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[bookmark: _Toc225013518]Introduction 
​This report investigates the loading conditions and fatigue behaviour of a connecting rod assembly in the Ford EcoBoost 1.6L GDTi engine. Forces acting on the piston and connecting rod are calculated across the engine cycle using a MATLAB model combining combustion pressure and inertia forces from the reciprocating assembly. Fatigue safety is assessed using Goodman analysis, and the influence of increasing engine speed is examined. Potential design improvements are also evaluated, including modifications to connecting rod bolt geometry, thread manufacturing methods and material selection.
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[bookmark: _Toc225013543]Figure 1 shows an image of the Ford EcoBoost 1.6L GDTi engine (Ford Authority 2020).
[bookmark: _Toc225013519]1.1 Aims
· Evaluate the dynamic loading and fatigue behaviour of the connecting rod assembly in an internal combustion engine.
· Investigate design improvements to enhance fatigue performance, including bolt geometry, manufacturing method and material selection.
[bookmark: _Toc225013520]1.2 Objectives
· Calculate gas, inertia and resultant forces acting on the assembly. 
· Analyse connecting rod bolt loading, including preload, bolt stretch and joint separation behaviour.
· Assess the influence of bolt design, material selection and crankshaft configuration on engine performance and durability.
[bookmark: _Toc225013521]Connecting Rod Stress and Fatigue 
The connecting rod consists of three primary structural regions: the small end, mid-section, and big-end cap interface. Each region experiences different loading conditions due to variations in geometry and load transfer paths within the assembly.
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[bookmark: _Toc225013544]Figure 2 Shows the selected connecting rod cross-sections analysed (excluding the engine specification section), representing critical stress regions under loading.
[bookmark: _Toc225013545]Table 1 Summarises the connecting rod cross-sections used for CAD-based area calculations, enabling identification of critical fatigue locations.
	Section 
	Description
	Area (mm²)

	Connecting Rod Cap 
	The big-end cap interface connects the rod to the crankshaft journal via the bearing and is subjected to alternating tensile and compressive loads as the piston changes direction during the engine cycle.
	318.88

	Mid-Section 
	The mid-section represents the primary load-carrying member of the rod and typically exhibits a larger cross-sectional area designed to resist axial loading and buckling.
	147.83

	Mid-Section (Spec Sheet) 
	
	196.39

	Small End
	The small end forms the interface between the connecting rod and the gudgeon pin, transmitting the combustion and inertia forces from the piston.
	105.26
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[bookmark: _Toc225013546]Figure 3 Axial stress histories for the connecting rod cap interface, mid-section and small end at 6000 rpm. Markers indicate the peak stress values used for the fatigue analysis.
Axial stresses in the connecting rod were calculated from the resultant piston forces and the corresponding cross-sectional areas. Figure 3 shows the stress variation across the engine cycle for the cap interface, mid-section and small end at 6000 rpm (Andoko, Saputro 2018).
The small end experiences the largest compressive stresses, reaching approximately −495 MPa shortly after top dead centre (TDC) during peak combustion loading, when gas forces are transmitted through the connecting rod.
The cap interface experiences tensile stresses during inertia-dominated portions of the cycle. As the piston reverses direction near TDC and bottom dead centre (BDC), inertia forces place the connecting rod in tension, producing the positive stress peaks observed in this region.
The mid-section exhibits lower stress magnitudes due to its larger effective cross-sectional area. The reduced stress levels reflect the structural role of the shank in carrying axial loads between the piston and crankshaft. Overall, the results indicate that the small end represents the most highly stressed region of the connecting rod and is therefore likely to govern the fatigue behaviour of the component.
[bookmark: _Toc225013547]Table 2 Summary of maximum, minimum, mean and alternating stresses together with Goodman fatigue safety factors (FSF) for the analysed connecting rod sections at 9000 rpm (Andoko, Saputro 2018).
	RPM
	Section
	Sigma Max (MPa)
	Sigma Min (MPa)
	Sigma Mean (MPa)
	Sigma Alt (MPa)
	Goodman FSF
	Researched FSF

