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[bookmark: _Toc225109654]Abstract
This report presents a fatigue analysis of three critical bottom-end components of the Ford 1.6 Sigma engine, the connecting rod midpoint, gudgeon pin, and connecting rod bolt, using in-cylinder pressure data and the modified Goodman fatigue criterion. At 6000 RPM, the connecting rod and gudgeon pin returned fatigue safety factors of 4.540 and 3.692 respectively, both indicating over-designed components and candidates for mass reduction. The connecting rod bolt returned an FSF of 2.786 with Kt = 4.32 applied. Extending the dataset to 9000 RPM reduced the bolt FSF to 1.18, motivating a waisted bolt redesign which achieved a best FSF of 1.655. A material investigation found Grade 12.9 steel improved performance while Titanium 6Al-4V fell below the failure threshold, with a combined Grade 12.9 waisted bolt identified as the most viable solution. Instantaneous torque analysis confirmed the standard plane configuration produces a lower torque range at 6000 RPM, making it more suitable for the road car application. 
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1. [bookmark: _Toc225109655]Introduction
The analysis of internal combustion engine components is essential to ensure performance, durability, and reliability under demanding operating conditions. This report focuses on the Ford 1.6 Sigma engine, using provided in-cylinder pressure data to calculate and analyse forces acting on three key bottom-end components, the connecting rod, the gudgeon pin, and the connecting rod bolt. The performance is further evaluated beyond the 6000 RPM range by extending the data set up to 9000 RPM, motivating geometric and material redesigns of the bolt.
This report’s objective is to critically evaluate structural integrity, identify over or under-engineered components, and propose quantitative improvements, with research aiding the methodology and analysis.



















2. [bookmark: _Toc225109656]Fatigue Analysis of Ford 1.6 Sigma Engine Components
As outlined by Shenoy & Fatemi, (2006), the connecting rod is one of the most dynamically loaded components in any reciprocating engine with it being subject to cyclic loading every revolution. Fessler & Hyde (1997) outlines the loads and stresses the gudgeon pin experiences including bending and provides insight into the importance of the gudgeon pin. Witek & Zelek, (2019) explain the role that the connecting rod bolts have in engine failure.
The engine specifications used throughout this analysis are summarised in Table 1:
[bookmark: _Ref225102042][bookmark: _Ref225102887][bookmark: _Toc225104769]Table 1 - Ford 1.6 Sigma Engine Specifications
	Parameter
	Value
	Units

	Bore diameter
	79
	mm

	Crank radius (R)
	40.7
	mm

	Connecting rod length (L)
	134
	mm

	Reciprocating mass
	347
	g

	Rotating mass
	313
	g

	Piston mass
	268
	g

	Ring masses
	9
	g

	Circlip masses
	5
	g

	Gudgeon pin mass (exposed)
	23.28
	g



[bookmark: _Toc225109657]2.1 Kinematics
The first stage of the analysis established the kinematic behaviour of the engine’s slider-crank mechanism. The values in Table 1 define the geometric relationship between the crankshaft rotation and piston motion, underpinning all subsequent force & stress calculations.
The piston position was calculated and produced a sinusoidal profile displayed in Figure 1:
[image: ]
[bookmark: _Ref225102093][bookmark: _Ref225102871][bookmark: _Toc225104789]Figure 1 - Piston Position vs Crank Angle Graph
Piston acceleration was decomposed into first-order (cos θ) and second-order (cos 2θ) terms using the standard slider-crank model. Both scale with ω², so inertia force grows with the square of engine speed, the central consideration in all fatigue calculations.

[image: ]
[bookmark: _Toc225104790]Figure 2 - Acceleration Orders Graph
At low RPM, gas force dominates; as RPM increases, inertia force becomes increasingly significant near TDC and begins to exceed the gas force contribution, illustrated in Figure 3 & Figure 4:
[image: ]
[bookmark: _Ref225102710][bookmark: _Ref225102841][bookmark: _Toc225104791]Figure 3 - Mesh Inertia Force Graph
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[bookmark: _Ref225102719][bookmark: _Ref225102848][bookmark: _Toc225104792]Figure 4 - Gas Force Graph
3. [bookmark: _Toc225109658]Fatigue Safety Factors
[bookmark: _Toc225109659]3.1 Fatigue Assessment Methods
There are two primary methods to assess fatigue life under cyclic loading conditions. The first uses S-N curves, which represent the relationship between stress amplitude and cycles to failure. However, the modified Goodman criterion was selected for this analysis as it explicitly accounts for non-zero mean stress. 
The Goodman criterion is displayed as a failure boundary in mean stress–alternating stress space converging to UTS and endurance limit respectively, with FSF ≥ 1.0 required for safe operation (Hwang et al., 2024). The endurance limit is taken as 45% of UTS throughout. The allowable stress range and FSF are calculated using the modified Goodman relationship and applied consistently to all three components.
4. [bookmark: _Toc225109660]Connecting Rod (Mid-point)
[bookmark: _Toc225109661]4.1 Loading Conditions
The connecting rod midpoint was assessed at 6000 RPM, representing the most demanding condition within the standard operating range. Shenoy & Fatemi, (2006) use an identical approach in their analysis, identifying two critical crank angles representing the maximum compressive and maximum tensile loading conditions as the basis for fatigue assessment, which is the methodology adopted here.
Two crank angles were identified at 6000 RPM from Figure 4, the complete loading conditions are displayed in Table 2 below:

