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[bookmark: _Toc225102790]Introduction 

The performance of internal combustion engines is strongly influenced by the structural behaviour of bottom-end components such as the connecting rod, gudgeon pin and connecting rod bolts. These components are subjected to cyclic loading from both combustion pressure and inertial forces, making fatigue a key design consideration.
Accurate prediction of internal forces and stresses is therefore required to assess component durability while avoiding unnecessary increases in mass. This is particularly important in high-speed and performance engines, where inertia forces increase significantly with engine speed.
This report analyses the loading of selected bottom-end components of the Ford 1.6 Sigma engine using in-cylinder pressure data and slider–crank kinematics. Resulting stresses are evaluated and fatigue safety factors determined using the Goodman method. The analysis is extended to higher engine speeds to assess fatigue limits, followed by a redesign of the connecting rod bolts to restore acceptable safety margins. Finally, torque characteristics of different crankshaft configurations are compared.













[bookmark: _Toc225102791]Validation / Literature Review 

[bookmark: _Toc225102792]Bottom-End Engine Loading Mechanisms
The bottom-end assembly—comprising the piston, gudgeon pin, connecting rod and crankshaft—operates as a slider–crank mechanism that converts reciprocating piston motion into crankshaft rotation. The kinematic relationships governing piston motion can be expressed as functions of crank angle and are fundamental to determining internal engine forces(Nigus, 2015). 
Two primary loading sources act on these components: combustion gas pressure and inertia forces. Gas pressure generates compressive loading through the piston and connecting rod, while inertia forces arise from the acceleration of reciprocating mass and increase significantly with engine speed. At high RPM, inertia forces can exceed gas forces, making them critical in fatigue analysis (Nigus, 2015). 

[bookmark: _Toc225102793]Fatigue Failure in Engine Components
Fatigue is a dominant failure mode in engine components subjected to cyclic loading. Repeated stress fluctuations from combined gas and inertia forces can initiate cracks at stress concentrations, which then propagate under continued loading until failure occurs (Dileep et al., 2016). 
The severity of fatigue loading depends on stress amplitude, mean stress, and material behaviour. Studies show that both mechanical and thermal effects influence fatigue performance, particularly in components such as pistons and connecting rods (Dileep et al., 2016). 
Modern fatigue assessment methods combine stress analysis with S–N data and cycle counting techniques to predict component life. For example (Alberti et al., 2023) applied fatigue models with mean-stress correction to evaluate automotive components under variable loading, demonstrating the importance of accurate load histories in fatigue prediction.

[bookmark: _Toc225102794]Goodman Fatigue Theory in Automotive Design
Mean stress significantly influences fatigue behaviour, requiring correction methods for accurate life prediction. The Goodman relation is widely used in automotive applications due to its simplicity and conservative nature. It defines a linear relationship between alternating stress, mean stress, and material strength limits to determine safe operating conditions (Alberti et al., 2023) 
Comparative studies have shown that the Goodman method provides more conservative fatigue predictions than alternative models, making it suitable for safety-critical components. The importance of mean stress effects is further supported by multiaxial fatigue research, which highlights the influence of stress state and loading conditions on fatigue behaviour (Amjadi & Fatemi, 2020) 


[bookmark: _Toc225102795]Typical Safety Factors in Production vs Motorsport Engines
Fatigue safety factors vary depending on engine application. Production engines are designed with conservative safety margins to ensure durability under variable operating conditions, while motorsport engines operate closer to material limits to maximise performance. 
Reduced safety factors in high-performance applications increase susceptibility to fatigue failure, particularly under high-speed operation where inertia forces dominate. This highlights the need for accurate load modelling and fatigue assessment when balancing performance and durability (Nigus, 2015); (Alberti et al., 2023).
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[bookmark: _Toc225102797]Engine Geometry and Assumptions
The analysis uses a single‑cylinder model of the Ford 1.6 Sigma engine, defined by its crank radius, connecting‑rod length, piston area, and reciprocating mass. The slider–crank mechanism is assumed rigid, with all motion occurring in a single plane. Thermal effects, bearing friction, and crankshaft torsional dynamics are neglected to allow a purely analytical approach. Material properties are treated as constant, and stresses are evaluated under elastic conditions. These assumptions are consistent with early‑stage design analysis and allow direct application of kinematic and force relationships.
[bookmark: _Toc225102798]Pressure Data and Kinematic Relationships
[image: The image depicts a graph showing the relationship between piston displacement and crank angle, typically used to illustrate the motion of a piston in an engine.

