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[bookmark: _Toc193016993]Introduction
For this report, an investigation was carried out using MATLAB to determine the forces that engine components are subject to during their regular operating cycles. The values calculated were then analysed and the structural properties of the ‘bottom end’ engine components were assessed. Changes were then made to different components to cross-compare and analyse the influence of different components.

[bookmark: _Toc193016994]Initial Calculations
[bookmark: _Toc193016995]Piston Forces
To create a base understanding of the forces within the Ford Sigma engine, the forces acting on the piston were calculated using values from the specification sheet provided (Harrison, 2025)
[bookmark: _Toc193016996]Inertia Force
To calculate the inertia force of the piston, the following equation is used:
[bookmark: _Toc193017029]Equation 1 - Piston Inertia Force
 
[bookmark: _Toc193017099]Table 1 - Piston Inertia Force Variables
	Identifier
	Variable

	R
	Crankshaft Radius (m)

	L
	Connecting Rod Length (m)

	
	Reciprocating Mass (Kg)

	
	Crankshaft Angle (Degrees)

	
	Angular Velocity (rad/s)



The inertia force for the piston was then plotted in a 3d graph against crankshaft angle for every RPM (1000 – 6000)
[image: A graph with different colored lines

AI-generated content may be incorrect.]It is clear that there are peaks and troughs in the inertia forces. This is because as the piston slows down, the resistance to motion decreases, therefore the inertia force follows suit.[bookmark: _Toc193017070]Figure 1 - Piston Inertia Forces








[bookmark: _Toc193016997]Gas Force
Following the inertia forces, the gas forces were then calculated. To calculate the gas force, the piston area had to first be calculated, using Equation 2, below.

[bookmark: _Toc193017030]Equation 2 - Piston Head Area
 
This then allowed Equation 3 to be used and the gas forces to be calculated
[bookmark: _Toc193017031]Equation 3 - Piston Gas Force
 
[bookmark: _Toc193017100]Table 2 – Piston Gas Force Variables
	Identifier
	Variable

	
	Cylinder Pressure (Pa)

	A
	Piston Head Area



Similarly to the inertia force, a 3D graph was the constructed, plotting the gas force against crank angle for each RPM
[image: A graph of a cylinder

AI-generated content may be incorrect.]The graph shows the expected result, the pressure increases with RPM until they hit a maximum point. This builds confidence in the calculation.[bookmark: _Toc193017071]Figure 2 - Cylinder Pressures (Gas Force)







[bookmark: _Toc193016998]Net Force
The next logical step is to find the net force acting on the piston. The tensile forces were calculated as the compressive forces would be negative, for this, Equation 4 is used. Net compressive force is calculated using Equation 5.
[bookmark: _Toc193017032]Equation 4 - Piston Net Force (Tensile)
 

[bookmark: _Toc193017033]Equation 5 - Piston Net Force (Compressive)
 

The resultant net force is then plotted in Figure 3, below
[image: A graph of a graph

AI-generated content may be incorrect.][bookmark: _Toc193017072]Figure 3 - Piston Net Force (Tensile)











[bookmark: _Toc193016999]Forces Influenced by the Connecting Rod
As the net force acts in a straight line parallel to the cylinder walls, the forces must be calculated through the connecting rod itself.
[bookmark: _Toc193017000]Connecting Rod Angle
The connecting rod is aligned parallel to the cylinder walls for a very short time, so trigonometry can be used in order to find the force on the rod (Kumar and Prajapati, 2017). Figure 4 shows the basic principle of this
[image: A drawing of a piston

AI-generated content may be incorrect.]Using the ‘SOH CAH TOA’ method, to resolve for connecting rod angle, Equation 6 is used.[bookmark: _Toc193017073]Figure 4 - Piston Trigonometry Representation

[bookmark: _Toc193017034]Equation 6 - Resolving for Connecting Rod Angle
 

[bookmark: _Toc193017001] Connecting Rod Force
Once the angle of the connecting rod has been solved, trigonometry can be used again to find the resultant force through the connecting rod itself. The following equations show how this is achieved
[bookmark: _Toc193017035]Equation 7 - Connecting Rod Force (1)
 
[bookmark: _Toc193017036]Equation 8 - Connecting Rod Force (2)
 
The net force for compression is used in this instance as the connecting rod will see more force through it when the piston is under compression, moving downwards in relation to the cylinder.

