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1. [bookmark: _Toc193035471]Introduction

The bottom-end components of an internal combustion engine, including the connecting rod, gudgeon pin, and connecting rod bolts, experience extreme forces and cyclic loading, particularly at high RPM. Fatigue failure in these components can lead to catastrophic engine failure, making stress and durability analysis absolutely essential.
This study examines the Ford Sigma 2.0L petrol engine, widely used in lightweight performance applications, to assess mechanical loading and fatigue performance at various RPMs. Higher RPM increases inertial forces, necessitating a detailed evaluation of fatigue safety factors (FSF), material properties, and potential design improvements.
Objectives
· Compute forces and stresses on key components using cylinder pressure data. 
· Evaluate FSF using Goodman diagrams at varying RPM levels. 
· Redesign crankshaft bolts, testing alternative materials and diameters for improved FSF at 9000 RPM. 
· Compare instantaneous torque for flat-plane and cross-plane crankshafts, assessing their suitability for high-performance applications.
This study employs MATLAB for computational analysis. MATLAB automates force, stress, and fatigue calculations, while Goodman diagrams assess FSF accurately. Torque analysis covers an entire crankshaft cycle of 720°, ensuring comprehensive evaluation.
Findings will provide insights into structural limitations, potential design optimisations, and crankshaft selection for high-RPM operation, ensuring long-term durability and enhanced performance.


2. [bookmark: _Toc193035472]Methodology

[bookmark: _Toc193035473]2.1 Force and Stress Analysis
		
The forces acting on the bottom-end components were computed using cylinder pressure data, kinematic equations, and component geometry. The total force acting on the piston is determined as:

Where:
 =  *  , using cylinder pressure and piston area 


Accounting for the reciprocating mass (𝑚𝑟𝑒𝑐), Crank radius (R) and the angular velocity (𝜔)
The connecting rod force was then derived:

With the rod angle being:

The bending stress in the conrod is calculated using:

Where M is the bending moment, y is the distance to the neutral axis, and
,
The moment of inertia is based on the outer diameter, which is D2, and the inner diameter, which is D1.
For the conrod bolt, axial stress was determined as follows:

Fatigue analysis was performed using the Goodman method, where:

To ensure components remain within safe fatigue limits.

[bookmark: _Toc193035474]2.2 MATLAB Script Structure & Analysis

A structured MATLAB script automated force, stress, and fatigue calculations. The script was divided into four key parts:
· Part 1: Processing cylinder pressure data to compute forces.
· Part 2: Calculating stresses and Goodman diagram FSF values.
· Part 3: Evaluating different bolt materials and diameters for improved FSF.
· Part 4: Computing instantaneous torque for flat-plane and cross-plane crankshafts over a 720° cycle.
The script employed numerical integration, data visualisation, and parametric studies for material selection.





[bookmark: _Toc193035475]3. Results and Discussion
	
[bookmark: _Toc193035476]3.1 Part 1 - Force and Stress Analysis of the Components

The forces acting on the conrod midpoint, gudgeon pin and conrod bolt were determined using pressure data and kinematic equations. These forces were then used to calculate the corresponding stresses, which were analysed for fatigue safety using Goodman diagrams.
The force distribution across the engine cycle was plotted against the crank angle to illustrate variations in loading conditions. The conrod and gudgeon pin experience fluctuating forces due to combustion and inertia effects, with peak loads occurring near top dead centre and bottom dead centre. The conrod bolt primarily undergoes tensile loading due to axial forces, which remain more consistent. (Strozzi et al., 2015)
[image: ]Figure 1 - A Graph to Show Net Forces Acting on the Conrod Against Crank Angle


The stress variation in Figure 2 further highlights how different load conditions affect each component's stress response. The highest stress fluctuations occur in the conrod midpoint due to bending loads, while the gudgeon pin experiences a mix of shear and bending stresses. (Kulkarni et al., 2018)​
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Figure 2 - A Graph to Show the Forces Acting on Each Component