AI-generated content may be incorrect.]
Figure 1

[image: The diagram displays a pressure vs. crank angle plot for a cylinder, indicating various pressure levels at different crank angles.

AI-generated content may be incorrect.]
Figure 2

[image: The image depicts a graph showing the relationship between crank angle, engine speed, and piston acceleration, with the piston acceleration values ranging from negative to positive values.

AI-generated content may be incorrect.]
Figure 3
The in‑cylinder pressure trace used for force calculation is shown in Figure 1, with piston kinematics derived from the relationships illustrated in Figures 2 and 3. Gas force is obtained from:


where is cylinder pressure and is piston area.
Piston displacement is calculated using the standard slider–crank equation:

where is crank radius and is connecting rod length.
Piston acceleration is obtained by differentiation and used to calculate inertial force. Angular velocity is defined as:

where N is engine speed in RPM. These kinematic outputs form the basis for inertia force calculation.

[bookmark: _Toc225102799]Force Calculations
The total force acting on the piston is the combination of gas pressure force and inertial force:

The inertial force is given by:

The connecting‑rod angle is determined from:

The connecting rod force is therefore:

This force is used to evaluate loading on the connecting rod, gudgeon pin, and bolts.

[bookmark: _Toc225102800]Stress Calculations
Stresses in each component are calculated using simplified analytical relationships based on geometry.
For the connecting rod, axial stress is calculated as:

Approximated using standard beam and shear relationships based on pin geometry and support spacing.
Bolt tensile stress:

Stress histories were used to determine mean and alternating stress for fatigue analysis.
mean stress:

alternating stress:

These values are required for fatigue analysis.

[bookmark: _Toc225102801]Fatigue Analysis Method (Goodman)

Fatigue performance is assessed using the Goodman relation:

A fatigue safety factor (FSF) is calculated as:

An FSF greater than 1 indicates infinite‑life operation under the assumed loading conditions. Goodman diagrams for each component are presented later in the report (Figures 9–11), showing the operating stress point relative to the failure boundary.
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[bookmark: _Toc225102803]Forces vs Crank Angle
The gas, inertia and net forces over the full 720° cycle are shown in Figure 4. Gas force follows the pressure trace, peaking sharply during combustion, while inertia force varies sinusoidally with crank angle. At TDC, piston acceleration is highest, producing large tensile inertia forces that can exceed gas loading during non‑firing strokes.
The combined effect is visible in Figure 4, where the net force alternates between high compression during combustion and high tension near exhaust TDC. Figure 5 highlights the quadratic rise in inertia force with RPM, demonstrating how speed rapidly becomes the dominant contributor to tensile loading. This behaviour is critical for fatigue, as it directly increases alternating stress amplitude.

[image: The diagram illustrates a graph of forces measured at different crank angles, specifically at 6000 RPM, showing various forces including gas, inertia, net, and rod forces, with force values ranging from -400 to 400 Newtons.

AI-generated content may be incorrect.]Gas, Inertia and Net ForcesFigure 4






[bookmark: _Toc225102805]Inertia Force vs RPM 
[image: The provided text appears to be a table or graph depicting various measurements related to inertia force, crank angle, and RPM (revolutions per minute). The inertia force values range from -4000 N to 7000 N, and the crank angle ranges from 0 to 4000 degrees. The RPM values are given as 200, 300, 2000, 4000, and 1000.