[bookmark: _Toc193017002]Piston Lateral Force
The piston will receive a lateral force, from the connecting rod pushing it into the cylinder walls. As the rod and net forces are known, the triangle from Figure 4 can be completed to give the lateral force. Equations 9 and 10 show how this is calculated.
[bookmark: _Toc193017037]Equation 9 - Piston Lateral Force (1)
 
[bookmark: _Toc193017038]Equation 10 - Piston Lateral Force (2)
 

[bookmark: _Toc193017003]Piston Frictional Force
A frictional force will be generated as the piston moves. The lateral force applied onto the piston will affect the frictional force, as will the coefficient of friction (μ) of the lubricating oil used. A Ford Sigma 1.6l engine usually takes 5w30 motor oil, which has a coefficient of friction of ~0.1 at 100 degrees Celsius (Tortora and Veeregowda, 2016). Using this value, Equation 11 can be used to calculate the frictional force of the piston. 
[bookmark: _Toc193017039]Equation 11 - Piston Friction Force
 

[bookmark: _Toc193017004]Stresses acting on the Connecting Rod
[bookmark: _Toc193017005]Standard Connecting Rod
Stresses
These values can then be used to calculate the stresses. Using values provided in the engine specification sheet, a goodman diagram for the connecting rod can then be created.
To calculate the initial stress on the connecting rod, Equation 12 was used.
[bookmark: _Toc193017040]Equation 12 - Connecting Rod Stress
 
[bookmark: _Toc193017101]Table 3 – Connecting Rod Stress Variables
	Identifier
	Variable

	
	Connecting Rod Stress

	
	Cross-Sectional Area of Connecting Rod



From this, the maximum, minimum and mean stresses can all be found, as well as the allowable range of stresses for the part. To find the allowable stress, Equation 14 is used. This can then be used to find the endurance limit (Equation 13) which is specified to be 45% of the ultimate tensile strength (UTS)
[bookmark: _Toc193017041]Equation 13 - Connecting Rod Endurance Limit
 
[bookmark: _Toc193017042]Equation 14 - Allowable Stress
 

Fatigue Safety Factor
Once the allowable stress has been calculated, the fatigue safety factor (FSF) can also be calculated, using Equation 15
[bookmark: _Toc193017043]Equation 15 - Fatigue Safety Factor
 
[image: ]If the FSF is seen to be below the value of 1, there is a likelihood that it will fail due to fatigue failure, despite the number of cycles being high. An easier way to visualise the FSF of a component is using a goodman diagram. Figure 5, left, shows the goodman diagram.[bookmark: _Toc193017074]Figure 5 - Goodman Diagram - Connecting Rod





[bookmark: _Toc193017006]Adding a Surface Finish
To show the effect of adding a surface finish to a component, an additional surface pressure of           -100MPA was added. This is a negative as the surface finish would put the material under more compression.
In terms of stresses, the surface finish pressure (SF) is added to both the maximum and minimum stresses as these are used to create the Goodman diagram. The modified stress equations are shown below.
[bookmark: _Toc193017044]Equation 16 - Connecting Rod Maximum Stress with Surface Finish
 
[bookmark: _Toc193017045]Equation 17 - Connecting Rod Minimum Stress with Surface Finish
 

These new values are then used to calculate new mean stresses and stress ranges, creating a new FSF. The Goodman diagram for this surface finish is shown below
[image: ]
[bookmark: _Toc193017075]Figure 6 - Goodman Diagram - Connecting Rod with Surface Finish
Adding a surface finish, hence adding compressive forces onto the component, helps to reduce the overall stresses, and extends the allowable range.