The calculated stresses for each component include bending and axial stresses for the conrod midpoint, shear and bending stresses for the gudgeon pin, and tensile stress for the conrod bolt. These stress values were tabulated to compare maximum and minimum stress levels.
Table 1 - A Table to Show the Maximum and Minimum Forces on Each Component
	Component
	Max Force (kN)
	Min Force (kN)

	Conrod
	25.42
	-15.2

	Gudgeon Pin
	18.73
	-10.48

	Conrod Bolt
	42.38
	-28.61



Table 2 - A Table to Show the Maximum and Minimum Stresses on Each Component
	Component
	Max Stress (MPa)
	Min Stress (MPa)

	Conrod
	105.11
	-67.82

	Gudgeon Pin
	63.55
	-41.32

	Conrod Bolt
	345.96
	-223.22



The fatigue safety factors (FSF) for each component were determined using the Goodman method to account for mean and alternating stresses. (Ranjbarkohan et al., 2011)​
Goodman diagrams for the conrod midpoint, gudgeon pin, and conrod bolt at 6000 RPM were generated to assess fatigue limits visually, as can be seen in Figures 3 to 5 below. 
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Figure 3 - A Goodman Diagram for the Gudgeon Pin at 6000 RPM
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	Figure 4 - A Goodman Diagram for the Bolts at 6000 RPM

[image: ]The FSF values were presented in tabular form to allow a direct comparison of component fatigue resistance.Figure 5 - A Goodman Diagram for the Connecting Rod at 6000 RPM

	Table 3 - A Table to Show the FSF for Each Component
	Component
	Fatigue Safety Factor

	Conrod
	7.61

	Gudgeon Pin
	16.97

	Conrod Bolt
	3.29



Overall, the analysis highlights potential over-engineering in certain areas, particularly in the conrod and gudgeon pin, where FSF values suggest a considerable margin for durability. In contrast, the conrod bolt shows more critical FSF values, indicating it operates closer to its fatigue limit. This suggests that the bolt is the most vulnerable component at higher RPMs, which necessitates further evaluation in subsequent sections.

[bookmark: _Toc193035477]3.2 Part 2 Extrapolated Cylinder Pressure Data (1000-9000 RPM)

The initial pressure data was provided for 1000 to 6000 RPM. Linear extrapolation was used to estimate the missing values to extend the analysis to higher RPMs (7000, 8000, and 9000 RPM). This method assumes a steady trend in pressure variations across increasing engine speeds but does not account for potential non-linear combustion effects.                          (Zhang et al., 2022; Zeng and Assanis, 2004)
[image: ]The Cylinder Pressure against Crank Angle graph in Figure 6 presents the interpolated pressure data for the 1000-9000 RPM range. The results show the pressure variation throughout the engine cycle, highlighting peak cylinder pressures. As expected, higher RPMs lead to a slight increase in peak pressure up until 4000 RPM, accompanied by a phase shift in the pressure waveform due to reduced time for combustion.
Figure 6 - A Graph to Show 1000 - 9000 RPM Cylinder Pressures

However, Figure 6 also reveals a noticeable drop in peak cylinder pressure beyond 7000 RPM. This decline suggests that there is insufficient time for complete pressure buildup as engine speed increases. This leads to reduced combustion efficiency and lower peak pressure values, with this phenomenon being commonly observed in high-RPM engines as flame propagation speed and air-fuel mixture turbulence become limiting factors.          (Zhou et al., 2020)

[bookmark: _Toc193035478]3.2.1  Fatigue Safety Factor (FSF) Analysis for 7000-9000 RPM

Fatigue Safety Factors (FSF) were re-calculated for the three critical components:
The forces acting on each component were determined using the extrapolated pressure data, followed by stress calculations. FSF values were computed based on each material's alternating and mean stresses, endurance limits, and ultimate tensile strengths. (Jelaska, 2011) 
The FSF values across the 1000-9000 RPM range demonstrate distinct trends for each component, as shown in Figure 7.
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               Figure 7 - A Graph to Show Components FSF up to 9000 RPM

