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[bookmark: _Toc193050779]Introduction
This report analyses the forces experienced by components of the Ford 1.6 Sigma engine during its operating cycle. By applying pressure data and kinematic equations, the stresses and fatigue safety factors of the connecting rod, gudgeon pin, and conrod bolts will be assessed. Understanding these loads is crucial for optimizing component design, preventing premature failure, and avoiding unnecessary over-engineering (Jaggi, 2022). Additionally, extrapolating data to 9000 RPM will assess the impact of increased engine speeds on durability, followed by a redesign to restore or enhance safety margins. The study aims to provide a quantitative engineering justification for structural considerations in high-performance engine design.
[bookmark: _Toc193050780]Methodology
This report will make use of an excel spreadsheet of pressure data from 1000 RPM to 6000 RPM with pressure values across 720 degrees of crank angle. In addition to the pressure data, engine specifications were also provided for use along with specifications of the components. 
[bookmark: _Toc193050781]Force Calculations
To determine the forces on the piston and connecting rod assembly, the piston motion must first be found using the crank angle in degrees (CA) along with the connecting rod radius (R) and length (L) (Ge, 2022). Piston motion refers to its reciprocating movement inside a cylinder (Desnica, 2014). From this, the crankshaft's angular velocity is calculated by multiplying the engine RPM by π and dividing by 30, yielding the crank angle in radians per second (Palacin, 2021). Radians per second is preferred over RPM as it is a direct SI unit, simplifying calculations (Prata, 2000).

[bookmark: _Toc193050782]Kinematic Analysis
Using the angular velocity of the crankshaft, the velocity and acceleration of the piston at various crank angles are determined using kinematic equations. With the engine RPM, the angular velocity of the crankshaft can be determined in radians per second. The piston velocity equation which is needed to find the acceleration is given by:
[image: A math equation with black text
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Where:
· R is the crank radius
· ω is the angular velocity of the crank shaft
· ϴ is the crank angle in radians
· L is the length of the con rod
It is found by differentiating displacement with respect to time. Similarly, the acceleration of the piston is determined by differentiating velocity with respect to time. The piston acceleration can be seen below:
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[bookmark: _Toc193050783]Inertia Force
Inertia force is the force that arises due to the resistance of a body to a change in its state of motion, as described by Newton’s First and Second Laws of Motion (Qian, 2021). It is a fictitious force that appears when analysing motion from an accelerating reference frame (Zhang, 2009). It appears as:
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It shows the acceleration equation multiplied by the reciprocating mass. When analysing a connecting rod in an internal combustion engine, inertia forces play a crucial role in determining the stress of the component (Holst, 1924). In the case of this report, the inertia force is used alongside the gas force to calculate the net force acting on the components.
[bookmark: _Toc193050784]Gas and Net Force
The gas forces acting on the piston are calculated using cylinder pressure data. The force due to gas pressure is given by:
[image: ](Figure 4. Gas Force)

Where:
· P is the cylinder pressure in pascals (Bar x105),
· is the piston crown area (.
The gas force in a connecting rod comes from the combustion pressure acting on the piston head inside an engine cylinder. This force plays a crucial role in power generation, stress analysis (Muhammad, 2019). 
The net force is the subtraction of the gas force from the inertia force. Net force is the total force acting on an object after all individual forces are combined. It determines an object's acceleration and overall motion (Haider, 2018).
[bookmark: _Toc193050785]Stress and Fatigue
The equations provided below relate to the fatigue analysis and failure criteria for mechanical components subjected to cyclic loading. The equations are:
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The image shows equations for mean, range, and allowable stresses, crucial for calculating a component's safety factor. Mean stress is the average stress over a full load cycle, used in fatigue analysis to assess fluctuating load effects (Dowling, 2004). Range stress, the difference between maximum and minimum stress, indicates the severity of cyclic loading (Srawley, 1976). Allowable stress is the maximum a component can endure before fatigue failure, helping in design to avoid failure (Sonsino, 2009). The fatigue safety factor, found by dividing allowable stress by range stress, ensures components can withstand cyclic loading, a primary cause of engine failure (Marrey, 2018).