[bookmark: _Toc193017007]Gudgeon Pin
Gudgeon pins experience 2 main types of stresses; bending stress and shear stress.
[bookmark: _Toc193017008]Bending Stresses
To calculate the bending stresses, first the inertia forces need to be resolved. As the pin is a hollow cylinder, we can act as if this is a beam bending scenario, using Equation 18.
[bookmark: _Toc193017046]Equation 18 - Gudgeon Pin Inertia
 
[bookmark: _Toc193017102]Table 4 - Gudgeon Pin Inertia Variables
	Identifier
	Variable

	
	Outer Diameter

	
	Inner Diameter



The next step is to look at the forces and moments of the pin inertia.
[bookmark: _Toc193017047]Equation 19 - Pin Inertia Force
 
[image: A diagram of a rectangular object

AI-generated content may be incorrect.]As we know that a moment is a force multiplied by a distance, we use the centre of gravity of the exposed pin, as shown in Figure 7.[bookmark: _Toc193017076]Figure 7 - Gudgeon Pin Diagram

This then allows Equation 20 to be used to find the moment of the pin inertia
[bookmark: _Toc193017048]Equation 20 - Pin Inertia Moment
 
The following equations are then used to find the overall bending stress on the gudgeon pin:

[bookmark: _Toc193017049]Equation 21 - Piston Inertia Force acting on gudgeon pin
 
[bookmark: _Toc193017050]Equation 22 - Net Force on gudgeon pin
 

[bookmark: _Toc193017051]Equation 23 - Moment of the net force
 
[bookmark: _Toc193017052]Equation 24 - Pin Bending Moment
 
[bookmark: _Toc193017053]Equation 25 - Pin Bending Stress
 

[bookmark: _Toc193017009]Shear and Resultant Stresses
Once the bending stresses have been calculated, Equation 26 is used to find the shear stress (τ). From this, the resultant stress can be calculated (Equation 27)
[bookmark: _Toc193017054]Equation 26 - Pin Shear Stress
 
[bookmark: _Toc193017055]Equation 27 - Resultant Force on the gudgeon pin
 

[image: A graph of a graph

AI-generated content may be incorrect.]The stresses of the pin are then plotted below. To adjust the forces for compression, the resultant forces are flipped.


[bookmark: _Toc193017077]Figure 8 - Pin Stresses











[image: A graph of stressing

AI-generated content may be incorrect.]
[bookmark: _Toc193017078]Figure 9 - Pin Stresses - Adjusting for compression

[bookmark: _Toc193017010]Fatigue Safety Factor
[image: ]The Fatigue Safety Factor can now be calculated. The Goodman diagram for the gudgeon pin is shown on the right.
Then, a surface finish of -55MPa was added to the pin to replicate a ‘nitriding’ process. Nitriding is a heat treatment process that improves surface hardness by infusing nitrogen into the outer layers of steel (Total Materia, 2003). The new stresses were then calculated and displayed in the updated Goodman diagram below.[bookmark: _Toc193017079]Figure 10 - Goodman Diagram - Gudgeon Pin

[image: A diagram of a graph

AI-generated content may be incorrect.]
[bookmark: _Toc193017080]Figure 11 - Goodman Diagram - Gudgeon Pin with Surface Finish

[bookmark: _Toc193017011]Connecting Rod Bolt
The basis for calculating the forces involved with the bolt is to calculate the axial force on the bolt, using Equation 29. This uses the bolt axial stress which is said to be around 60% of the yield stress (Equation 28)
[bookmark: _Toc193017056]Equation 28 - Bolt Yield Stress
 
[bookmark: _Toc193017057]Equation 29 - Bolt Axial Force
 

Following the axial stress calculation, the stiffness of the bolt (K) needs to be found, using the following equation:
[bookmark: _Toc193017058]Equation 30 – Bolt Stiffness
 