Table 4 - A Table to Show FSF values for 1000-9000 RPM
	RPM
	Connecting Rod FSF
	Gudgeon Pin FSF
	Bolts FSF

	1000
	7.34
	17.29
	2.76

	2000
	7.37
	17.27
	2.81

	3000
	7.41
	17.22
	2.88

	4000
	7.46
	17.15
	2.99

	5000
	7.53
	17.07
	3.13

	6000
	7.61
	16.97
	3.28

	7000
	6.16
	13.66
	2.68

	8000
	6.37
	13.95
	2.91

	9000
	5.17
	11.25
	2.39



· Connecting Rod: The FSF remains relatively stable from 1000 to 6000 RPM, followed by a gradual decline beyond 7000 RPM. This trend is expected as higher RPM increases the number of stress cycles and inertial forces, progressively reducing fatigue resistance. (Zhang et al., 2022)

· Gudgeon Pin: The FSF remains significantly higher than the other components due to its larger cross-sectional area and lower alternating stress. However, it still decreases at higher RPMs, particularly between 7000 and 9000 RPM, likely due to increased bending stresses from inertia loads. (Kulkarni et al., 2018)

· Bolts: The FSF for the bolts starts lower than the other components and decreases more sharply at higher RPMs. This is because bolts experience high axial loading due to fluctuating conrod forces, making them more susceptible to fatigue failure at extreme engine speeds. (540 RAT, 2013)​
[bookmark: _Toc193035479]3.2.2 Goodman Diagram for Con Rod Bolts at 9000 RPM

Table 4 shows that the bolts exhibited the lowest FSF; therefore, a Goodman Diagram was generated to assess their fatigue performance at 9000 RPM, as shown in Figure 8.
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Figure 8 - A Goodman Diagram for the Bolts at 9000 RPM


The diagram plots alternating stress against mean stress, highlighting:
· The upper and lower endurance limits (safe stress range).
· The actual stress range experienced by the bolts.
· The allowable stress range beyond which fatigue failure is likely.
The calculated FSF for the bolts at 9000 RPM is 2.3851, indicating a reduced but acceptable safety margin. However, if engine speed were to increase further, bolt fatigue could become a significant risk, potentially leading to failure in prolonged high-RPM operation. (540 RAT, 2013; ARP, n.d.) 
The extrapolation of pressure data allowed FSF calculations for higher RPMs, revealing the impact of increased engine speed on fatigue performance:
· A general decrease in FSF at higher RPMs is due to increased loading cycles.
· The bolts exhibit the lowest FSF values, experiencing the steepest decline beyond 7000 RPM, reinforcing their role as the most fatigue-critical component.
· The Goodman Diagram confirms that bolt stresses remain within acceptable limits but are approaching critical thresholds at 9000 RPM.
These findings suggest that a bolt redesign may be necessary to ensure safe high-RPM operation, which will be explored in the next section.
As extrapolated pressure data was used for 7000-9000 RPM, variations in input trends could affect force and stress calculations. A ±5% deviation in peak cylinder pressure resulted in FSF variations of approximately ±0.2, with bolts being the most sensitive. Similarly, material endurance limits impacted FSF, particularly in the conrod and bolts. While the trends remain valid, minor input variations could influence results, highlighting the need for experimental validation.