	6000
	Cap Interface
	209.2
	-30.2
	89.5
	119.7
	3.42
	1.5-3

	
	Mid-Section (CAD / Net Area)
	-271.8
	39.2
	-116.3
	155.5
	3.23
	2 - 4

	
	Mid-Section (Spec CSA)
	-204.6
	29.5
	-87.5
	117.1
	4.18
	

	
	Small End
	-495.5
	71.5
	-212
	283.5
	1.92
	1.5 – 2.5
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[bookmark: _Toc225013548]Figure 4 Goodman fatigue diagram for the analysed connecting rod sections showing the relationship between mean stress and alternating stress relative to the allowable fatigue limits.
Figure 4 indicates that all analysed sections remain within the safe operating region at 6000 rpm, as the calculated stress states lie below the allowable fatigue boundary. However, the small end is positioned closest to the failure boundary, indicating that it represents the most fatigue-critical region of the connecting rod. This is consistent with figure 3, where the small end experienced the largest stress fluctuations due to its direct load path between the piston and connecting rod. The predicted fatigue safety factors (FSF) fall within typical design ranges for connecting rods (Andoko & Saputro, 2018), validating the stress model used. The calculated FSF confirm this behaviour, with the cap interface and mid-section exhibiting high safety margins compared with the small end. 
[bookmark: _Toc225013522]Gudgeon Pin 
To evaluate the structural behaviour of the gudgeon pin, bending and shear stresses were calculated using classical beam theory by modelling the pin as a hollow cylindrical beam supported at the piston bosses and loaded at the centre by the connecting rod force.
The baseline residual stress state was not explicitly quantified and was assumed to be representative of a normally machined/polished gudgeon pin, where surface finishing processes introduce moderate compressive residual stresses (Hayashi, 2020). The applied −55 MPa term was therefore used as a conservative additional compressive residual stress to assess the sensitivity of fatigue performance to further beneficial surface treatment. Differences from literature are due to simplified beam modelling and neglect of stress concentrations, contact effects, and temperature, which reduce predicted stress and increase FSF.
[bookmark: _Toc225013549]Table 3 Gudgeon pin bending stresses with and without surface finishing, showing improved fatigue resistance and FSF within typical ranges 1.5–2.0 (Hashimoto, Melkote et al.).
	Condition
	Sigma Max (MPa)
	Sigma Min (MPa)
	Sigma Mean (MPa)
	Researched FSF

	No Surface Finish
	-221.9
	32.2
	-94.85
	1.1 – 2.5

	With Surface Finish Pressure – Polishing/Lapping
	-166.9
	87.2
	-39.85
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[bookmark: _Toc225013550]Figure 5 Goodman fatigue diagram for the gudgeon pin showing the stress state with and without the influence of surface pressure. Both conditions remain within the safe fatigue region relative to the allowable limits.
Figure 5 shows that stress states remain within allowable fatigue limits with and without surface pressure. The applied compressive residual stress (−55 MPa) shifts the mean stress towards compression, increasing fatigue resistance by moving the operating point away from the failure boundary. This trend agrees with established findings on the benefits of compressive residual stresses (Hashimoto, Melkote et al.).
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[bookmark: _Toc225013551]Figure 6 Variation of gudgeon pin fatigue safety factor with engine speed, based on bending stresses and Goodman analysis (1000–9000 rpm, linear interpolation).
Figure 6 shows a decrease in FSF with increasing engine speed due to rising inertia forces. At 9000 rpm, the safety factor reduces to 1.42, approaching typical lower design limits. The gudgeon pin remains within acceptable limits, although fatigue margins reduce significantly at higher speeds.





