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1. [bookmark: _Toc534420989][bookmark: _Toc3754055][bookmark: _Toc24625424][bookmark: _Toc24625855][bookmark: _Toc28283338][bookmark: _Toc30379660][bookmark: _Toc30382742]Introduction
The connecting rod is a component that links the piston to the crankshaft. Through that connection, the connecting rod transfer the combustion energy created in the cylinders from the piston to the crankshaft, allowing it to spin in a rotational movement. Connecting rod experiences a buckling effect due to the gas pressure on the piston, which creates a high load against the rod shank area between small-end and big-end (Hillier, 2014). The combination of Mass and gas forces can lead to connecting rod failure, which is usually caused by bending loads acting perpendicular to the axes of both bearing ends (Wright, 1993). Therefore, this component must be carefully designed and analysed for an optimum performance, utilising the latest engineering technology which includes CAD, FEA and Motion Simulation. 
The project reported in this paper aims to optimise a 4-Cylinder Ford GDI engine connecting rod, Through the utilisation of CAD to 3D design the current model, and motion simulation and FEA to analyse its limitations. Following that, a new design concept will be introduced and analysed for further comparison with the base model. By using CAE process and tools, model’s failure can be identified in early design stage, allowing readjustment of the model before proceeding to the manufacturing phase. The optimisation process will primarily depend on design changes, while using the same material as the stock model (forged steel) for cost efficiency, and for its high strength characteristics.   
2. [bookmark: _Toc24625425][bookmark: _Toc24625858][bookmark: _Toc28283339][bookmark: _Toc30382743]Motion Simulation and FEA:
[bookmark: _Hlk30171963]Computer Aided Engineering methods are being used extensively to simulate the performance of different mechanical parts including motion, stress, and fatigue. The use of CAE is beneficial as it reduces the built of physical prototypes so that design cost and time-to-market can both be reduced (Colsoul, Voss and Wissart, 2012).   
In order to reduce development time, effort and cost, motion simulation and FEA are crucial tools to a successful product development. These tools allow engineers to conduct simulation of mechanisms in a computerised environment, through the utilisation of solid CAD models to simulate, and observe the mechanism motion, and analyse the performance of the assembly system. Implementing motion simulation in the early stage of product development, prevent costly redesign process and contributes to a more cost effective, reliable, and efficient product design process (Chang, 2017). 
Finite Element Analysis (FEA) is a method of numerical analysis used by design engineers, it is a powerful tool that is capable of solving variety of simple and complex problems. FEA can be used along with motion simulation during the product development process for a cost-effective investigation (Paul, 2015). FEA has been proven to be a useful tool in recent decades to obtain reliable and precise information about the process, geometry, and material parameters (Muammer, 2001). 


3. [bookmark: _Toc24625426][bookmark: _Toc24625859][bookmark: _Toc28283342][bookmark: _Toc30382744]Application of CAE Techniques to Optimise ICE Connecting Rod:
The objective of this study is to develop an optimised light weight design, forged steel connecting rod, based on an exciting model. The available literature extensively incorporates the detailed use of CAE techniques to approach connecting rod optimisation, including the utilisation of motion simulation and FEA. Same path this study will adopt, a CAE based optimisation will be followed to achieve a final light weight design that can handle the amount of stress imposed by the compression forces of the Ford GDI 1.6 engine. 
Lapp et al, 2010, conducted an advanced connecting rod design project at MAHLE Industry for mass optimisation, using 3D Modeling, FEA, and advanced numerical simulation. The material used for optimisation was forged steel microalloyed 36MnVS4, and the final connecting rod design achieved a mass reduction of 37%, lowering the assembly mass from 548g to 400g. Shenoy and Fatemi, 2005, completed a similar study on a forged steel connecting rod. The achieved optimisation geometry was 10% lighter than the base model for the same fatigue strength.  
Ferreira, Praca and De Oliveira, 2013, studied a flex fuelled engines connecting rod for the objective of reducing the weight through the design process optimisation, validated through FEA and EHL simulations and engine test. Conrod weight decreased from 399g to 300g (25%) which resulted to a total mass reduction of 400g on the engine connecting rod set. Another analytical study and design analysis of connecting rod was recently completed by finite element analysis, the research performed a static structural and steady-state thermal analysis on the model designed in SolidWorks. FEA analysis was conducted inside ANSYS Workbench where Von-mises stress, Von-mises strain, Directional Deformation, Heat Flux and factor of safety were measured. The results of the study were reported as follow ‘Mass of the existing connecting rod is reduced by 44.4%. Von-misses stress is 343.84Mpa which means it can withstand more stress than existing connecting rod 270.33Mpa. Von-mises strain is 0.0030429 so it can withstand more strain. Directional Deformation of existing conrod is 0.1336 mm which means after applying 13.033 Mpa pressure, but the modified conrod deformation is 0.29018 mm’ (Kumar and Parmar, 2018).  
Yadav et al, 2016, presented a new methodology using FEA to evaluate the connecting rod buckling strength and post buckling deformation. The FEA model in this study consisted of connecting rod, piston-pin and crankpin, and the analysis was run using software package Abaqus/Standard. 
[bookmark: _Toc24625427][bookmark: _Toc24625860][bookmark: _Toc28283345]In line with the above, it can be clearly seen that FEA and motion analysis are massively implemented in the engineering industry, and specifically in the connecting rod research study investigated in this report.