[bookmark: _Ref225102810][bookmark: _Ref225102818][bookmark: _Toc225104770]Table 2 - Connecting Rod Critical Loading Conditions at 6000 RPM
	Condition
	Crank Angle (°)
	Pressure (bar)
	Stress State

	Maximum gas force
	18
	95.61
	Compressive

	Minimum gas force
	−306
	1.001
	Tensile



Shenoy & Fatemi, (2006) confirm that this cyclic reversal between compressive and tensile stress states is the primary driver of fatigue damage in connecting rods and note that the tensile condition is typically more critical for fatigue crack propagation despite producing a lower magnitude stress.
[bookmark: _Toc225109662]4.2 Fatigue Safety Factor Equations
The calculation procedure applied at each critical condition was rod angle → angular velocity → acceleration → inertia force → gas force → net force → rod force → stress, consistent with the methodology of Shenoy & Fatemi, (2006). Applying this at 6000 RPM to the connecting rod midpoint cross-sectional area (196.39 mm²) produced the stress values summarised in Table 3:
[bookmark: _Ref225102942][bookmark: _Toc225104771]Table 3 - Connecting Rod Fatigue Results at 6000 RPM
	Variable
	Value
	Units

	Min Stress
	-205.5499
	N/mm2  or MPa

	Max Stress
	11.8812
	N/mm2 or MPa







An FSF of 4.540 indicates the component is significantly over-designed, with a negative mean stress of −96.84 MPa placing the operating point in a favourable Goodman region, as visible in Figure 5. Shenoy & Fatemi, (2006) report that FSF values above approximately 2.5 at maximum operating speed indicate scope for mass reduction in performance applications, at 4.540 this component is a clear candidate for weight saving without compromising structural integrity.
[image: ]
[bookmark: _Ref225103011][bookmark: _Toc225104793]Figure 5 - Connecting Rod Midpoint at 6000 RPM Goodman Diagram

[bookmark: _Toc225109663]4.3 Effect of Surface Treatment - Shot Peening
With an FSF of 4.540 established, it is useful to consider how surface treatments could improve fatigue performance or enable a lighter redesign. Shot peening was selected as the most industrially relevant surface treatment for connecting rods, introducing compressive residual stress that prevents crack initiation (Miller, 1991).
The idea that the compressive residual stress is generally half the tensile strength was determined by the procedure followed by Velma et al., (2014) where they report surface compressive residual stresses ranging from -450 to -600 MPa, confirming -450 MPa as a conservative lower bound. 


Figure 6, confirms −450 MPa as a conservative lower bound:
[image: ]
[bookmark: _Ref225103068][bookmark: _Toc225104794]Figure 6 - Compressive Residual Stress vs Depth (Vielma et al., 2014)
Offsetting both stresses by −450 MPa gives:
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[bookmark: _Ref225103121][bookmark: _Toc225104795]Figure 7 - Connecting Rod Midpoint at 6000 RPM (Shot Peened) Goodman Diagram

The 41% improvement in FSF to 6.403, shown in Figure 7, confirms that shot peening under these conditions is not necessary. However, Velma et al., (2014) note the practical implication is not the margin itself, but that this treatment would allow a cross-section reduction while maintaining equivalent fatigue integrity, directly reducing reciprocating mass.

