospheric temperature factor, as thermal factors were not considered in Dlubal Software’s example. During the CAE analysis, the component was tested at room temperature (22°C). 


[bookmark: _Toc188119150]6.0 Design and Material Optimisation

[bookmark: _Toc188119151]6.1 Design Flaws 
As previously discussed, the main concern with the connecting rods design is the deformation that occurs around the ‘neck’ of the component. The aim of this improvement is to reduce the deformation that occurs due to compressive force in this area and run a further analysis using 1020 Carbon Steel as the material. Unfortunately, this will require increasing the thickness of the ‘H-beam’ design towards the top end which will increase the components mass. Increasing the mass of a moving component such as a connecting rod must be avoided when possible, as not only can it reduce the performance of the engine (increasing powertrain losses) but also increase the rotational inertia around the crankshaft, causing more stress not only on the connecting rod, but its surrounding components. 
[bookmark: _Toc188119152]6.2 Optimisation
[image: A grey object with a black stripe
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Figure 20 - Before Design Optimisation ‘Neck’
[image: A grey object with a black outline
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Figure 21 - After Design Optimisation ‘Neck’
[image: ]
Figure 22 - Before Design Optimisation 'Bottom End'
[image: ]
Figure 23 - After Design Optimisation 'Bottom End'
Figures 20 and 21 show how the design of the component has been improved across the ‘neck’ of the connecting rod, allowing for greater load distribution at the top end of the H-beam. This was done with the intention of removing any concentrated stress that may be caused by the tighter radius of the original design. The larger radius and smoother transition into the body of the component will likely distribute this stress more evenly, avoiding failure in this area.
The design choice shown in Figures 22 and 23 has been made to compensate for the increased mass caused by the structural improvement. This area at the base of the connecting rod was able to withstand the applied load during the analysis, and so removing material in this area is unlikely to have a catastrophic effect on the overall structure of the component. The volumes and mass associated with each design iteration are shown below.
Volume of Original Design = 53.28827cm^3
Volume of Improved Design = 53.00784cm^3
Material Density = 7.85g/cm^3
Mass of Original Design = 53.28827 * 7.85 = 418.313g
Mass of Improved Design = 53.00784 * 7.85 = 416.112g
Reduction in Mass = 418.313 - 416.112 = 2.201g
[bookmark: _Toc188119153]6.3 Original vs Improved Design Results

Total Deformation
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Figure 25 - Total Deformation, Improved Design
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Description automatically generated]Equivalent Elastic StrainFigure 26 - Equivalent Elastic Strain, Original Design
Figure 27 - Equivalent Elastic Strain, Improved Design
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Description automatically generated with medium confidence]Equivalent StressFigure 28 - Equivalent Stress, Improved Design
Figure 29 - Equivalent Stress, Original Design

	
	Original Design
	Improved Design
	Percentage Improvement

	Maximum Deformation (mm)
	0.29516
	0.24325
	17.6%

	Equivalent Elastic Strain (mm/mm)
	0.0022696
	0.0021643
	4.64%

	Equivalent Stress (MPa)
	481.36
	439.78
	8.63%



These results show that the design improvements made to the connecting rod have significantly increased its overall strength and resistance to deformation. This is due to the severity of the load concentration site that was present in the geometry of the original component. With this eliminated, the load is distributed more evenly across the length of the component and is now able to maintain its structure more efficiently under a compressive load. What’s more impressive than the 17.6% reduction in deformation, is that the improved design has a mass 2.201g lighter when compared to the original. Whilst this may seem insignificant, every gram saved when designing powertrain components is important and can ultimately help improve both the performance and efficiency of an internal combustion engine. Overall, this design improvement has been a success and has effectively demonstrated the benefits of using CAE tools within the automotive and motorsport engineering industry.
 

7.0 Summary

This study has successfully applied the use of CAE tools in the design, analysis, and optimization of a connecting rod, focusing on structural and thermal performance under realistic operating conditions. ANSYS Workbench was used to conduct kinematic, structural, and thermal simulations. The forces calculated and applied during the analysis account for inertia, combustion, and temperature effects. These forces informed the evaluation of stress, strain, and deformation across three steel alloys and under varying thermal profiles ranging from 50°C to 150°C.
The results revealed that thermal conditions significantly influence material behaviour, particularly under tensile loads where deformation and stress increased over 100% in higher temperature ranges. Among the tested materials, 1020 Carbon Steel demonstrated the highest performance, with the lowest deformation and stress under both tensile and compressive loads, attributed to its enhanced strength and reduced ductility at higher temperatures. Design optimisations addressed a critical stress concern in the 'neck' region of the connecting rod. The design changes improved load distribution, reduced maximum deformation by 17.6%, and achieved a reduction in mass of 2.201g, emphasizing the efficiency of CAE tools in balancing structural integrity with material efficiency.
Validation testing, using a cantilever beam model, demonstrated the reliability of the CAE software used, with results achieving over 99.9% accuracy compared to manual calculations. This confirmed the ability of CAE tools to simulate real-world physics within acceptable tolerances, increasing the confidence in their use for pre-production design.
Whilst highly effective, CAE tools have inherent limitations. They rely on assumptions such as ideal material properties and simplified boundary conditions, which may not fully account for manufacturing imperfections or other environmental differences. In this study, for example, combustion forces were estimated rather than directly measured, which means the results could vary from real-world use. Despite these constraints, ANSYS Workbench proved to be invaluable in improving the components design, significantly reducing the need for expensive physical prototyping. This demonstrates how crucial the role of CAE tools in modern engineering is, particularly in industries such as automotive and motorsport, where every performance or efficiency gain is valuable.
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‘The bending moment M for the plate under continuous loading q = pw is defined by
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Recalling the elementary equation for the beam deflection using the Euler-Bernoulli theory
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where i the quadratic moment of a cross-section with respect to the y-axis and itis given by
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We integrate the equation (16 - 2) from 0to L twice. Upon applying the boundary conditions for
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