[bookmark: _Toc193050786]Results
The results provide key insights into the structural behavior of Ford 1.6 Sigma components. By calculating forces, stresses, and fatigue safety factors, we assess their mechanical integrity. Extending RPM to 9000 highlights the impact of higher speeds on longevity and necessary design modifications for reliability. These findings ensure an optimal balance between durability and efficiency, aligning with the research objectives.
[image: ](Figure 6. Fatigue Safety Factors)


Table one shows the fatigue safety factors of the original study compared to the safety factors of the altered studies. Originally taken at 6000RPM, the safety factors are higher compared to that of the test conducted at 9000RPM. 

[bookmark: _Toc193050787]Original
In the Goodman diagram, the x-axis represents mean stress, and the y-axis shows alternating stress. The red Goodman line indicates the failure limit based on Ultimate Tensile Strength (UTS), with points above it signifying failure. The blue line (Upper Endurance Limit) marks the safe operating limit for fatigue resistance. A dashed black line outlines the component's UTS, while the yellow vertical bar represents the actual operating stress conditions.

[image: A graph of a diagram
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The rod is well within the safe region, indicating no risk of fatigue failure. Its UTS of 750 MPa is shown by the black dotted line on the diagram. The actual range falls in the negative mean stress region, meaning it experiences primarily compressive loads. With a safety factor (SF) of 3.34, the alternating stress is 3.34 times lower than the fatigue failure limit per the Goodman criterion. This SF (typically 2–4 for fatigue applications) suggests a well-balanced design, ensuring durability while minimizing excess material use (Parkash, 2013).
[image: A diagram of a line
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The pin is well within the safe region, indicating no risk of fatigue failure. Its UTS of 1000 MPa is shown by the black dotted line on the diagram. The actual range falls in the negative mean stress region, meaning the gudgeon pin experiences primarily compressive loads. With a safety factor (SF) of 6.7, the operating stress is 6.7 times lower than the allowable limit per the Goodman criterion. While this high SF ensures reliability and longevity (Leira, 2005), it may also suggest potential for weight reduction or material optimization.

[image: A graph of a diagram
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The bolt is well within the safe region, indicating no risk of fatigue failure. Its UTS of 1100 MPa is shown by the black dotted line on the diagram. The actual data (yellow vertical bar) lies in the positive mean stress region, meaning the bolt experiences both tensile mean stress and alternating stress. With a short yellow range, the alternating stress is relatively low compared to the mean stress, which is typical for bolts, as they mainly experience preload tension with minor cyclic variations (Patterson, 1990).

[bookmark: _Toc193050788]At 9000 RPM

[image: A graph with a red line and blue line
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With the increase to 9000 RPM, the alternating stress on the connecting rod has risen, causing the data range on the Goodman diagram to shift upward, nearing the Goodman failure line. A safety factor of 1.51 indicates the component is closer to its fatigue limit, meaning additional loading, material imperfections, or stress concentrations could lead to premature failure (Wei, 2021). This suggests the connecting rod is at higher risk of fatigue failure at 9000 RPM, and a redesign with a stronger material or larger cross-section may be necessary for durability (Cecchel, 2022).
[image: A diagram of a graph
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For the gudgeon pin, increased RPM has raised the alternating stress, with some of the range now above the Goodman line (upper endurance limit). The yellow line being above the blue line indicates the alternating stress exceeds the endurance limit, meaning the component won't have infinite fatigue life but may survive a limited number of cycles (Tang, 2024). If cycles are too high, fatigue failure could occur, making life estimation necessary (Toasa Caiza, 2022). With a safety factor of 2.98, the gudgeon pin is still in a reasonable fatigue-safe range, though its margin has decreased from an SF of 6.7 at 6000 RPM. While failure isn't imminent, prolonged operation at 9000 RPM could lead to accelerated wear, requiring monitoring and possible design optimization for high-speed durability (Kashyzadeh, 2025).