[bookmark: _Toc193035480]3.3 Part 3 Bolt Redesign for Improved Fatigue Safety Factor (FSF) at 9000 RPM

The results of the FSF analysis showed that bolts exhibit the highest risk of fatigue failure, with FSF dropping to 2.39 at 9000 RPM. This suggests that bolts experience higher alternating stress cycles than the conrod and gudgeon pin, making them the limiting factor in bottom-end durability. Studies on engine failures in motorsport applications confirm that bolt fatigue is a significant issue in high-RPM operations due to the extreme cyclic loading. (Brown, 2013; BoostLine, 2024) 
Since the bolts exhibited the lowest FSF values in Part 2, they were identified as the weakest link in high-RPM operation. The objective of Part 3 was to redesign the bolts to achieve an FSF at 9000 RPM comparable to 6000 RPM, ensuring fatigue reliability under extreme loads.
[bookmark: _Toc193035481]3.3.1 Material Testing for FSF Improvement

Different bolt materials were initially tested while keeping the original 7.35 mm diameter to assess their impact on FSF improvement. The results are shown in Table 5 below.
Table 5 - A Table to Show Fatigue Safety Factors of Alternative Bolt Materials at 9000 RPM
	Material
	Fatigue Safety Factor at 9000 RPM

	12.9 Steel 
	2.044

	AISI 4340 Steel
	2.891

	Ti-6Al-4V Titanium 
	2.065

	Inconel 718
	3.098

	ARP 2000
	3.717



The results showed that 12.9 Steel, used in the original bolt design, provided an FSF of 2.044, while AISI 4340 Steel increased FSF to 2.891. Given its higher endurance limit (700 MPa) and good fatigue resistance, AISI 4340 Steel was selected for the redesign due to its balance of strength, cost, and manufacturability compared to more exotic materials like Inconel. (Çalışkan and Gürbüz, 2021; Boltport Fasteners LLP, n.d.)​



[bookmark: _Toc193035482]3.3.2 Increasing Bolt Diameter for Additional FSF Gain

Beyond material selection, the bolt diameter was increased from 7.35 mm to 8.00 mm to reduce stress further and enhance FSF.
· A larger cross-sectional area decreases the actual stress experienced by the bolt, reducing the risk of fatigue failure.
· The combined effects of material upgrade and diameter increase resulted in a significant FSF improvement.
The FSF improvements achieved through material selection and diameter increase are presented in Table 6.
Table 6 - A Table to Show FSF Improvement from Material and Dimensional Changes
	Bolt Design
	Material
	Diameter (mm)
	FSF at 9000 RPM
	FSF Increase %

	Original Bolt
	12.9 Steel
	7.35
	2.044
	N/A

	Material Upgrade
	ANSI 4340 Steel
	7.35
	2.891
	41.41%

	Final Design
	ANSI 4340 Steel
	8
	3.425
	67.56%



The final bolt redesign, incorporating AISI 4340 Steel and an 8.00 mm diameter, resulted in an overall FSF increase of 67.6%, bringing the FSF at 9000 RPM to 3.425, comparable to the bolts at lower RPMs. This represents a significant improvement over the original bolt at 6000 RPM, which had an FSF of 3.28, ensuring the redesigned bolt maintains a comparable safety margin even at higher engine speeds.
This improvement significantly reduces the risk of fatigue failure, making the redesigned bolts suitable for extended high-RPM operation.
The redesigned bolt improves FSF, but manufacturing feasibility must be considered. Increasing the bolt diameter to 8.00 mm requires precise re-machining of the conrod cap. The material choice affects cost and manufacturability, with AISI 4340 steel providing a balance of strength and affordability. Alternative treatments, such as DLC coatings or nitriding, could enhance fatigue resistance while minimising additional weight or complexity.









[bookmark: _Toc193035483]3.4 Part 4 - Instantaneous Torque Analysis for Standard and Cross-Plane Crankshafts
	
Crankshaft configuration significantly affects torque delivery, engine balance, and vibration characteristics. This section compares the instantaneous torque profiles of a standard (flat-plane) crankshaft and a cross-plane crankshaft, assessing their characteristics, performance trade-offs, and suitability for different applications. 
[bookmark: _Toc193035484]3.4.1 Torque Calculation Methodology

Instantaneous torque was determined using:
𝑇=𝐹 ∗ 𝑟
Where:
· T = Torque (Nm)
· F = Force acting on the crankshaft (N)
· r = Crank radius (m)
Cylinder pressure data was used to compute force variations, and the resulting torques were plotted over a complete 720° crankshaft cycle to illustrate differences between flat-plane and cross-plane configurations. (Claytex, 2020)
[bookmark: _Toc193035485]3.4.2 Torque Output Comparison 6000 RPM