5. [bookmark: _Toc225109664]Gudgeon Pin
[bookmark: _Toc225109665]5.1 Loading Conditions
The gudgeon pin acts as a simply supported beam subject to combined bending and shear. Fessler & Hyde (1997), confirm bending fatigue at mid-span as the dominant failure area. 
Two conditions were assessed: V1 (max gas force at 18°, 6000 RPM, compressive) using the piston assembly mass of 305.28 g (piston 268 + rings 9 + clips 5 + exposed pin 23.28 g), and V2 (max inertia at TDC, 6000 RPM, tensile).
The gudgeon pin specifications used in the calculation are listed in Table 4.
[bookmark: _Ref225103173][bookmark: _Toc225104772]Table 4 - Gudgeon Pin Specifications
	Parameter
	Value
	Units

	Outer diameter (D2)
	21
	mm

	Inner diameter (D1)
	12.3
	mm

	Neutral axis (y)
	10.5
	mm

	Second moment of area (I)
	8423
	mm⁴

	Cross-sectional area (A)
	227.54
	mm²

	Half-bearing span (L2)
	7.75
	mm

	UTS
	1000
	MPa

	Endurance limit (0.45 × UTS)
	450
	MPa



[bookmark: _Toc225109666]5.2 Fatigue Safety Factor
Bending moment was calculated as:

Where L2 = 7.75 mm. Bending stress used neutral axis 10.5 mm and second moment of area 8423 mm⁴. Shear stress used cross-sectional area 227.54 mm². Both were combined using the von Mises criterion giving:



[bookmark: _Ref225103409][bookmark: _Toc225104773]Table 5 - Gudgeon Pin Min & Max Stress
	Condition
	Value
	Units

	V1 (max gas force, compressive)
	-217.88
	MPa

	V2 (max inertia, tensile)
	+46.75
	MPa



Table 5 shows the Gudgeon Pin resultant stresses at 6000 RPM. Using these values, the FSF was then calculated:





An FSF of 3.692 confirms the gudgeon pin is well within safe operating limits. The consistent FSF margin across 1000–6000 RPM Figure 8 and negative mean stress Figure 9 both indicate scope for mass reduction analogous to the connecting rod, which would reduce bolt inertia loading throughout the RPM range.
[image: ]
[bookmark: _Ref225103468][bookmark: _Ref225103490][bookmark: _Toc225104796]Figure 8 - Gudgeon Pin FSF vs RPM
[image: ]
[bookmark: _Ref225103480][bookmark: _Toc225104797]Figure 9 - Gudgeon Pin at 6000 RPM Goodman Diagram
6. [bookmark: _Toc225109667]Connecting Rod Bolt
Unlike the previous components, the bolt operates under permanent tensile preload with cyclic inertia loading superimposed. Witek & Zelek, (2019) confirm that maintaining sufficient preload to prevent joint separation is the primary design requirement. The axial preload stress is the culmination of 0.6 being the standard bolt tightening coefficient and the 0.9 * 1100 being the tightening to 90% of yield:

The inertia force was calculated at TDC (360°) at 6000 RPM, including both reciprocating and rotational mass contributions, then divided by two for force per bolt. Bolt & Cap stiffnesses were calculated using: 

And used in the joint compliance model: 

The effective CSA used the M8×0.75 minor diameter D1 = 7.188 mm giving: 
  	

Without stress concentration, FSF = 12.034 is very high, but expected. Applying a Kt of 4.32 from U-notch equations reduces the endurance limit, therefore reducing the FSF shown in Table 6, Figure 10 & Figure 11.
Table 1 from Welch (2022), reports a stress concentration factor of 4.33 for an M8 bolt at maximum metal condition, within 0.23% of the value used here, however the mean elastic stress concentration factor across manufacturing tolerances is 4.565, and the minimum metal condition reaches 4.80. This indicates that Kt = 4.32 represents the most favourable manufacturing scenario; under mean manufacturing conditions the true FSF would be lower than 2.786, reinforcing the conclusion that the bolt margin at 9000 RPM is insufficient for reliable production engine operation where dimensional variation must be accommodated.

[bookmark: _Ref225103580][bookmark: _Toc225104774]Table 6 - Connecting Rod Bolt Fatigue Results at 6000 RPM
	Parameter
	Without Kt
	With Kt = 4.32
	Units

	Endurance limit
	495
	114.6
	MPa

	FSF @ 6000 RPM
	12.034
	2.786
	—
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[bookmark: _Ref225103667][bookmark: _Toc225104798]Figure 10 - Connecting Rod Bolt at 6000 RPM (No Kt) Goodman Diagram

[image: ]
[bookmark: _Ref225103684][bookmark: _Toc225104799]Figure 11 - Connecting Rod Bolt at 6000 RPM (With Kt) Goodman Diagram












[bookmark: _Ref225110642]Table 7 - All FSF for All Components at all RPMs
	RPM
	Con Rod FSF
	Con Rod Shot Peening FSF
	Gud Pin FSF
	Bolt FSF
	Bolt FSF (Kt)