4. [bookmark: _Toc30382745]Methodology:   
4.1. Design and Modeling
[image: ][image: ]For this report, a Ford GDI 1.6 connecting rod was 3D modelled using SOLDWORKS. The designed model was achieved through measuring the dimensions of the part using Vernier calliper. CAD methodology incorporated the use of multiple features within the software interface including, 2D Sketching, Boss-Extrude and Cut-Extrude, Fillets and Chamfers for end finish edges and Mirroring techniques when applicable. Figure 1 and 2 represent the final base-line 3D model and sketch.       [bookmark: _Toc30382764]Figure 1 Base-Model Dimensions
[bookmark: _Toc30382765]Figure 2 CAD Base-Model

[image: ][image: ][image: ]To complete the assembly and run the motion simulation, other parts needed to be designed which includes: Crankshaft, Piston, Piston Pin, and Rod Cap. Additional features were used to complete crankshaft and piston design due to the complexity of their shapes, which includes: Revolve, Loft, Dome, Sweep, and Body-Move/Copy tools. Figure 3, 4, 5 and 6 shows CAD models of crankshaft, piston, rod cap and piston pin. [bookmark: _Toc30382766]Figure 3 Rod Cap
[bookmark: _Toc30382767]Figure 4 Piston
[bookmark: _Toc30382768]Figure 5 Piston-Pin

[image: ][bookmark: _Toc30382769]Figure 6 Crankshaft

4.2. Motion Simulation  
[image: ]Post completing the design of all components, the parts has been assembled in the motion simulation within SOLIDWORKS, figure 7 shows the final assembly. However, due to time consideration and to simplify the motion mechanism by reducing the number of mates, the analysed model was downsized to a single cylinder set-up (Figure 8). This model was then investigated in the motion analysis case study (Figure 9).[bookmark: _Toc30382770]Figure 7 Final Assembly



[image: ][image: ][bookmark: _Toc30382771]Figure 8 Motion Sim
[bookmark: _Toc30382772]Figure 9 Single Cylinder Assembly

After successfully running the simulation of the motion mechanism of the assembly, by setting up a rotary motor in the cylindrical face of the crankshaft (@6000 rpm), bearing loads needed to be defined between piston pin and conrod small-end and between Crankshaft and conrod big-end. Those loads bearing will define the direction on which the forces will act on the conrod at multiple scenarios, based on the rotational motion mechanism of the system.   
[image: ]The motion simulation was checked again, steel material was defined to the conrod (AISI 4340 Steel, normalized), and gas forces were added on top of the piston in a suitable data point format (Figure 10). The forces were calculated from a provided average gas pressure data of the Ford 1.6 GDI EcoBoost engine. Thus, the simulation has practical applicability to real life stresses which the conrod will be experiencing. 
To obtain load forces, gas pressure figures were converted and calculated to forces, which has been applied against piston’s top face and acting perpendicularly downward. The independent variable associated to forces changes were also converted into time figures based on crank angle degrees.     [bookmark: _Toc30382773]Figure 10 Data point (Forces)

In the motion import loads tab, connecting rod component was selected from the available assembly, and the multiple frame study was activated. Frames which represents the highest amount of forces (Combustion stroke) were selected. Motion study was calculated and the project was saved.  
Connecting rod components was separately opened and the imported scenarios were calculated to identify the stress experienced during the motion study. All studies of the new/modified designs were run following the same methodology applied to the base model, as This will ensure an accurate comparison. 
5. [bookmark: _Toc30382746]Analysis and Results Interpretation:  
[image: ]After the simulation calculations of the connecting rod finished, and the stresses which the conrod is experiencing during the identified frames is solved, a plot of scenarios (X axis) against stresses (Y axis) was exported from the obtained results (figure 11). [bookmark: _Toc30382774]Figure 11  Von-mises stress