AI-generated content may be incorrect.]
Figure 5
[bookmark: _Toc225102806]Stress Results
The connecting rod midpoint stress (Figure 6) follows the net force profile, with compressive stress during combustion and tensile stress near exhaust TDC. As RPM increases, tensile stress rises significantly due to increasing inertia forces (Figure 7), while compressive stress remains relatively constant.
This results in an increasing stress range and higher alternating stress amplitude. The fatigue safety factor (Figure 8) therefore decreases with RPM, indicating reduced fatigue margin at higher speeds.
[bookmark: _Toc225102807]Conrod Stress vs Crank Angle
[image: The diagram illustrates a stress-crank angle relationship for a conrod, showing the stress values in MPa across various crank angles in degrees.

AI-generated content may be incorrect.]
Figure 6
[bookmark: _Toc225102808]Effect of RPM on Conrod Stress
[image: The image displays a graph illustrating the variation of conrod stress in megapascals (MPa) across different crank angles at various engine speeds, measured in revolutions per minute (RPM).

AI-generated content may be incorrect.]
Figure 7
[bookmark: _Toc225102809]Fatigue Safety Factor vs RPM
[image: The image displays a graph comparing the fatigue safety factor of various engine components (conrod midpoint, gudgeon pin, and conrod bolt) against engine speed (RPM) ranging from 5000 to 6000.

AI-generated content may be incorrect.]
Figure 8
[bookmark: _Toc225102810]Goodman Diagrams
Goodman diagrams provide a visual representation of the fatigue performance of each component by plotting mean stress against alternating stress relative to the material’s endurance limit and ultimate tensile strength.
[bookmark: _Toc225102811]Conrod midpoint
The Goodman diagram for the connecting rod midpoint is shown in Figure 9. The operating stress point lies well below the Goodman failure line, indicating that the rod beam has a comfortable fatigue margin under baseline operating conditions. This aligns with typical production‑engine design practice, where rods are intentionally over‑engineered to ensure long‑term durability.
[image: The diagram illustrates a Goodman diagram for a connecting rod, showing the stress range, mean stress, and the upper and lower limits of allowable stress at various points.

AI-generated content may be incorrect.]
Figure 9
[bookmark: _Toc225102812]Gudgeon pin
The gudgeon pin Goodman diagram in Figure 10 shows a similarly favourable fatigue position. Although the pin experiences both bending and shear stresses, the alternating stress amplitude remains relatively low due to the shared load path between the piston bosses. The operating point lies well within the infinite‑life region, confirming that the pin design is conservative for the baseline RPM range.
[image: The Goodman diagram illustrates the relationship between mean stress and alternating stress for a Gudgeon pin, with the operating point, upper and lower limits, and the allowable stress range plotted.

AI-generated content may be incorrect.]
Figure 10
[bookmark: _Toc225102813]Conrod bolts
The Goodman diagram for the connecting rod bolts, shown in Figure 11, reveals a more critical situation. The bolts experience high tensile loading during inertia‑dominated phases, and the alternating stress amplitude is significantly higher than in the rod or pin. Although the baseline FSF remains above 1, the operating point lies much closer to the Goodman boundary, indicating limited fatigue margin. This makes the bolts the most vulnerable component in the bottom‑end assembly and the primary constraint on maximum safe engine speed.

[image: The Goodman Diagram illustrates the stress range for a Conrod Bolt, with the mean stress at an operating point of 800 MPa, and the allowable stress range between 200 and 1200 MPa.

AI-generated content may be incorrect.]
Figure 11
















[bookmark: _Toc225102814]Extended RPM Analysis 

[bookmark: _Toc225102815]Pressure Interpolation Method
To evaluate engine behaviour beyond the baseline operating speed, the in-cylinder pressure data was extended across a wider RPM range using interpolation. As direct pressure measurements were only available at the baseline condition, it was assumed that the pressure profile shape with respect to crank angle remains constant, while the timing is preserved over the engine cycle.
This assumption is reasonable for a preliminary analytical study, as combustion characteristics are primarily governed by crank angle rather than engine speed. The interpolated pressure traces therefore allow consistent comparison of forces and stresses across increasing RPM while isolating the effect of inertial loading.
[image: The graph shows a curve representing the variation of gas force in newtons at different crank angles, measured at various RPMs.