[bookmark: _Toc225013523]Connecting Rod Bolt Analysis 
[bookmark: _Toc225013524]Thread Stress Concentration 
Thread stress concentration was evaluated to determine the most suitable bolt thread specification for the fatigue analysis. Stress concentrations occur at the thread root due to the abrupt change in cross-sectional area, making this region critical for crack initiation. Stress concentration factors were estimated using Roark’s relations for a U-notch approximation of the thread root.
[bookmark: _Toc225013552]Thread rolling plastically deforms the material at the thread root, introducing beneficial compressive residual stresses and improving surface finish compared with machined threads. Experimental studies report residual stresses of 100–400 MPa and fatigue strength improvements of 10–30% relative to cut threads (Furukawa and Hagiwara, 2015; du Maire et al., 2025). In the fatigue model, the effective fatigue notch severity of rolled threads was reduced relative to the equivalent cut thread.
This assumes the rolled thread retains approximately 70% of the fatigue notch severity of the equivalent cut thread. In addition, a conservative compressive residual stress of 100 MPa was applied at the thread root by shifting the mean stress in the Goodman fatigue analysis.
[bookmark: _Toc225013553]Table 4 Calculated theoretical (Kt) and fatigue (Kf) stress concentration factors for thread geometries and manufacturing methods used in connecting rod bolt analysis.
	Thread Specification
	Manufacturing Method
	Stress Concentration (Kt)
	Fatigue Stress Concentration (Kf)

	M8 × 0.75 (fine)
	Cut (Fine Pitch)
	4.3139
	3.98

	M8 × 1.0 (coarse)
	Cut (Coarse Pitch)
	4.1396
	3.83

	M8 x 1.0 (Rolled)
	Rolled (Coarse Pitch)
	4.1396
	2.98
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[bookmark: _Toc225013554]Figure 7 Shows Kf variation with thread pitch and manufacturing method, with the rolled M8 × 1.0 thread exhibiting the lowest value.
Figure 7 compares the calculated fatigue stress concentration factors for the candidate thread configurations. The fine cut thread exhibits the highest fatigue notch factor, indicating greater sensitivity to crack initiation at the thread root. Increasing the pitch to an M8 × 1.0 cut thread slightly reduces the notch severity due to the larger thread root radius.
The rolled coarse thread exhibits the lowest effective fatigue notch factor, reflecting the improved surface condition and compressive residual stresses introduced during thread rolling. Based on these results and supporting literature (Furukawa and Hagiwara, 2015; du Maire et al., 2025), the rolled thread was selected for the subsequent connecting rod bolt fatigue analysis.
[bookmark: _Toc225013525]Bolt Preload and Tightening Torque
A preload was applied to the connecting rod bolt to maintain clamping force between the rod and cap during operation. The preload stress was selected as a proportion of material yield strength, producing a preload force of approximately 22.32 kN. The corresponding tightening torque was then estimated by accounting for friction beneath the bolt head and within the thread interface. 
	Parameter
	Value
	Units

	Ultimate Tensile Strength (UTS)
	1100
	MPa

	Yield Strength
	990
	MPa

	Head Friction Coefficient
	0.12
	

	Thread Friction Coefficient 
	0.11
	

	Preload Stress
	594
	MPa

	Preload Force
	22321
	N


[bookmark: _Toc225013555]Table 5 Material properties, friction coefficients, and calculated preload conditions for the connecting rod bolt.






Selecting a preload of approximately 60% of yield strength ensures sufficient clamping force to prevent joint separation under peak inertia loads while maintaining a safe margin below yielding during tightening. The assumed friction coefficients provide a realistic estimate of the torque required to generate this preload, ensuring that the calculated tightening torque reflects typical assembly conditions for lightly lubricated steel fasteners (Gao, Gong et al., 2014). Together, these assumptions ensure the bolt operates within the elastic region while maintaining stable clamp force, limiting cyclic stress fluctuations and improving fatigue resistance under repeated engine loading.
[bookmark: _Toc225013556]Table 6 Summarises torque components required to achieve the selected bolt preload, highlighting friction effects.
	Torque Component
	Value
	Units

