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[bookmark: _Toc30601866]Introduction
For the purposes of this report the assembly of components chosen was the reciprocating assembly found in the Ford Motor Company 1600cc Gasoline Direct Injection “EcoBoost” platform commonly referred to as the “Sigma”. 
The components modelled include the connecting rod, connecting rod cap and bolts, the piston and compression/oil control rings and the gudgeon/wrist pin and retaining clips. To demonstrate a variety of skills in the Solidworks package, basic modelling, presentation image rendering, three-dimensional scanning, processing of scan data to mesh and surface data, quasi or semi-static iterative motion analysis and loading studies, finite element analysis and evaluation and design optimization have been explored. (Harrison, 2019-20) 
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[bookmark: _Toc30519074][bookmark: _Toc30601827]Figure 1: Rendered exploded view of assembly components (seen in “Mass Reduction Configuration”)
1. [bookmark: _Toc30601867]Modelling 
During the process of producing the parts for the simulation work undertaken for this report a number of “specialist” modelling processes were carried out. For the purposes of this report “simple”[footnoteRef:1] modelling processes will be omitted as they have been covered in previous work by the author[footnoteRef:2]. [1:  “Simple” modelling techniques are considered to be anything found in the “Features” tree at start-up of the Solidworks program, e.g. Cut/Boss Extrudes, Sweeps, Lofts, Boundaries, Mirrors etc.  ]  [2:  “Equations” have also been included by way of a list of Global Variables imported into several files (Gudgeon Pin, Conrod Master, Piston Scan etc.) but due to the small number of Equations/Variables the author decided against including an entire section in this report.] 

[bookmark: _Toc30601868]Modelling of the Piston
The primary “specialist” technique seen when modelling the Ford 1.6GDI “Sigma” piston was the use of ScanTo3D tools to process three-dimensional, visual scan data taken of a real-world piston.
[bookmark: _Toc30601869]Scan to Point Cloud
Prior to scanning the component must be prepared, ideally a component for a scan will have a uniform colouring throughout and any dirt debris will be removed to provide a “clean” image. The scanning method for this process works by taking a number of images (using both traditional shutter photography and a “grid” of lasers, 18 separate groups in total) of the component whilst it is positioned on a turntable. The groups of images are then laced together into a three-dimensional data file.
Once the component has undergone a full rotation and all image groups have been created the component is then repositioned and another rotation/collection of images is carried out. With multiple runs in this manner a large amount of data can be obtained and processes into a point cloud. A point cloud is a large cloud of data points expressed in cartesian form that can be manipulated to form a “Mesh”. 
[bookmark: _Toc30601870]Meshing & ScanTo3D
Once the point cloud has been produced it can be imported to Solidworks as an .xyz filetype (called so due to the X, Y and Z axis in a Cartesian form graphical space) and manipulated into a mesh using Solidworks’ built-in Mesh Prep Wizard, this tool allows the automatic creation of joining lines between each data point in the cloud. This connection of the data points allows for the production of graphical surfaces[footnoteRef:3] to be plotted between the points forming polygons. [3:  Hence the word “graphics” when talking about visuals on computational devices, 3D images are built up in the same way as this with data clouds, meshed graphical surfaces and “polygons”.] 