It is important to remember that there are extra forces acting on the bolt, due to the rotational components involved in the piston motion. To calculate these forces, the inertia forces for the bolt must first be found, using Equation 31.
[bookmark: _Toc193017059]Equation 31 - Inertia Force per Bolt
 
The extra forces on the bolt can then be calculated using the following equation:
[bookmark: _Toc193017060]Equation 32 - Extra Force Acting on the Bolt
 
Therefore the total forces on the bolt can be calculated as shown below
[bookmark: _Toc193017061]Equation 33 - Total Bolt Force
 

For more accuracy, it is important that stress concentrations on the bolt are taken into account. Roark’s formula for stresses is used, shown below (Young and Budynas, 2002).
  [image: A math problem with numbers and equations

AI-generated content may be incorrect.]
[bookmark: _Toc193017081]Figure 12 - Roark's Formula for Stresses for Connecting Rod Bolt (James and Harrison, 2025)
These stress concentrations when then applied to create the Goodman diagram in Figure 13
[image: A diagram of a stress concentration

AI-generated content may be incorrect.]
[bookmark: _Toc193017082]Figure 13 - Goodman Diagram for the Connecting Rod Bolt


[bookmark: _Toc193017012]Interpolating to 9000 RPM
[image: A close up of a text

AI-generated content may be incorrect.]The RPM range was then extended to 9000 using the MATLAB code shown in Figure 14 (right).[bookmark: _Toc193017083]Figure 14 - Code used to extend RPM range to 9000 in MATLAB


[bookmark: _Toc193017013]Fatigue Safety Factors
The figures below show the changes in fatigue safety factor with RPM.[bookmark: _Toc193017084]Figure 15 - Fatigue Safety Factor Graphs

The general trend in the graphs indicates that as the RPM is increased past the original maximum of 6000, the FSF decreases at a steady rate. The gudgeon pin graph seems to be wrong as the value rises too much between 5000 and 7000RPM. Finally, the FSF for the bolt decreases at an exponential rate, though it is worth noting that at 9000RPM, the FSF has dropped below the value of 1, indicating that the part will fail due to fatigue before it is designed to (Sri Vidhya and Merlyn Christina, 2020)

[bookmark: _Toc193017014]Goodman Diagrams
[bookmark: _Toc193017085]Figure 16 - Goodman Diagram Graphs for 6000+ RPM

All 3 goodman diagrams show that as the RPM is increased, the actual range of the stress increases, however the allowable stress decreases in accordance with the upper and lower endurance limits. This agrees with what is seen in Figure 15, as the fatigue safety factor decreases, so does the allowable range of stresses.


[bookmark: _Toc193017015]Changing the Bolt Geometry
As the FSF decreases with RPM, connecting rod bolt was altered in order to achieve an FSF close to the original, whilst running at 9000 RPM. This was done in 2 ways, changing the length of the threaded section of the bolt, and changing the material of the bolt. The diagram below shows each part of the bolt. 
	Label
	Part

	A
	Cap

	B
	Shank

	C
	Threaded Section


[bookmark: _Toc193017103][image: A drawing of a bolt and nut

AI-generated content may be incorrect.]Table 5 - Bolt Section Identifiers


[bookmark: _Toc193017086]Figure 17 - Bolt Part Diagram


[bookmark: _Toc193017016]Thread Length
The first modification to the bolt was the length of the threaded section. The length was both increased and decreased in 20% intervals. 
[bookmark: _Toc193017104]Table 6 - Bolt Length Changes
	Percentage Change from Original
	Length of Threaded Section (m)

	-60%
	0.0109

	-40%
	0.0164

	-20%
	0.0218

	0%
	0.0273

	20%
	0.0327

	40%
	0.0382

	60%
	0.0436



These values were then used to plot new fatigue safety factors as shown in Figure 18.
[image: ]
[bookmark: _Toc193017087]Figure 18 - FSF for Bolt Thread Length at 9000RPM
The new bolt must be 0.04m in order to withstand the forces present in the engine, which is around a 50% increase in length. The FSF is still a long way off the target value, so further modifications need to be made.