	Head friction torque
	14.06
	Nm

	Thread friction torque
	9.02
	Nm

	Total tightening torque
	23.09
	Nm


[bookmark: _Toc225013526]Bolt and Joint Stiffness
The stiffness of the bolt and the clamped joint determine how external separating loads are distributed during engine operation. In a bolted joint the bolt and clamped components behave as elastic springs, meaning part of the applied load increases bolt tension while the remainder reduces the clamp force within the joint. 
[bookmark: _Toc225013557]Table 7 Parameters used to estimate connecting rod bolt stiffness.
	Parameter
	Value
	Units

	Bolt cross-sectional area
	50.27
	mm²

	Effective working bolt length
	27.26
	mm

	Bolt stiffness ()
	387224.92
	N/mm

	Cap stiffness ()
	1,151,612.90
	N/mm



Bolt stiffness was estimated using the effective tensile area and working length of the fastener based on Hooke’s law, while the connecting rod cap stiffness was estimated from the clamped geometry. As the cap stiffness was significantly higher than that of the bolt, most external separating load primarily reduces clamp force rather than increasing bolt tension, limiting cyclic stress fluctuations in the fastener.
[bookmark: _Toc225013527]Wasted Shank Redesign 
To improve the fatigue performance of the connecting rod bolt, a wasted-shank redesign was investigated. The principle of a wasted shank is to reduce bolt stiffness by introducing a reduced-diameter section along the shank. This increases bolt compliance and reduces the fluctuating stress transmitted to the threaded region, improving fatigue resistance, a design approach commonly reported for dynamically loaded fasteners (Abdul Kareem, et al, 2021). 
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[bookmark: _Toc225013558]Figure 8 CAD drawing of the connecting rod bolt (M8x1.0) incorporating the wasted shank design.
[bookmark: _Toc225013559]Table 8 Shows the dimensions of the wasted shank design.
	Section
	Length  (mm)
	Diameter (mm)
	Area (mm²)
	Description

	1
	4
	7.8
	47.78
	Under-head section

	2
	18
	6
	28.27
	Wasted shank section

	3
	9
	7.2
	40.72
	Threaded stiffness region



[bookmark: _Toc225013560]Table 9 Shows the differences in weight between the original and the wasted shank design.
	Parameter
	Value
	Units

	Density (ρ)
	7850
	kg/m³

	Original bolt mass estimate
	10.756
	g

	Wasted shank bolt mass estimate
	7.04
	g

	Mass reduction
	34.55
	%



The wasted shank dimensions were selected to reduce bolt stiffness while maintaining strength in critical load-bearing regions. The under-head section retains a larger diameter to ensure reliable load transfer to the connecting rod cap, while the reduced central section increases compliance, allowing a greater proportion of the separating load to be absorbed through elastic extension rather than increasing peak stress at the thread root. The threaded section remains unchanged to preserve engagement strength and preload transmission. This approach is consistent with established bolted joint theory, where reducing bolt stiffness relative to the clamped members improves load distribution and reduces peak stress (Pedersen, 2024). The resulting geometry therefore balances stiffness reduction with structural integrity, reducing cyclic tensile stress and improving fatigue performance while maintaining joint integrity.
.[image: ]
[bookmark: _Toc225013561]Figure 9 Total bolt extension as a function of engine speed for the original and wasted-shank bolt designs.
Figure 9 illustrates the predicted bolt extension across the engine speed range. The wasted-shank design exhibits greater elastic extension than the original bolt due to its reduced stiffness. This increased compliance is beneficial, as it allows the bolt to absorb a larger proportion of the applied deformation while reducing the stress fluctuations (figure 10). 
[image: ]
[bookmark: _Toc225013562]Figure 10 Connecting rod bolt load versus engine speed for the original and wasted-shank bolt designs. The redesigned bolt experiences a slightly lower tensile load across the RPM range due to its reduced stiffness, which helps reduce cyclic stress and improve fatigue performance.
[image: ]
[bookmark: _Toc225013563]Figure 11 Remaining clamp force within the joint as engine speed increases for the original and wasted-shank bolt designs.
Figure 11 shows that increasing engine speed raises inertia forces within the piston assembly, increasing the separating load and reducing clamp force. However, the clamp force remains above the separation limit across the operating range, confirming that the wasted-shank design increases compliance without compromising joint integrity.
[bookmark: _Toc225013528]Material Comparison
[bookmark: _Toc225013564]Alternative bolt materials were evaluated to determine their influence on fatigue safety, bolt stiffness and clamp-force behaviour. Although the external loading applied to the redesigned bolt remains unchanged, variations in material strength and stiffness affect the fatigue safety factor, bolt extension and remaining clamp force within the joint.
[bookmark: _Toc225013565]Table 10 Mechanical properties of the bolt materials considered for the redesigned connecting rod bolt. Ultimate tensile strength and yield strength values were obtained ARP and used in the fatigue safety factor analysis (ARP, 2023), (Titanium Alloy Ti 6Al-4).
	Material
	UTS (MPa)
	Yield Strength (MPa)
	Notes