[bookmark: _Toc30601871]Further from Surface Meshes
Although it was not carried out in this instance, this method of importing data from a real-world scan can be taken further forward using post processing software such a GOM Inspect or Geomagic to “clean up” the data cloud and surfaces and then develop the mesh/surface body into a “solid” body that can be manipulated in the methods shown further on in this report.   
For the purposes of the work shown here though the graphical surface will suffice as the scan data is only being used for a metrological validation to model the component in a more traditional manner.
[bookmark: _Toc30601872]Images of Piston Modelling Process
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[bookmark: _Toc30519075][bookmark: _Toc30601828]Figure 2: Mesh produced from .xyz point cloud data
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[bookmark: _Toc30519076][bookmark: _Toc30601829]Figure 3: Final modelled part utilising the scan data
[bookmark: _Toc30601873]Rendering of Images
Once modelled the component was brought into Solidworks’ built-in image rendering software, PhotoView 360, to generate high quality images for presentation use. This software provides a “final-finish” to the part in a visual sense, images are produced to very high resolution utilising a variety of appearances and textures in the virtual workspace. Examples of this work can be seen overleaf.
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[bookmark: _Toc30519077][bookmark: _Toc30601830]Figure 4: Rendered image of 1.6GDI Sigma piston (Top View)
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[bookmark: _Toc30519078][bookmark: _Toc30601831]Figure 5: Rendered image of 1.6GDI Sigma piston (Bottom View)

[bookmark: _Toc30601874]Modelling of the Connecting Rod
The modelling undertaken to produce the connecting rod components primarily utilised “simple” modelling techniques as discussed earlier, rather than the method used for the piston component though, the measurement for the connecting rod was undertaken using traditional hand measurement using a set of callipers. Any specialist modelling techniques have been discussed below. 
The reasoning behind the simple modelling method was to keep a simple mesh and feature tree to allow faster and less troublesome analysis and optimisation further throughout the work. 
As the connecting rod was the component under scrutiny, several iterations were created based on design considerations to analyse mass reduction and stress reduction. These design iterations explore two main development processes; removal of material from low stress areas of the component and the addition of structural latticework to dissipate stress away from areas of stress seen in the initial FEA case study.
[bookmark: _Toc30601875]Specialist modelling methods
The primary specialist modelling method used for the connecting rod was a tool known as a “Split”, what this tool allows is the modelling of a complete, contiguous group of components as one single body and once the user is satisfied the body can be cut using a plane of sketch to produce a pair (or group) of “SplitParts” that are then considered to be separate parts that can be manipulated individually. 
In the case of the connecting rod a “master” file was created incorporating the cap and the main rod body and the using a plane was split into two separate parts for modification and analysis.
[bookmark: _Toc30601876]Use of Configurations 
To simplify the modelling and simulation aspect of the work undertaken the main body of the connecting rod was assigned multiple configurations within the part file. 
A configuration in the context of a Solidworks part file is an alterative set of features that can be used to provide differing part geometries in a singular part file, this means that if, in this instance, the user wanted to have multiple designs utilising similar architecture whilst having minor differences in an easy to change selection window it is possible. In this case three designs were explored; a default connecting rod modelled off the real-world component (Default Configuration), a design to study the removal of material to reduce the overall mass of the part (Mass Reduction Configuration) and a design to study applying supporting geometry based off an initial analysis of the default design (Strengthening Configuration).
[bookmark: _Toc30601877]Mass Comparison 
	Component
	Mass from DSport (DSport, 2020)
	Mass in Solidworks

	Piston Mass
	approx. 250g
	287g

	Connecting Rod Mass
	approx. 407g including Cap & Bolts 
	414g including Cap and Bolts