[image: A graph of a diagram
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From figure 12, the bolt is subjected to stresses exceeding both the upper and lower endurance limits, suggesting potential failure within a finite number of cycles due to cyclic loading (Mao, 2022). The bolt's safety factor drops to 1.44, placing it near the failure boundary on the Goodman diagram. The increased alternating stress at 9000 RPM moves the data close to, and even above, the Goodman failure line, indicating a high risk of fatigue failure. With such a low SF, there is little margin for error. A higher-strength material or increased preload may be necessary to prevent failure at high speeds (Jiang, 2022).
[bookmark: _Toc193050789]Material Comparison
The material choice for components is crucial in balancing strength, weight, and fatigue resistance. Aluminium, with a UTS of 470 MPa and an endurance limit of 40%, is lightweight, improving engine efficiency but offers lower strength and fatigue resistance, suitable for high-revving, low-stress applications (Tawfik, 2021). Steel, with a UTS of 1100 MPa and an endurance limit of 50%, balances strength, durability, and cost, making it ideal for general-purpose and high-performance engines (Francis, 2021). Titanium, with a UTS of 1400 MPa and an endurance limit of 50%, provides the best strength-to-weight ratio, enhancing performance in extreme applications at a higher cost (Han, 2023).
[bookmark: _Toc193050790]Connecting Rod 
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[bookmark: _Toc193050791]Gudgeon Pin
(Figure 14. Pin Goodman Diagrams for Aluminium, Steel and Titanium respectively)
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[bookmark: _Toc193050792]Connecting Rod Bolt
(Figure 15. Bolt Goodman Diagrams for Aluminium, Steel and Titanium respectively)
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Based on the graphs for the three components analysed, steel is the most suitable material for each piston cylinder component. Steel shows lower alternating stress than Aluminium and Titanium, with a similar mean stress, indicating better fatigue resistance and higher damping capacity, allowing it to absorb and dissipate stress more effectively (Reddy, 2021). Additionally, steel has greater stiffness and elasticity, meaning it deforms less under load (Christudasjustus, 2022).
[bookmark: _Toc193050793]Discussion
The analysis of the components using Goodman diagrams provides critical insights into the fatigue performance of these components at varying engine speeds and material choices (Nicholas, 1966). By evaluating the components at 6000 RPM and 9000 RPM, as well as exploring different material alternatives, the study highlights how stress variations and material properties influence component durability and performance.
[bookmark: _Toc193050794]Increased Engine Speed 
At 6000 RPM, all three components exhibit safety factors that indicate they are operating within acceptable fatigue limits. However, as the engine speed increases to 9000 RPM, a significant rise in alternating stresses is observed, reducing the fatigue safety factor for each component. This shift is evident in the Goodman diagrams, where the stress points move closer to the failure boundary, particularly for the connecting rod and conrod bolts.
[bookmark: _Toc193050795]Connecting Rod
The connecting rod experiences both tensile and compressive forces throughout the engine cycle (Nainaragaram Ramasamy, 2025). At 6000 RPM, it remains well within the safe operating region, suggesting a conservative design that prioritizes durability (Ismail, 2021). However, at 9000 RPM, the alternating stress increases, shifting the actual data closer to the Goodman failure line. The safety factor drops to 1.51, indicating a potential risk of fatigue failure under prolonged operation at high RPMs. The results suggest that to ensure reliability at 9000 RPM, the connecting rod may require a material upgrade or a redesign incorporating increased cross-sectional thickness to withstand higher stresses.
[bookmark: _Toc193050796]Gudgeon Pin
The gudgeon pin primarily undergoes compressive loading (Kumaraswamy, 2023). At 6000 RPM, the Goodman diagram shows a substantial margin of safety, with a safety factor of 6.7. This high value suggests that the component is over-engineered for this operating condition. At 9000 RPM, however, the alternating stress increases, lowering the safety factor to 2.98. While this value still indicates a reasonable safety margin, it highlights a notable reduction in fatigue life. If the engine is intended to operate consistently at high speeds, optimizing the gudgeon pin’s design or material selection may be necessary to prevent excessive wear and fatigue damage (Wang, 2023).
[bookmark: _Toc193050797]Connecting Rod Bolts