	Engine Specification Material
	1100
	990
		



Baseline production fastener material used for the original bolt design.

	ARP 8740
	1130
	1172
	High-strength chromium–molybdenum alloy steel commonly used in performance engine fasteners.

	ARP 2000
	1510
	1379
	Higher fatigue strength

	L19
	1790
	1516
	Ultra-high strength alloy steel typically used in high-performance racing engine fasteners.

	Custom Age 625+
	1860
	1689
	Premium precipitation-hardened alloy designed for extreme fatigue resistance.

	ARP 3.5
	1862
	1620
	Advanced high-strength fastener alloy offering excellent fatigue life and durability.

	Ti-6Al-4V
	1090
	995
	Lightweight titanium alloy providing significant mass reduction but lower stiffness than steel.



Figure 12 compares the predicted Goodman FSF for the redesigned bolt using cut threads across the engine speed range for the candidate materials. All upgraded materials improve fatigue performance relative to the baseline bolt, although stronger premium alloys provide the largest fatigue margin while lower-strength options approach the fatigue limit more rapidly as engine speed increases.
[image: ]
[bookmark: _Toc225013566]Figure 12 Predicted Goodman fatigue safety factor vs engine speed for the redesigned bolt using cut threads and varied materials.
Figure 13 compares the fatigue safety factors for the rolled-thread configuration. Rolling improves fatigue performance for all materials by reducing effective notch severity and introducing beneficial compressive residual stresses at the thread root. The combination of high-strength materials and rolled threads provides the largest fatigue margin across the operating range, with results remaining further above the fatigue limit than the cut-thread configuration, particularly at high engine speeds.

[image: ]
[bookmark: _Toc225013567]Figure 13 Fatigue safety factor vs engine speed for the redesigned bolt with rolled threads, showing the influence of material strength combined with improved thread manufacturing.
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[bookmark: _Toc225013568]Figure 14 Estimated redesigned bolt mass for each candidate material.
Figure 14 compares the estimated mass of the redesigned bolt for each candidate material. The steel-based materials show similar masses due to comparable densities, while the titanium alloy provides a significant mass reduction. Although reduced fastener mass lowers inertia loading in high-speed reciprocating systems, mass reduction alone does not justify material selection if fatigue safety or clamp retention are compromised.
[image: ]
[bookmark: _Toc225013569]Figure 15 Maximum elastic bolt extension of the redesigned bolt for each candidate material.
Figure 15 shows that lower-stiffness materials produce greater bolt extension under load, while stiffer materials exhibit smaller elastic extension. Increased extension may reduce stress fluctuation in the bolt, but excessive extension can influence preload retention and clamp behaviour.
[image: ]
[bookmark: _Toc225013570]Figure 16 Minimum remaining clamp force in the joint for each candidate material.
Figure 16 compares the minimum remaining clamp force for each candidate material. All materials remain above the joint separation limit, indicating that clamp integrity is maintained across the analysed speed range. Differences in clamp retention arise from variations in material stiffness and bolt extension behaviour.
[bookmark: _Toc225013529]Connecting Rod Bolt Conclusion 
Across the material comparison, all upgraded bolt materials improved fatigue safety relative to the original baseline, with rolled-thread configurations consistently achieving the highest safety factors and reducing the rate of FSF degradation with increasing engine speed. Titanium Ti-6Al-4V achieved the greatest mass reduction but exhibited the largest bolt extension and lowest remaining clamp force, reducing confidence in long-term joint stability. In contrast, the high-strength steel fasteners provided superior fatigue resistance and stronger clamp-force retention at elevated engine speeds. Among the materials considered, ARP 3.5 offered the best overall balance of fatigue resistance, stiffness and clamp-force retention while maintaining similar mass to the other steel alloys. Therefore, ARP 3.5 was selected as the preferred material for the redesigned connecting rod bolt.
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[bookmark: _Toc225013571]Figure 17 Reduction in fatigue safety factor between 6000 rpm and 9000 rpm for each material and thread type. Rolled threads exhibit consistently lower reductions, indicating improved fatigue performance at higher engine speeds.
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[bookmark: _Toc225013572]Figure 18 Shows a Goodman diagram with the baseline material with the wasted shank design and rolled threads 6000.
[image: ]
[bookmark: _Toc225013573]Figure 19 Shows ARP 3.5 with the wasted shank design and rolled threads.