	1000
	13.395
	19.208
	11.341
	448.980
	103.930

	1500
	11.818
	16.920
	10.087
	199.296
	46.133

	2000
	7.049
	10.012
	6.236
	111.907
	25.904

	2500
	6.366
	9.024
	5.582
	71.459
	16.541

	3000
	6.043
	8.559
	5.264
	49.487
	11.455

	3500
	5.582
	7.893
	4.812
	36.238
	8.388

	4000
	5.312
	7.506
	4.546
	27.639
	6.398

	4500
	5.610
	7.943
	4.717
	21.744
	5.033

	5000
	5.383
	7.618
	4.470
	17.527
	4.057

	5500
	4.747
	6.699
	3.920
	14.407
	3.335

	6000
	4.540
	6.402
	3.692
	12.034
	2.786



Table 7 presents the FSF for all three components across 1000-6000 RPM. All components maintain safe margins throughout. However, the bolt FSF with Kt decreases from 103.930 at 1000 RPM to 2.786 at 6000 RPM, confirming it as the most critically loaded component and motivating the refinement analysis in Connecting Rod Bolt Refinement.


7. [bookmark: _Toc225109668][bookmark: _Ref225110787][bookmark: _Ref225110807]Connecting Rod Bolt Refinement
[bookmark: _Toc225109669]7.1 Extending RPM Range
The pressure dataset was extended to 9000 RPM in 500 RPM steps using linear regression, a first-order polynomial fitted independently at each of the 720 crank angle positions, evaluated only at the six new extrapolation points (6500–9000 RPM). Original data was retained exactly, and a 1.0 bar pressure floor was applied to prevent sub-atmospheric values. Xu et al., (2023) confirm linear extrapolation is appropriate when peak pressure is expected to decrease monotonically with RPM due to volumetric efficiency losses, consistent with the trend observed in the original dataset Figure 12 & Figure 13.
[image: ]
[bookmark: _Ref225103781][bookmark: _Toc225104800]Figure 12 - Pressure at Peak Firing Angle (18) vs RPM

[image: ]
[bookmark: _Ref225103788][bookmark: _Toc225104801]Figure 13 - Pressure at TDC (360) vs RPM

Inertia force scales with ω², so the increase from 6000 to 9000 RPM produces a 2.25× increase in inertia force. Without Kt, FSF falls from 12.034 to 5.099; with Kt = 4.32, FSF falls to 1.18. Xu et al., (2023) recommended treating any extrapolated FSF below 1.5 as requiring physical validation before acceptance, at 1.18, this bolt falls well below that threshold and directly motivates the redesign below. Goodman diagrams at 9000 RPM are shown in Figure 14 & Figure 15:
[image: ]
[bookmark: _Toc225104802][bookmark: _Ref225106043]Figure 14 - Connecting Rod Bolt at 9000 RPM (No Kt) Goodman Diagram

[image: ]
[bookmark: _Toc225104803][bookmark: _Ref225106050]Figure 15 - Connecting Rod Bolt at 9000 RPM (With Kt) Goodman Diagram

[bookmark: _Ref225104273][bookmark: _Ref225104276][bookmark: _Ref225104281][bookmark: _Ref225104284][bookmark: _Ref225104292][bookmark: _Toc225109670]7.2 Bolt Dimensions – Waisted Geometry
A waisted shank reduces bolt stiffness, lowering the fraction of inertia force transferred into the bolt through the compliance model. . Three sections in series:
1. S1: L = 4 mm, D = 8.00 mm — full diameter under head (fixed)
1. S2: L = 12 mm, D = D2 — waisted shank (design variable, swept 3–8 mm)
1. S3: L = 9 mm, D = 7.188 mm — thread section (fixed)



Reducing K_Bolt reduces inertia force transferred into the bolt which in turn lowers the stress range because the bolt and cap act as springs in parallel sharing the applied load. D2 was swept from 3 mm to 8.00 mm. The target FSF of 2.786 was not achieved within the physically achievable range, the best result of 1.655 represents a 40% improvement but falls short because Section 3 dominates the series stiffness (K3 = 901,765 N/mm), limiting stiffness reduction to 7.2%. Results are summarised in Table 8, Figure 16, Figure 17, Figure 18 & Figure 19:

[bookmark: _Ref225104155][bookmark: _Toc225104775]Table 8 - FSF for the Original & Waisted Bolt
	Parameter
	Original Bolt
	Waisted Bolt

	Geometry
	Single section
	3 sections (S1+S2+S3)

	Min CSA (mm²)
	42.43
	Optimised S2 CSA

	Stiffness reduction
	—
	~7.2%

	FSF @ 6000 RPM (Kt)
	2.786
	3.853

	FSF @ 9000 RPM (Kt)
	1.180
	1.655



[image: ]
[bookmark: _Ref225104172][bookmark: _Toc225104804]Figure 16 - Waisted Bolt FSF at 9000 RPM vs S2 Diameter

[image: ]
[bookmark: _Ref225104181][bookmark: _Toc225104805]Figure 17 - Waisted Bolt Stiffness vs S2 Diameter