[image: ]From the Von-mises stress graph above, the maximum stress which the conrod experiencing is noted at ‘set 12’ to be 4.248e+08. The FEA analysis were further interpreted by showing the Von-mises stress on the part (figure 13). [bookmark: _Toc30382775]Figure 12 Capecchi, 2015 (Young Modules)

Von-mises stress is a value utilised to state if a certain material will yield or fracture (figure 12), and it is predominantly used for ductile materials such as metals. The von-mises yield criteria defines that if the von-mises stress of a given material under load is higher or equal to yield limit of this material, then the material will yield (Capecchi, 2015). 
[image: ]Figure 13 shows that maximum stress is concentrated in the small-end area where the cylindrical face mate with the pin. Precisely, max-stress is applied at the side area of the small-end cylinder. The stress experienced in this area is due to the buckling forces acting in side to side movement. Yadav et al, 2016, reported that the main failure mode in conrods are due to the side to side buckling, as the engine transfer the thrust load of the piston generated through combustion to the rotating crankshaft. In the case of this base-model, even though the maximum stress is concentrated in the mentioned area, it is steel capable of handling those loads and the rod is far from the failure mode.     [bookmark: _Toc30382776]Figure 13 Base-model Von-Mises stress (N/m^2)

The minimum stress was observed at the bottom of the big-end area of the conrod, that stress can’t be considered for further design optimisation, because the strain effect on the conrod was not studied at this report. Therefore, because this area is critical when applying strain forces and to prevent conrod failure due to strain forces, that part of the conrod was not massively modified in the optimisation design.   
An ideal full analysis must include both stress and strain investigation, in order to prevent any false assumptions, which will lead to conrod failure. However, due to the size of the project only one stress was considered, and also because the main aim of this work is to perform an FEA / Motion Simulation work, showing an optimum use of this advanced tools within SOLIDWORKS. 
[image: ]Von-mises stress in the shank/beam area of the conrod which is around 1.065e+08 N/m2 (about 100 MPa) is considerably low compared to the maximum forces in other areas. Therefore, the design will be optimised on this part as it shows a great potential where the weight could be reduced.     [bookmark: _Toc30382777]Figure 14  Base-model Von-Mises stress 2

6. [bookmark: _Toc30382747]Model Optimisation through Design Modification:  
[bookmark: _Toc30382748]6.1. Concept Design One
First concept design was achieved by reducing the thickness of the rod, and introducing a new lighter design by implementing ‘H’ beam shape instead of the ‘I’ beam stock model. Carley, 2008, mentioned that generally an H beam cross section design handle as much compressive loads as I beam design if not higher, but with less overall weight. 
Fratita, Uzuneanu and Balanescu, 2018, conducted a study about I-beam versus H-beam connecting rod design using Inventor Autodesk 2018 and completing an FEA analysis of both models (Figure 14). The results of this study show that Von-mises stress is up to 12.3% lower when H-beam profile is used. But, stability is higher in the case of H-beam profile since displacement decreased by 43.1% compared to I-beam profile. The research conducted, suggested that H-beam profile is better option than I-beam profile. 
[image: ]







[bookmark: _Toc30382778]Figure 15  Fratita, Uzuneanu and Balanescu, 2018. Study

[image: ]The base-line model of conrod design ‘I-beam’ was optimised to ‘H-beam’ profile, figure 16 shows the 3D model of base-line versus optimised design.  [bookmark: _Toc30382779]Figure 16  Base-line Vs Optimised design 1

The material properties remain as steel AISI-4340 because it is cost effective and have a considerably high strength factor, material properties are listed in table below: 
	Property
	Value
	Units

	Elastic Modulus
	205000 MPa
	N/m2

	Poisson’s Ratio
	0.32
	N/A

	Shear Modulus
	80000 MPa
	N/m2

	Mass Density
	7850
	Kg/m3

	Tensile Strength
	1110 MPa
	N/m2

	Yield Strength 
	710 MPa
	N/m2


[image: ]Figure 17, shows the main changes, where the thickness of the beam was reduced by 1mm, and the cut-extrude area from each side of the beam is 8.26mm, which formed the H-beam profile of the new design.   
The weight of the conrod reduced from 336.88 gram to 282.03 gram, resulting to a reduction percentage of 16.3%.
Von-mises stress illustrated in figure 18, prove that the new design is capable of withstanding the same high load pressure applied during the combustion stroke as the base model, but with les material. There was a marginal increase in max von-mises stress, recorded to be 424MPa in the I-beam base model and 467MPa in the optimised H-beam model.   [bookmark: _Toc30382780]Figure 17  base-line Vs Optimised Design 1 Changes

 
[image: ]