	Gudgeon Pin Mass
	approx. 79g 
	55g

	Piston Ring Mass 
	approx. 15.4g
	15.4g exclusive of Oil Control Ring


[bookmark: _Toc30601878]Motion Study
[bookmark: _Toc30601879]Explanation of Motion Study
The study chosen for the purposes of the work shown in this report is centred on the inertial loading seen during the operation of the system at 6000RPM engine speed and specifically the forces and stress seen in the main connecting rod body. To create a scenario that can be validated against mathematically “hand-calculated” data (previous work by the author concerning connecting rod behaviour in this platform) the only motion feature used was a rotary “Motor” to rotate the “crank” at 6000RPM constant speed. The lack of “Contact Forces” and “Gravity” features or compressive gas forces acting on the cylinder is to account for the fact that they were not applied in the calculations and therefore to validate they cannot be applied in the motion studies.
This was achieved simply by applying a rotary motion to a simplified crank of the correct stroke displacement (a crankshaft stroke of 81.4mm, conversely a crank radius value of 40.7mm) which, due to mating constraints, applied the correct motion path to the reciprocating assembly being studied. Additionally, a basic “jig” was created to emulate the geometric conditions of the cylinder bore (to constrain the piston motion in a semi-realistic manner). 
For the purposes of this study the scenario was ran over a time period of 0.02 seconds at a “frame rate” of 8000 frames per second to provide 162 frames in total over the study period, each of these “frames” provide scenarios of loading, forces and displacement seen at the particular timestep at which they are calculated. These setting were replicated over each design configuration of the connecting rod to provide a “controlled experiment” to allow comparison between the different designs. 
[bookmark: _Toc30601880]Example of Motion Study  
[image: ]
[bookmark: _Toc30519079][bookmark: _Toc30601832]Figure 6: Modelled components seen in a wireframe of hidden components used to provide realistic motion pathway

[bookmark: _Toc30601881]Motion Loads & Finite Element Analysis
Once each motion study was completed the loading and forces that were seen during motion were exported from the assembly file to the part under scrutiny (in this case the connecting rod main body) using the “Import Motion Loads” tool. This tool generates pair of new studies in the individual part file, a design study, which allows for the study of forces and loads over a set of timesteps during a motion study[footnoteRef:4], and a simulation study which allows for the detailed analysis of an individual scenario taken from the design study.  [4:  Additionally, design studies can explore variations of designs within set dimension parameters.  ] 

[image: ]
[bookmark: _Toc30519080][bookmark: _Toc30601833]Figure 7: Example of different studies seen in the part file post-Import Motion Loads (with Design Study open)
When considering the loading on the different configurations, rather than the forces from the initial motion study of the default rod being taken and applied statically to each configuration case the acquisition of motion loads was re-evaluated each time to provide realistic loads due to the increase or decrease in mass and change in moment of inertia/centre of gravity/centre of mass see with a change in geometry. This was done to emulated a real-world test of the component on the same engine operation rig where the forces seen would differ slightly between designs and their masses.  
[bookmark: _Toc30601882]Meshing for FEA
For the purposes of the FEA analysis a mesh must be generated to allow for calculation of deflection and displacement seen at each instance of the solid model. This mesh is applied in the same style as previously mentioned when considering the generation of surfaces from point cloud data, although, in this instance the mesh isn’t driven by linking a cloud of points. For FEA analysis the mesh is user defined and dictates the “resolution” of the results seen in the simulation. Ideally meshes will be as fine as possible while allowing for a reasonable run time, in the case of complex or large part where it would not be pertinent to have an extremely fine mesh a “Control” can be applied to increase the mesh resolution around a particular area of interest for instance an area suspected to have a stress concentration.
In the case of the work here two different mesh resolutions have been used; for the multiple case study scenarios a medium-coarse mesh has been used (dictated by the imported design study parameters) and for the individual “Top Dead Centre” cases for each design iteration a maximum element size of 1mm has been selected allowing approx. 1 million degrees of freedom within the element structure to provide a much more detailed “high resolution” image for in-depth analysis, to this end, due to the high quality nature of the mesh no mesh controls have been used in this particular set of studies.  
[bookmark: _Toc30601883]Comparison & Conclusion of Connecting Rod Designs
[bookmark: _Toc30601884]Stress and Displacement Comparison
[image: ][image: ]Values seen for Normal Stress and Displacement in the Y directional Plane in the Default Connecting Rod Configuration:
Max Stress: 156657664N/m2
Min Stress: -68605744N/m2
% of Stress above 1x108 N/m2: 0.61% Geometry, 0.59% Element
Max Displacement: 0.046mm
Min Displacement: -0.027mm  