The Instantaneous Torque vs. Crank Angle graph in Figure 9 highlights key differences between the two crankshaft designs:
Flat-Plane Crankshaft:
· Produces multiple minor torque oscillations, distributing torque delivery evenly across the cycle.
· Results in lower peak stresses, making it well-suited for high-RPM applications, such as racing engines.
· Higher vibration levels due to more frequent torque pulses. (Claytex, 2020; WhichCar, 2019)
Cross-Plane Crankshaft:
· Exhibits sharp peaks in torque near 0° crank angle, indicating more concentrated torque pulses.
· Generates higher peak torques at specific crank angles, improving low-end torque and drivability.
· Smooth out low-RPM operation, reducing vibration but causing larger individual torque pulses, which may increase stress on drivetrain components. (EDT Engineers, 2020; Curbside Classic, 2018) 
[image: ]











Figure 9 - A Graph to Show Instantaneous Torque for Standard Against Cross-Plane Crankshaft at 6000 RPM


The choice between crankshaft types depends on performance priorities:
Flat-Plane Crankshaft:
· More consistent torque delivery, making it ideal for high-RPM racing applications where maintaining smooth power output at high speeds is critical.
· Commonly found in high-performance sports cars and motorsport engines. 
· Increased vibration may require balance shafts or engine mounts to manage resonance.
Cross-Plane Crankshaft:
· More substantial low-end torque makes it better suited for street performance and muscle cars, where torque at lower RPMs is preferred.
· Commonly used in American V8s.
· Reduced vibration at lower RPMs but more prominent individual torque peaks may increase drivetrain stress under hard acceleration.
Crankshaft selection affects engine balance, NVH (noise, vibration, harshness), and durability. Flat-plane designs enhance high-RPM efficiency but generate more significant vibration, often requiring balance shafts. Cross-plane crankshafts offer smoother operation, making them preferable for street applications. Their acoustic profiles also influence automotive design choices, with Ferrari favouring flat-plane configurations, while American V8s commonly use cross-plane designs for their distinctive exhaust note.


[bookmark: _Toc193035486]4. Conclusion 

This study evaluated the mechanical loading and fatigue performance of the Ford Sigma 2.0L engine's bottom-end components, focusing on their durability at 9000 RPM. The force and stress analysis revealed that while the connecting rod and gudgeon pin maintain high fatigue safety factors (FSF), the crankshaft bolts exhibit the most significant reduction in FSF at higher RPMs, making them the most vulnerable component under extreme cyclic loading.
A bolt redesign was proposed to address this issue, incorporating AISI 4340 steel and an increased diameter (8.00 mm). This resulted in an FSF improvement from 2.04 to 3.425, a 67.6% increase, ensuring safer operation at high RPM while maintaining structural reliability. However, implementing this redesign requires modifications to the conrod cap to accommodate the larger bolt, which could have manufacturing implications.
The instantaneous torque analysis demonstrated that a flat-plane crankshaft provides more consistent torque delivery across the cycle, making it ideal for high-RPM applications such as racing engines. In contrast, a cross-plane crankshaft generates greater low-end torque but introduces more significant stress fluctuations, which may increase drivetrain loads. These trade-offs highlight the importance of crankshaft selection in balancing power output, durability, and NVH (noise, vibration, and harshness) characteristics.
While the findings provide valuable insights into improving high-RPM durability, they are based on extrapolated pressure data for 9000 RPM. Future analysis should incorporate real-world experimental validation to refine FSF calculations further. Additionally, interactions with other components, such as crankshaft dynamics and bearing loads, should be examined to optimise bottom-end durability comprehensively.
These results form a strong foundation for enhancing high-RPM engine reliability and performance, ensuring that critical components operate within safe fatigue limits under extreme conditions.
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