[image: ]
[bookmark: _Ref225104187][bookmark: _Toc225104806]Figure 18 - Comparing the Connecting Rod Bolt Original vs Waisted FSF across all RPMs

[image: ]
[bookmark: _Ref225104195][bookmark: _Toc225104807]Figure 19 - Waisted Bolt at 9000 RPM (With Kt) Goodman Diagram


[bookmark: _Ref225104334][bookmark: _Ref225104338][bookmark: _Toc225109671]7.3 Material Investigation
Three materials were assessed on the original geometry to isolate material effects — stresses are identical across all three, only the Goodman boundary shifts. Xu et al., (2023) note in their review that material comparisons for engine components consistently show that weight saving and fatigue safety factor are competing priorities, and that the material producing the lowest mass does not necessarily produce the highest safety factor, a finding directly applicable here.
[bookmark: _Toc225104776]Table 9 - Material Investigation FSF Results
	Material
	UTS (MPa)
	EL (MPa)
	FSF @ 6000 (Kt)
	FSF @ 9000 (Kt)

	Grade 10.9 Steel (baseline)
	1100
	495
	2.786
	1.180

	Grade 12.9 Steel
	1220
	549
	3.427
	1.465

	Titanium 6Al-4V
	950
	428
	1.984
	0.824



The testing of the Grade 12.9 Steel material saw the FSF increase from 1.18 for 10.9 Steel to 1.465, a 24% increase with its higher UTS. The Titanium 6Al-4V with the lower UTS failed as it was lower than the 1.0 that (Hwang et al., 2024) deems to be the failure point.
The combined conclusion from7.2 Bolt Dimensions – Waisted Geometry and 7.3 Material Investigation is that neither geometry redesign nor material change in isolation achieves the target FSF at 9000 RPM. Xu et al., (2023) arrive at an analogous conclusion in their motorsport study, recommending combined redesign strategies, such as a higher-grade waisted bolt with improved thread geometry, when individual changes prove insufficient. For the Ford 1.6 Sigma, the quantitative result suggests that a Grade 12.9 waisted bolt represents the most achievable passive design improvement, though acceptance that 9000 RPM lies beyond the validated design envelope of this fastener may ultimately be the appropriate engineering judgement.

Figure 20 & Figure 21 shows the impact the material changes had on the FSF. Figure 20 compares the materials directly at both 6000 RPM & 9000 RPM. Figure 21 shows the difference that the material changes had comparative to the original Grade 10.9 Steel.
[image: ]
[bookmark: _Ref225104441][bookmark: _Toc225104808]Figure 20 - Connecting Rod Bolt FSF by Material

[image: ]
[bookmark: _Ref225104448][bookmark: _Toc225104809]Figure 21 - Connecting Rod Bolt FSF Improvement at 9000 RPM comparison



8. [bookmark: _Toc225109672]Torque
Instantaneous torque was resolved back to the crankshaft centreline. Single-cylinder gas and inertia torques were calculated at 6000 RPM then combined for each configuration to produce the combined four-cylinder instantaneous torque.
Schagerberg & McKelvey, (2003) validate this model-based approach against real crankshaft torque sensor measurements on a production engine, confirming that the slider-crank torque model reliably captures the instantaneous torque profile when individual cylinder contributions are correctly offset according to the firing order.
The standard plane crankshaft uses firing order 1-3-4-2 with cylinders offset at 180° intervals, meaning pistons reciprocate in pairs. This is displayed in Figure 22:
[image: ]
[bookmark: _Ref225104505][bookmark: _Toc225104810]Figure 22 - Inertia Torques Standard 4

The cross-plane crankshaft uses firing order 1-3-2-4 with crank pins physically 90° apart: Cylinder 1 at 0°, Cylinder 3 at 90°, Cylinder 2 at 180°, and Cylinder 4 at 270°. This pin spacing produces uneven firing intervals of 90°, 90°, 270°, 270° across the 720° cycle, unlike the standard plane's uniform 180° intervals.
A key implementation detail confirmed by Schagerberg & McKelvey, (2003) as a common modelling error: gas torque has 720° periodicity while inertia torque has 360° periodicity, so for Cylinder 4, the gas shift (450°) differs from the inertia shift (270°). Gas and inertia contributions must therefore be assembled separately before summing.

[image: ]
[bookmark: _Ref225104587][bookmark: _Toc225104811]Figure 23 - Crank Torques Inertia (Cross Plane & Standard)

[image: ]
[bookmark: _Ref225104597][bookmark: _Toc225104812]Figure 24 - Crank Torques Gas (Cross Plane & Standard)
Figure 23 shows the crank inertia torques for both the standard and the cross plane while Figure 24 shows the crank gas torques.