[bookmark: _Toc30382781]Figure 18  Von-mises stress on optimised design 1


 
[bookmark: _Toc30382749][image: ]6.2. Concept Design Two[bookmark: _Toc30382782]Figure 19   Optimised design 1 Vs Design 2


[bookmark: _Toc30382783]Figure 20 Von-mises stress on Optimised design 2

[image: ][image: ]                                                          The optimised design was developed further in the second concept, the rod was strengthened by adding fillet in the exposed edges of the shank/beam area, and lightened further by making a gap in the middle area of the rod where a minimum stress is applied. The main design changes can be observed in figure 19.
The weight of the conrod further reduced to 269.76 gram compared to the base model 336.88 gram (20% lighter), the new concept design handle maximum of 4.590e+08 N/m2 von-mises stress (figure 21). 
The 4-cylinder EcoBoost GDI engine could reduce 268.5 gram in the overall set of conrods, if the new concept design were to be implemented.     [bookmark: _Toc30382784]Figure 21  Von-mises optimised design 2





7. [bookmark: _Toc30382750]Further comparison of the Optimisation Work:
· [image: ]Displacement analysis of I-beam base model, and the first optimised H-beam design. [bookmark: _Toc30382785]Figure 22 Base model Vs Optimised Model 1 Displacement plot


[bookmark: _Toc30382786]Figure 23 I-beam Vs H-beam Displacement Graph
Figure 22 elucidate the displacement of the I-beam and H-beam profile, both profile experiences maximum displacement around the small-end area, and Gradually decrease toward the middle area of the rod, till it reaches 0 displacement just under the centre area of the rod-beam. Alternatively, the graph above shows the displacement in a unit of millimetre of both beams profile. Base model I-beam shape has a lower maximum to medium displacement than the new optimised H-beam design, however, the displacement difference between the two beam profiles is significantly small. Thus, the optimised design is a preferable option as it has an almost identical performance in term of displacement rate compared to the base-model, but with 16% reduction in the overall material weight.
· [image: ]Von-mises Stress I-beam profile and both H-beam profile designs [bookmark: _Toc30382787]Figure 24 Von-mises stress on all designs

The graph plotted below, indicates von-mises stresses of the Base I-beam model and both H-beam optimised designs.  
[bookmark: _GoBack]Von-mises graphs comparison, confirms that both the new H-beam conrod designs are better option if the weight were to be considered. Both H-beam designs handles an equivalent amount of stress compared to the base model (I-beam), but with 16 to 20% weight reduction. Von-mises stress difference between the three models is under 10% at peak figures.  


[bookmark: _Toc30382788]Figure 25 Von-mises stress comparison of all Designs
8. [bookmark: _Toc30382751]Results Summary and Conclusion:   
The project discussed in this paper, highlight the importance of using CAE design tools in the automotive engineering field, FEA and motion simulation are critical analysis technique used in modern engineering design. 
The connecting rod investigation conducted in this report suggest that, a H-beam profile rod is better option for weight reduction compared to I-beam profile, despite that I-beam profile is used more often in mass production because it implies an easier, and less expensive manufacturing technology as mentioned by Fratita, Uzuneanu, and Balanescu, 2018. 
Connecting rod material kept as forged steel as it is cost effective and has a high strength factor. Lapp et al, 2010, states that forged steel material has high fatigue performance which has been tested with machined specimens, to have a fatigue strength equivalent or higher than 470Mpa at R=-2.5 due to its fine-grained microstructure.   
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[bookmark: _Toc26551008][bookmark: _Toc30382753]Appendices  

Appendix 1: Model optimisation 1 (Von-Mises stress graph exported from Solidworks)
[image: ]
Appendix 2: Model optimisation 2 (Von-Mises stress graph exported from Solidworks) 
[image: ]

I-beam Vs H-beam Displacement 
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DISPLACEMENT (MM)




Von-mises stress of Base-model Vs Optimised Designs  

Base-model Stress	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	48786000	43845000	34109000	22960000	16526000	41352000	66020000	91770000	133170000	230990000	369170000	424780000	392030000	329740000	272410000	227090000	193990000	171410000	156580000	147430000	141760000	Optimised model '1'	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	47551000	43177000	38210000	32683000	26662000	44883000	72192000	98373000	143290000	252060000	406530000	467920000	429930000	359090000	294150000	243040000	205960000	180980000	164940000	155490000	150100000	Optimised model '2'	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	58054000	54040000	43982000	36410000	28936000	53829000	81051000	106560000	149180000	253030000	400110000	459010000	423610000	356830000	295510000	247190000	212060000	188290000	172890000	163640000	158160000	Solution per frame  


VON-MISES STRESS (n/M^2)
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