[bookmark: _Toc225013530]Power and Torque 
[bookmark: _Toc225013531]Single Cylinder Torque Generation
The torque produced by a single cylinder was evaluated to illustrate the contributions from combustion pressure and reciprocating inertia. Figure 20 shows the gas, inertia and resulting net torque at 6000 rpm. Gas torque produces a large positive peak shortly after TDC during the power stroke, while inertia torque arises from the acceleration and deceleration of the reciprocating masses and periodically opposes crankshaft rotation.
[image: ]
[bookmark: _Toc225013574]Figure 20 Single-cylinder torque components at 6000 rpm showing the gas pressure torque, inertia torque and resulting net torque as a function of crank angle.
The resulting net torque represents the instantaneous torque transmitted to the crankshaft. The torque fluctuates significantly over the cycle, including negative torque during compression, highlighting the need for multiple cylinders and appropriate crankshaft phasing to produce smoother overall engine torque.
[bookmark: _Toc225013532]Inertia Torque 
To illustrate the effect of reciprocating mass, the inertia torque contributions from each cylinder in the inline-4 engine were calculated at 6000 rpm. Reciprocating piston motion generates significant inertia forces that contribute to crankshaft loading in internal combustion engines (Reif & Dietsche, 2022).
Figure 21 shows the inertia torque produced by each cylinder and the resulting crankshaft inertia torque. In a conventional inline-4 configuration, cylinders 1 and 4 move together while cylinders 2 and 3 form the opposing pair, producing inertia torque curves approximately 180° out of phase.
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[bookmark: _Toc225013575]Figure 21 Inertia torque contributions from each cylinder in the inline-4 engine at 6000 rpm and the resulting combined crank inertia torque.
When the inertia torque contributions from all four cylinders are combined, the resulting crank inertia torque exhibits large oscillations over the engine cycle with peak magnitudes exceeding ±440 Nm. The results show that significant torque fluctuations occur even without combustion forces and must therefore be considered when evaluating overall crankshaft loading.
[bookmark: _Toc225013533]Standard vs Cross plane Crankshaft
Figure 22 compares the crankshaft inertia torque generated by the standard inline-4 crankshaft with that of the cross-plane configuration at 6000 rpm. The standard configuration produces large sinusoidal torque oscillations with peak magnitudes of ±440 Nm due to the simultaneous acceleration and deceleration of piston pairs.
In contrast, the cross-plane crankshaft significantly reduces inertia torque fluctuations (Muhammed Sabry Taha 2021). The altered firing phasing distributes piston acceleration more evenly across the crankshaft, producing much smaller torque oscillations of ±25 Nm and reducing dynamic crankshaft loading.
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[bookmark: _Toc225013576]Figure 22 Comparison of crankshaft inertia torque for standard and cross-plane crankshaft configurations at 6000 rpm.
These results show that crankshaft configuration significantly influences inertia-induced torque fluctuations within the engine. Reduced inertia torque variation can improve crankshaft durability and reduce torsional vibration, although overall engine behaviour must also consider combustion torque contributions and manufacturing constraints.
[bookmark: _Toc225013534]Total Crankshaft Torque – Standard vs Cross plane
Figure 23 compares the instantaneous crankshaft torque generated by the standard inline-4 and cross-plane crankshaft configurations at 6000 rpm. The total crank torque was obtained by combining combustion gas torque and inertia torque contributions from each cylinder, consistent with approaches commonly used in crankshaft dynamic analysis (Zuhdi, 2007). The standard configuration produces smooth torque delivery with evenly distributed firing events, resulting in a total fluctuation range of approximately 539.7 Nm over the engine cycle.
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[bookmark: _Toc225013577]Figure 23 Total crankshaft torque over the engine cycle at 6000 rpm comparing the standard inline-4 and cross-plane crankshaft configurations.
In contrast, the cross-plane crankshaft configuration produces significantly larger torque peaks and troughs, with a total fluctuation range of approximately 1253.3 Nm, more than twice that of the standard configuration. Although the cross-plane arrangement reduces inertia torque oscillations, the altered firing phasing results in less uniform combustion torque delivery and larger instantaneous crank torque variations in the present model.
[bookmark: _Toc225013535]Power and Torque – Ford EcoBoost 1.6L GDTi
The piston and ring friction model assumes constant piston ring friction coefficients and fixed gas-backing factors derived from Wakabayashi, Takiguchi et al., 2003, with values summarised in Table 11. These assumptions neglect variations in lubrication, gas pressure and ring dynamics, which may reduce the accuracy of predicted friction losses.
[bookmark: _Toc225013578]Table 11 Friction coefficients applied to each piston ring in the model, with reflecting lubricated ring–liner contact conditions.
	Ring Type
	Friction Coefficient (μ)
	Typical Range
	Notes