[image: ]
[bookmark: _Ref225104651][bookmark: _Toc225104813]Figure 25 - Crank Torques Total Cross & Standard Planes
Figure 25 shows the Total Crank Torques for both the standard and cross planes. At 6000 RPM, the standard plane produces a lower instantaneous torque range, making it better suited to the Ford 1.6 Sigma Road car application where smooth torque delivery is the priority as shown in Table 10:
[bookmark: _Ref225104718][bookmark: _Toc225104777]Table 10 - Engine Torque & Instantaneous Range
	Configuration
	Engine Torque (Nm)
	Instantaneous Range (Nm)

	Standard Plane (1-3-4-2)
	229.82
	Lower — smoother

	Cross-Plane (1-3-2-4)
	229.82
	Higher at 6000 RPM



9. [bookmark: _Toc225109673]Limitations and Assumptions
Several assumptions were made throughout this analysis of the three bottom-end components of the Ford 1.6 Sigma engine.
The piston acceleration model assumes a rigid, massless connecting rod with idealised pin joints. Obliquity of the connecting rod through the rod angle is accounted for but when it comes to the bending of the rod, that is neglected.
The endurance limit itself for all three components being 45% of the UTS is another assumption made.
Fatigue was assessed at only two critical crank angles identified from peak and minimum gas force. Shenoy & Fatemi, (2006) note this captures the dominant loading extremes but neglects intermediate crank positions where combined bending and axial loading could produce higher stresses.
There was also an assumption when it came to extrapolating the pressure data up to 9000 RPM. It was done using linear regression, assuming a linear relationship between RPM and pressure which at high speeds may not be the case. Xu et al., (2023) note that extrapolated FSF values below 1.5 should be treated with caution and validated experimentally, the bolt FSF of 1.18 at 9000 RPM falls below this threshold and should be considered indicative rather than definitive.
















10. [bookmark: _Toc225109674]Conclusion
At 6000 RPM all three components operate within safe fatigue limits. The connecting rod (FSF = 4.540) and gudgeon pin (FSF = 3.692) are both over-designed, with negative mean stresses placing operating points in favourable Goodman regions. Both are candidates for mass reduction, as confirmed by Shenoy & Fatemi, (2006) who report FSF > 2.5 as indicative of excess material. Shot peening raises the connecting rod FSF to 6.403 (+41%), supported by Velma et al., (2014).
Extension to 9000 RPM using linear regression extrapolation per Xu et al., (2023) reduces bolt FSF (Kt) to 1.18, below the 1.5 threshold recommended for extrapolated results. The waisted bolt achieved FSF = 1.655 (+40%), limited by thread-section stiffness domination.
Neither strategy alone achieves the target; combined Grade 12.9 waisted geometry is the recommended path, with acknowledgement that 9000 RPM lies beyond the validated pressure data boundary.
The torque analysis confirms the standard plane produces lower instantaneous range at 6000 RPM, suited to the road car application. Correct assembly of gas and inertia torques as separate contributions, confirmed critical by Schagerberg & McKelvey, (2003) was essential to reproducing the accurate instantaneous torque profile.












[bookmark: _Toc225109675]Reference List
1. Fessler, H. and Hyde, T.H. (1997) ‘Stress distribution in gudgeon pins’, The Journal of Strain Analysis for Engineering Design, 32(5), pp. 375–386. doi:10.1243/0309324971513490. 
2. Hwang et al. (2024) (PDF) analyzing safety factors and predicting fatigue life of weak points in an electrically driven, multi-purpose cultivation tractor, Analyzing Safety Factors and Predicting Fatigue Life of Weak Points in an Electrically Driven, Multi-Purpose Cultivation Tractor. Available at: https://www.researchgate.net/publication/378750234_Analyzing_Safety_Factors_and_Predicting_Fatigue_Life_of_Weak_Points_in_an_Electrically_Driven_Multi-Purpose_Cultivation_Tractor (Accessed: 22 March 2026). 
3. Miller, K.J. (1991) ‘Metal fatigue—past, current and future’, Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering Science, 205(5), pp. 291–304. doi:10.1243/pime_proc_1991_205_124_02. 
4. Welch, M. (2022) (PDF) fatigue analysis of preloaded bolted joints, Fatigue analysis of preloaded bolted joints. Available at: https://www.researchgate.net/publication/366169530_Fatigue_analysis_of_preloaded_bolted_joints (Accessed: 22 March 2026). 
5. Schagerberg, S. and McKelvey, T. (2003) Instantaneous crankshaft torque measurements - modeling and validation, 2003-01-0713: Instantaneous Crankshaft Torque Measurements - Modeling and Validation - Technical Paper. Available at: https://saemobilus.sae.org/papers/instantaneous-crankshaft-torque-measurements-modeling-validation-2003-01-0713 (Accessed: 22 March 2026). 
6. Shenoy, P.S. and Fatemi, A. (2006) ‘Dynamic analysis of loads and stresses in connecting rods’, Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering Science, 220(5), pp. 615–624. doi:10.1243/09544062jmes105. 
7. Velma et al. (2014) (PDF) shot peening intensity optimization to increase the fatigue life of a quenched and tempered structural steel, Shot Peening Intensity Optimization to Increase the Fatigue Life of a Quenched and Tempered Structural Steel. Available at: https://www.researchgate.net/publication/263427996_Shot_Peening_Intensity_Optimization_to_Increase_the_Fatigue_Life_of_a_Quenched_and_Tempered_Structural_Steel (Accessed: 22 March 2026). 
8. Witek, L. and Zelek, P. (2019) Stress and failure analysis of the connecting rod of diesel engine - sciencedirect, Stress and failure analysis of the connecting rod of diesel engine. Available at: https://www.sciencedirect.com/science/article/abs/pii/S1350630718312378 (Accessed: 22 March 2026). 
9. Xu, W. et al. (2023) ‘On a numerical methodology to assess the fatigue life of connecting rods’, Proceedings of the Institution of Mechanical Engineers, Part D: Journal of Automobile Engineering, 238(10–11), pp. 3232–3241. doi:10.1177/09544070231180996. 