AI-generated content may be incorrect.]
Figure 12
[bookmark: _Toc225102816]Updated Forces and Stresses
The extended RPM analysis shows a significant increase in inertia-driven forces, while gas force remains largely unchanged. As inertia force is proportional to piston acceleration, and therefore to the square of engine speed, its contribution becomes dominant at higher RPM.
This effect is clearly observed in Figures 13 and 14, where peak tensile forces increase rapidly with speed. Consequently, the stress amplitudes in all components rise, with the most pronounced increase occurring in regions subjected to tensile loading during exhaust top dead centre.
While compressive stresses remain relatively stable due to their dependence on cylinder pressure, tensile stresses increase sharply, resulting in a widening stress range and higher alternating stress values.
[image: The provided text appears to be a list of numerical values, potentially related to a graph or chart, but without a visual context, it's not possible to describe an image.

AI-generated content may be incorrect.]
Figure 13
[image: The diagram illustrates a graph with a crank angle (degrees) on the x-axis and inertia force (Newtons) on the y-axis, showing a negative correlation between the two variables, with values ranging from 0 to 10000 N for inertia force and 200 to 3000 degrees for crank angle.

AI-generated content may be incorrect.]
Figure 14
[bookmark: _Toc225102817]Effect on Fatigue Safety Factors
The increase in alternating stress has a direct impact on fatigue performance. As shown in Figures 15 and 16, fatigue safety factors decrease progressively with increasing RPM across all analysed components.
The connecting rod midpoint and gudgeon pin retain acceptable safety margins over the investigated range, indicating that these components are not the primary limiting factors. In contrast, the connecting rod bolts exhibit a rapid reduction in fatigue safety factor, approaching the Goodman failure boundary at higher speeds.
This confirms that bolt loading is dominated by inertia forces and is therefore highly sensitive to engine speed. The results demonstrate that, without design modification, the bolts represent the critical component limiting maximum engine RPM. This finding justifies the subsequent redesign presented in Section 6.

[image: The diagram shows a graph comparing the fatigue safety factor (FSF) of a Conrod Bolt (CFS) at various engine speeds (RPM) from 1000 to 9000, with RPM on the x-axis and FSF on the y-axis.

AI-generated content may be incorrect.]
Figure 15
[image: The diagram illustrates the relationship between engine speed (RPM) and the fatigue safety factor for a conrod bolt, comparing original data points with an interpolated curve for an extended RPM range.

AI-generated content may be incorrect.]
Figure 16






[bookmark: _Toc225102818]Connecting Rod Bolt Redesign 

[bookmark: _Toc225102819]Design Objective
The extended RPM analysis identified the connecting rod bolts as the most critical component, with fatigue safety factors approaching the Goodman failure limit at higher engine speeds. The objective of this redesign is therefore to restore an acceptable fatigue safety factor (FSF > 1) while minimising any increase in mass or geometric complexity.
[bookmark: _Toc225102820]Geometry Changes
To improve fatigue performance, the bolt cross-sectional area was increased, reducing the tensile stress experienced under peak inertial loading. This was achieved by increasing the bolt diameter while maintaining the original material and general geometry.
This approach was selected as it directly reduces stress without introducing additional design complexity or manufacturing constraints. Alternative methods such as material substitution or preload optimisation were not considered within the scope of this analytical study.
[bookmark: _Toc225102821]Updated Stress & FSF
The revised bolt geometry results in a reduction in peak tensile stress, as shown in Figure 17. Consequently, the alternating stress amplitude decreases, leading to an improvement in fatigue safety factor across the investigated RPM range.
The updated Goodman position shifts further below the failure boundary, indicating a return to safe infinite-life operation under the analysed conditions. While stress reductions are modest, the nonlinear relationship within the Goodman criterion results in a noticeable improvement in FSF.
[image: The diagram shows a plot of Bolt Diameter against the Fatigue Safety Factor (FSF) at 9000 RPM, indicating a correlation where larger diameters correspond to higher FSF values.