[bookmark: _Toc193017017]Material[bookmark: _Toc193017105]Table 7 - HB149 Steel Alloy Variant Table (Hagiwara et al., 1991)

[image: A table of data with numbers

AI-generated content may be incorrect.]For the selection of a new material for the connecting rod bolt, the HB149 steel alloy developed by Honda (Hagiwara et al., 1991) was deemed a suitable option. Alloy variant ‘F’ was used from Table 7 in 3 forms; unquenched, quenched at 873K and quenched at 973K. This provides a good range of tensile strengths.
The FSF plot of the new materials can be found below.

[image: A graph of a graph

AI-generated content may be incorrect.]
[bookmark: _Toc193017088]Figure 19 - FSF for Bolt Material at 9000RPM
The best material is that with the highest ultimate tensile strength (UTS). It is clear that the unquenched ‘F’ variant of the HB129 steel alloy is the best of the materials tested for this situation. There is the same linear relationship as seen with the length of the threads. Both changes in isolation do not give the desired FSF.
[bookmark: _Toc193017018]Combined Changes
[image: ]To attempt to get as close to the original FSF as possible, the decision was made to combine the new thread length with the HB129 Steel alloy. The results are displayed on the left. On the page below is a closer look at the later RPMs.

[bookmark: _Toc193017089]Figure 20 - Old vs New Bolt FSF

[image: ]
[bookmark: _Toc193017090]Figure 21 - Zoomed in Old vs New Bolt FSF
As seen clearly in Figures 20 and 21, the new bolt geometry has a higher FSF at every RPM and meets the original criteria of matching the original bolt’s FSF at 600RPM, but at 9000RPM. 


[bookmark: _Toc193017019]Power and Torque
To calculate the power and torque in an engine, we need the piston forces that were calculated in section 2.1. These will aid in calculating the torques that the crankshaft is subject to.

[bookmark: _Toc193017020]Torque Inertia
The first step to calculating engine torque is to resolve the torque inertia for each cylinder. This is done using Equation 34
[bookmark: _Toc193017062]Equation 34 - Torque Inertia
 

[image: A graph of a graph of a cylinder

AI-generated content may be incorrect.][image: A graph of a graph

AI-generated content may be incorrect.]This equation will give us the inertia torque for cylinder one, as shown in Figure 22. For this to be used in terms of the whole engine, the ‘circshift’ function needs to be used in MATLAB. The crankshaft inertia torque can then be found by finding the sum off all the cylinder inertia torques. Figure 23 displays the individual cylinder inertia torques as well as the crankshaft inertia torque for a standard configuration. As the pistons are offset by 180 degrees, cylinder 1 and 3 line up, as do cylinder 2 and 4. A cross-plane crankshaft has the pistons offset by 90 degrees, thus they never align, as shown in Figure 24.[bookmark: _Toc193017091]Figure 22 - Cylinder 1 Inertia Torque



[bookmark: _Toc193017092]Figure 23 - Inertia Torque for each cylinder - standard


[image: A graph of a graph

AI-generated content may be incorrect.][image: A graph of a graph

AI-generated content may be incorrect.]In order to compare the crankshaft torques directly, they were then plotted on the same graph as shown in Figure 25. It is clear to see that the torques for the cross-plane crankshaft are much lower than those for the standard configuration. This is because the pistons are cancelling each other out in the cross plane-configuration; whilst some pistons have a positive force, others have a negative. This is not seen with the standard configuration.Figure 25 – Crankshaft Inertia Torque Comparison
Figure 24 - Inertia Torque for each cylinder – cross plane