image5.png
Gas Force (N)

=1

0 Gas Force vs Crank Angle

IS

——— 1000 RPI
| ——— 1500 RPM.
2000 RPM
——— 2500 RPM.
——— 3000 RPM.
| ——— 3500 RPM
——— 4000 RPM
| ——— 4500 RPM.
——— 5000 RPM
| 5500 RPM
6000 RPM

-200 0 200

Crank Angle (degrees)

400




image6.png
Stress (MPa)

Goodman - Connecting Rod Midpoint @ 6000 RPM (No Treatment)

FSF =4.540
=== ——F————————Tf————J-—=
800
600
400
200
0
200 [ Allowable Range
400 s Actial RaGE
Upper Goodman Line
600 Lower Goodman Line

0 200 400 600 800 1000
Mean Stress (MPa)




image7.png
Depth (mm)

0,5

0,45

(edw)zo

+21A

X 14A

A12A

W10A

*8A

Fig. 3. Compressive residual stresses versus depth.




image8.png
Stress (MPa)

Goodman - Connecting Rod Midpoint @ 6000 RPM (Shot Peened)
FSF =6.403
1000

500

-500

[ AlloV2bIE RANGE
s Actuial Range

-1000 Upper Goodman Line
Lower Goodman Line

-500 500 1000

0
Mean Stress (MPa)




image9.png
FSF

‘Gudgeon Pin FSF vs RPM

[—e— Gudgeon Pin

[
1000 2000 3000 4000 5000 6000
RPM





image10.png
Stress (MPa)

Goodman - Gudgeon Pin @ 6000 RPM
FSF =3.692

1000
800
600
400
200

-200
-400
-600

s Al0V/201E RaNGE
s ActUal RaNge

Upper Goodman Line
| ——— Lower Goodman Line

0 200 400 600 800 1000
Mean Stress (MPa)




image11.png
Stress (MPa)

Goodman - Con Rod Bolt @ 6000 RPM (No Kt)
FSF =12.034

10—l T T -
1000
900
800
700
600
500
400
300

(s AlloVi2ble RaNGE
s ActUzl Range
Upper Goodman Line
Lower Goodman Line

600 700 800 900 1000 1100
Mean Stress (MPa)




image12.png
Stress (MPa)

1100

1000

900

800

700

600
500

Goodman - Con Rod Bolt @ 6000 RPM (Kt = 4.32)

FSF =2786

e AlloW2DIE RaNGE
s Actual Range

Upper Goodman Line
|—— Lower Goodman Line

600 700 800 900
Mean Stress (MPa)

1000

1100




image13.png
0 Pressure at Peak Firing Angle (18°) vs RPM

120

\

Pressure (Bar)
8

3

L
O Original Data Points

@ Original Range (1000-6000 RPM)
|= — —Linear Extrapolation (6000-9000 RPM)
20 .
0 2000 4000 6000 8000 10000

RPM




image14.png
Pressure (Bar)

Pressure at TDC (360°) vs RPM — Bolt Assessment Angle

35

3

25

2

15

1

05

O Original Data Points
Original Range (1000-6000 RPM)

Linear Extrapolation (6000-8000 RPM)
T

2000

4000

RPM

6000

8000

10000




image15.png
Stress (MPa)