The conrod bolts play a crucial role in maintaining the integrity of the connecting rod assembly by sustaining high tensile loads (Jia, 2021). At 6000 RPM, the safety factor is sufficient to ensure long-term reliability. However, at 9000 RPM, the bolts exhibit the most pronounced reduction in safety factor, dropping to 1.44. This places them dangerously close to the failure boundary, indicating a high likelihood of fatigue failure over time (Zhang, 2024). The Goodman diagram shows that the actual stress range exceeds the upper endurance limit, confirming the necessity of a design change. To improve fatigue resistance, potential solutions include increasing the preload on the bolts (Kong, 2022), using a higher-strength material (Varshney, 2021), or applying surface treatments such as nitriding to enhance hardness and wear resistance (Çakmak, 2023).
[bookmark: _Toc193050798]Material Selection 
To further enhance component durability, alternative materials—aluminium, steel, and titanium—were assessed at 9000 RPM. Each material presents distinct advantages and disadvantages in terms of strength, fatigue resistance, and weight.
· Aluminium has a lower ultimate tensile strength (UTS) of 470MPa, and endurance limit as shown by CJ (2022). Compared to steel and titanium whose UTS are 1100MPa and 1400MPa respectively, aluminium components exhibit higher alternating stresses, making them less suitable for high-speed applications (CJ, 2022). While aluminium offers significant weight savings with a lower density (Li, 2022), its lower fatigue resistance increases the likelihood of failure under sustained cyclic loading (Wang, 2023). This is due to aluminium having a much lower elasticity modulus (Zhu, 2021)
· Steel demonstrates a balanced combination of strength, fatigue resistance, and cost-effectiveness (Wang, 2022). Across all components, steel shows lower alternating stresses than aluminium and titanium, making it the optimal choice for ensuring durability at high RPMs as seen by the actual stress ranges in the Goodman diagrams. The higher damping capacity of steel also enhances its ability to absorb and dissipate cyclic stresses, reducing the risk of fatigue failure allowing a longer life span (Kam, 2021).
· Titanium provides the highest strength-to-weight ratio, making it a suitable option for performance applications due to having a hexagonal close-packed crystal structure, which gives it excellent fracture toughness and fatigue resistance (Zhao, 2022). However, its high cost and manufacturing challenges as titanium does not exist naturally, make it less practical for mass production (Subasinghe, 2022). While titanium components exhibit strong fatigue resistance, allowing a longer life, steel remains the better overall choice due to its superior balance of strength, affordability, and manufacturability, all properties sought after when optimising a component. 
[bookmark: _Toc193050799]Enhancing Fatigue Resistance
Given the increased stress levels at higher RPMs, several engineering strategies can be employed to enhance the fatigue resistance of the connecting rod, gudgeon pin, and conrod bolts to extend the components operating life:
1. Surface Treatments: Techniques such as nitriding can increase the surface hardness and wear resistance of the components, particularly for the connecting rod bolts, which are at the highest risk of fatigue failure meaning they are the most likely to fail (Maleki, 2021).
2. Optimized Geometry: Increasing the cross-sectional area of the connecting rod and bolts can help distribute stress more evenly, reducing localized stress concentrations that contribute to fatigue failure (Tejero, 2023).
3. Material Upgrades: Using higher-grade steels with improved fatigue resistance can extend the lifespan of the components, particularly in high-performance applications (Liuyi, 2023).
4. Preload Optimization: For conrod bolts, increasing the preload can help reduce alternating stress levels, improving their fatigue life (Jiang, 2022).
5. Improved Surface Finishes: Polishing can reduce surface imperfections that act as stress concentrators, thereby enhancing fatigue performance (Ye, 2021).

[bookmark: _Toc193050800]Conclusion
The Goodman diagram analysis highlights the impact of increased engine speed on the fatigue life of the connecting rod, gudgeon pin, and conrod bolts. At 6000 RPM, all components remain well within their fatigue limits, but at 9000 RPM, the safety margins decrease significantly, particularly for the conrod bolts, which approach the failure boundary (Hu, 2021). Among the materials assessed, steel provides the best balance of strength and fatigue resistance, making it the most suitable choice for high-performance applications because it can withstand higher stresses without breaking (Tayebi, 2021). To ensure component reliability at elevated RPMs, engineering solutions such as material upgrades, surface treatments, and geometric optimizations should be considered. By implementing these enhancements, the durability and performance of these critical engine components can be significantly improved by altering the materials resistance to stresses, reducing the risk of premature failure and enhancing overall engine longevity (Aghareb Parast, 2021).
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