	Top Compression Ring
	0.08
	0.06 – 0.12
	Highest load due to peak combustion pressure; significant gas loading increases contact force

	Second Compression Ring
	0.06
	0.05 – 0.10
	Lower gas pressure than top ring; primarily assists sealing and oil control

	Oil Control Ring
	0.1
	0.08 – 0.15
	Highest friction due to scraping action and lubrication interaction with cylinder wall
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[bookmark: _Toc225013579]Figure 24 Modelled engine torque and power compared with Ford EcoBoost 1.6L GDTI specification data. The model captures the overall performance trend across the operating range (16-ecoboost-np).
Comparison with Ford specification data shows good agreement in overall trends, with low-to-mid speed discrepancies attributed to simplified friction and loss modelling assumptions, which may underestimate mechanical losses at lower engine speeds.










[bookmark: _Toc225013536]Conclusion 
This study analysed the dynamic loading of an inline-four engine to evaluate connecting rod stresses and redesign the conrod bolt for improved fatigue performance. Gas and inertia forces were used to determine loading across the engine cycle, with the bolt cap interface identified as the critical fatigue location at high speeds. 
Rolled threads were shown to reduce stress concentration through improved surface condition and compressive residual stresses, leading to the selection of an M8 × 1.0 thread. ARP 3.5 was identified as the most suitable material, providing an effective balance of fatigue strength and clamp retention. Torque modelling showed that crankshaft configuration influences fluctuation, while overall trends align with Ford specification data. Thermal effects were not included and may slightly reduce material strength and residual stress benefits. Results are therefore predictive but provide a realistic assessment of component behaviour. The redesigned bolt demonstrates improved durability for high-speed operation.
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Goodman Diagram — Titanium Ti-6Al-4V (ROLLED)
Material: Titanium Ti-6Al-4V | UTS = 1241 MPa | Se = 558 MPa
Om = 5742 MPa | 0, = 36.6 MPa | FSF = 1.89
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Net torque — Inline-4
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