[bookmark: _Toc193017021]Gas Torque
The 2nd component of crankshaft torques is the gas torque. This is calculated using the following equation:
[bookmark: _Toc193017063]Equation 35 - Crankshaft Gas Torque
 

The crankshaft gas torques were then calculated for cylinder 1, and using the same process as part 5.1, the data was manipulated using the ‘circshift’ function. These torques were then plotted individually, and then on a combined graph for further analysis. The results can be found below:
[image: A graph of a graph

AI-generated content may be incorrect.][image: ][image: A graph of gas torque

AI-generated content may be incorrect.]Figure 27 - Crankshaft Gas Torque - Cross Plane
Figure 26 - Crankshaft Gas Torque - Standard













[bookmark: _Toc193017093]Figure 24 - Crankshaft Gas Torque - Combined

Each piston produces the same gas torque, however the timing offset dramatically alters the torques seen at the crankshaft. It is evident that a cross-plane crankshaft sees the torque peak between -200 and -100 degrees, whereas the standard configuration has a much more even and regular torque pattern. 

[bookmark: _Toc193017022]Total Crankshaft Torque
In order to plot the total crankshaft torque, Equation 36 is used. Figure 25 shows the results.
[bookmark: _Toc193017064]Equation 36 - Total Crankshaft Torque
 
[image: A graph of a graph

AI-generated content may be incorrect.]
[bookmark: _Toc193017094]Figure 25 - Total Crankshaft Torque
As seen, the standard crankshaft has a smaller instantaneous torque range. It is important to remember that this is only at the crankshaft, not the driveshaft (engine torque). Despite this, the torque is more regular when using the standard crankshaft.

[bookmark: _Toc193017023]Engine Torque
The equations to calculate engine torque are below:
[bookmark: _Toc193017065]Equation 37 - Average Crankshaft Torque
 
[bookmark: _Toc193017066]Equation 38 - Engine Torque
 
The figure below shows the peak () and the average torque for both the standard and cross plane crankshaft engine configurations.
[image: A graph of a graph

AI-generated content may be incorrect.]
[bookmark: _Toc193017095]Figure 26 - Peak and Mean Torque Comparison
The standard and cross plane engines output the same peak and mean torques. This is because despite the offset in piston timing, every other variable is fixed, so when the torque is averaged out, it is expected that they would produce identical figures.
[bookmark: _Toc193017024]Engine Power
[bookmark: _Toc193017025]Losses
In order to calculate the power output of the engine, first the losses need to be worked out using the equations below:
 
[bookmark: _Toc193017067]Equation 39 - Piston Loss Equations
[image: A math equations on a white background

AI-generated content may be incorrect.]
 
To calculate this, the code in Figure 26 was used.[image: ]
[bookmark: _Toc193017096]Figure 27 - Piston Ring Friction Work Done
This process was then repeated for the side friction, and the MATLAB code is as follows:
[image: A number of numbers and symbols

AI-generated content may be incorrect.]
[bookmark: _Toc193017097]Figure 28 - Piston Ring Side Friction Work Done
To then find the total losses due to work done Equation 40 is used
[bookmark: _Toc193017068]Equation 40 - Total Work Losses
 



[bookmark: _Toc193017026]Power
The Equations below are used to calculate engine power
[image: A diagram of a mathematical equation

AI-generated content may be incorrect.]
[bookmark: _Toc193017069]Equation 41 - Engine Power

The engine power and torque are plotted in Figure 29
[image: A graph with numbers and a line

AI-generated content may be incorrect.]
[bookmark: _Toc193017098]Figure 29 - Engine Torque and Power


[bookmark: _Toc193017027]Conclusion
To conclude this report, it is clear that there are many variables that effect the fatigue life of a connecting rod bolt, including the exposed thread length and the material of the bolt. The alloy found in the study by Hagiwara et al, combined with a 50% increase in thread length allows the bolt to withstand the forces seen in a Ford Sigma engine when interpolated to 9000RPM
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