Goodman - Con Rod Bolt @ 9000 RPM (No Kt)
FSF =5.099

MO mm—mmmmm e m e —— I
1000
900
800
700
600

500 [ AlloVVaDIE RaNGE

e Actual Range

400 Upper Goodman Line
300 | ——— Lower Goodman Line
600 700 800 900 1000 1100

Mean Stress (MPa)




image16.png
Stress (MPa)

Goodman - Con Rod Bolt @ 9000 RPM (Kt = 4.32)
FSF =1.180

1100

1000

900

800

700

e AlloW2DIE RaNGE
s Actual RaNgE

Upper Goodman Line
|—— Lower Goodman Line

600

500

600 700 800 900 1000 1100
Mean Stress (MPa)




image17.png
Fatigue Safety Factor @ 9000 RPM (Kt =4.3

5 ‘Waisted Bolt FSF @ 9000 RPM vs Section 2 Diameter

FSF @ 9000 RPN
Target FSF = 2786
FSF = 1 (Failure)
Optimal D2 = 8.000 mm
FSF = 1.655

4 5 6 7 8
Section 2 Waisted Diameter D2 (mm)




image18.png
Total Bolt Stiffness Ker (Nimm)

§ 10

~

ted Bolt Stiffness vs Section 2 Diameter

[—— Waisted Kooy
— Original Koex = 399153 N/mm
~ Optimal D2 = 8.000 mm

O K= 370304 Nimm

4 5 6 7
Section 2 Waisted Diameter D2 (mm)




image19.png
Coq 5‘“‘ Bolt FSF: Original vs Waisted Bolt Design (1000-9000 RPM;
T

8 —e— Orignal Soid Bolt (Ki = 4.32)
T | —©— Waisted Bolt D2=8.000mm (Kt = 4.32)
4 — 6000 RPM Data Limit

< 400 — ~ Target FSF = 2.786

5 FSF = 1 (Failure)

S T

s

w I

Z 1

2 |

5 % !

E 1

2 1

& |

2000 4000 6000 8000 10000
RPM




image20.png
Stress (MPa)

Goodman - Waisted Bolt (D2 = 8.000 mm) @ 9000 RPM (Kt = 4.32)
FSF = 1.655

MO mm e e mmm e m e — —

1000
900
800
700

s AlloV/2DIE RANGE
s AcCtU3| RaNgE

Upper Goodman Line
Lower Goodman Line

600

500

|
1
I
I
I
I
|
1
|
1
|
|
1

600 700 800 900 1000 1100
Mean Stress (MPa)




image21.png
Con Rod Bolt FSF by Material — Original Geometry

§ [ F SF @ 6000 RPM
33 [ SF @ 9000 RPM
I [t — Failure Threshold [-|
€25 | — -~ Target FSF
g 2
<
=15
]
s
@ - - --- - - -
]
205
s
&
¢ \ \ N
e e A
a0 1®® ot 2® oo™




image22.png
432)

FSF Change vs Grade 10.9 Baseline (Kt

DF35F Improvement at 9000 RPM — Material Comparison vs Baseline

02

01

-01

02

03

04

o

- — —Baseline (Grade 10.9)

\ o
gsted e
orate 0 Grate 2 T




image23.png
Torque (Nm)

-200
-300
-400
-500

Inertia Torques Standard 4

Cyi1&4
cyl283
Crank Torque

-300

200

-100 0 100
Crank Angle (degrees)

200 300





image24.png
Crank Torques Inertia

-300 -200 -100 0 100 200 300
Crank Angle (degrees)




image25.png
Torque (Nm)

1200
1000
800
600
400

200

-200

-400

Crank Torques Gas

Cross Plane|
—— Standard

-300

-200

-100 0 100
Crank Angle (degrees)

200 300





image26.png
Torque (Nm)

1200

1000

800

600

400

200

-200

-400

Crank Torques Total Cross and Standard

Cross Plane|
Standard

-300

-200

-100 0 100
Crank Angle (degrees)

200

300





image1.png
Prifysgol Cymru
Y Drindod Dewi Sant

University of Wales
Trinity Saint David





image2.png
Piston Position (mm)

Now e

104

Piston Position vs Crank Angle

o

o o~

0
-400

-300

200 100 0 100 200
Crank Angle (degrees)

300

400




image3.png
Acceleration (mm/s?)

x10°
10

Acceleration Orders at 4000 RPM

First Order
Second Order
Combined

-300

-200

00 0 100
Crank Angle (degrees)

200

300

400




image4.png
Inertia Force (N}

8000

6000

4000

2000

-2000

-4000
-400

-200

Inertia Force

Crank Angle (degrees)