AI-generated content may be incorrect.]
Figure 17

[bookmark: _Toc225102822]Feasibility Discussion
The proposed redesign represents a practical and effective solution for improving fatigue performance. Increasing bolt diameter is a common engineering approach that can be implemented with minimal impact on manufacturing processes.
However, the increase in mass may contribute slightly to higher reciprocating inertia, which could offset some performance benefits at very high engine speeds. Additionally, packaging constraints within the connecting rod assembly may limit the extent to which bolt size can be increased.
Overall, the redesign provides a balanced improvement in durability while maintaining simplicity, making it suitable for both production and moderate performance applications.


[bookmark: _Toc225102823]Crankshaft Configuration Torque Analysis

[bookmark: _Toc225102824]Torque vs Crank Angle
Crankshaft torque was calculated from the instantaneous piston force and crank geometry, considering the moment arm generated by the crank radius and connecting rod angle. Torque variation was evaluated over the full engine cycle for different crankshaft configurations.
This approach allows comparison of how firing order and crank arrangement influence torque delivery characteristics, independent of changes in combustion pressure.
[image: The diagram displays a comparison between peak and mean torque values across a range of RPM (revolutions per minute).

AI-generated content may be incorrect.]
Figure 18
[image: ]
Figure 19
[image: ]
Figure 20
[bookmark: _Toc225102825]Standard vs Cross-Plane Results
The standard crank configuration produces a more irregular torque profile, with larger fluctuations between peak and minimum torque values. In contrast, the cross-plane configuration results in a smoother torque delivery, as shown in Figures 21–23.
This smoothing effect occurs due to improved phase distribution of firing events, which reduces the amplitude of torque oscillations over the engine cycle. As a result, the cross-plane crankshaft provides more uniform power delivery and reduced torsional vibration.
[image: ]
Figure 21
[image: ]
Figure 22
[image: ]
Figure 23
[bookmark: _Toc225102826]Application Suitability
The choice of crankshaft configuration depends on the intended engine application. The standard configuration is advantageous for lightweight, high-revving engines where simplicity and efficiency are prioritised. However, the associated torque fluctuations may increase vibration and reduce refinement.
The cross-plane configuration is better suited to applications requiring smoother power delivery and improved drivability, such as performance road engines. The reduced torque oscillation also benefits component longevity by lowering dynamic loading on drivetrain components.
Therefore, while the standard crank may offer advantages in weight and simplicity, the cross-plane configuration provides superior refinement and durability, making it more suitable for higher-performance or comfort-focused applications.
[bookmark: _Toc225102827]Conclusion 
This study shows that the structural performance of engine bottom-end components is governed by the interaction between combustion gas forces and inertia loading. Analytical modelling using slider–crank kinematics and pressure data enabled prediction of forces, stresses and fatigue behaviour across the engine cycle.
Results indicate that inertia forces increase with the square of engine speed and become the dominant factor in tensile loading at high RPM. While the connecting rod and gudgeon pin maintain acceptable fatigue margins, the connecting rod bolts were identified as the critical component due to their sensitivity to inertia-driven loading.
A targeted increase in bolt cross-sectional area reduced peak stress and improved fatigue safety factors, restoring safe operation. This demonstrates that simple geometric modifications can effectively address fatigue limitations.
Crankshaft analysis showed that cross-plane configurations provide smoother torque delivery and reduced oscillations compared to standard designs, improving refinement and durability.
Overall, the study highlights the importance of combining kinematic analysis, force modelling and fatigue assessment to evaluate engine component performance and guide design improvements.
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