[bookmark: _Toc30601834]Figure 8: Default - Normal Stress in Y Plane
 [image: ][image: ]Values seen for Normal Stress and Displacement in the Y directional Plane in the Mass Reduction Connecting Rod Configuration:
Max Stress: 157063888N/m2
Min Stress: -68655464N/m2
% of Stress above 1x108 N/m2: 1.79% Geometry, 1.97% Element
Max Displacement: 0.050mm
Min Displacement: -0.029mm  

[bookmark: _Toc30601835]Figure 9: Mass Reduction - Normal Stress in Y Plane
 [image: ][image: ]Values seen for Normal Stress and Displacement in the Y directional Plane in the Strengthening Connecting Rod Configuration:
Max Stress: 126771136N/m2
Min Stress: -46386220N/m2
% of Stress above 1x108 N/m2: 0.30% Geometry, 0.29% Element
Max Displacement: 0.031mm
Min Displacement: -0.027mm  

[bookmark: _Toc30601836]Figure 10: Strengthening - Normal Stress in Y Plane
* ”Geometry” and “Element” describe the method of calculation for the percentage seen during the Iso-Clip plots, Geometry being the solid model geometry itself and Element being the percentage of mesh elements in the calculation.
[bookmark: _Toc30601885]Exploration of Theories of Lightening and Strengthening
As seen prior, the work undertaken to modify the connecting rod showed conclusive results proving the theories of the author. 
The theories that were explored were as such: 
· The effect of removing material (to reduce overall reciprocating assembly mass) on the stress seen in the component.
· The effect of “assumptive strengthening”[footnoteRef:5] on the stress and displacement seen in the component in the Y directional plane (inline/in-plane with tensile loading seen at TDC in engine operation).   [5:  “Assumptive Strengthening” implying that the author used educated approximations of stress concentrations and areas of high displacement and applying features accordingly to reduce these values/effect of these issues.] 

[bookmark: _Toc30601886]Mass Reduction
When compared to the “Default” configuration the “Mass Reduction” configuration exhibited:
· An increase in areas of stress above 100,000,000 N/m2 of normal stress in the Y plane of 34% when considering the geometry of the solid body.
· An increase of, at maximum, 0.004mm of displacement. 
· And an increase in maximum stress of 406,224 N/m2. 
[bookmark: _Toc30601887]Strengthening
When compared to the “Default” configuration the “Strengthening” configuration exhibited:
· A decrease in areas of stress above 100,000,000N/m2 of normal stress in the Y plane of 49% when considering the geometry of the solid body.
· A decrease of, at maximum, 0.015mm of displacement.
· And a decrease in maximum stress of 29,886,528N/m2.
These values prove that by removing material, to improve lightness without accommodation for stress concentrations the displacement and stress seen through the component will increase drastically and that even with rudimentary assumptive “bracing” the component can see marked gains by both reducing stress seen over the component as w hole and at maximum while reducing the “stretch” seen at high load at TDC.
Additionally, when viewing the attached Solidworks Part file “1.6GDI EcoBoost Conrod”, and its multiple analysis studies, a tab for Factor of Safety can be seen, this is a ratio of “safety” where the material of the solid body sees a user defined value limit above the ultimate yield stress of the material being utilised, in the case of the studies provided the FOS is quoted at 2 meaning that areas shown in red see stress greater than half the UTS of the material and therefore are not in the region considered “twice as safe” as the material being used for this part.    

[bookmark: _Toc30601888]Validation against previous calculative work
[image: ]
[bookmark: _Toc30601837]Figure 11: Forces seen in the Y plane from Design Study Analysis on the "Default" configuration

[bookmark: _Toc30601838]Figure 12: Inertial Forces seen on real connecting rod from data provided by Ford in authors previous work on Inertial Loading (Lord, 2019)
The comparison above, in rather affirmational manner, shows that when validated against calculations real-world data (McDonald, 2019), the trend of the forces seen in the connecting rod through the Y plane of motion inline with the piston motion plane match with the loading seen from the motion study and analysis. The trends of the graphs are very accurately matched to one another in trend despite being imprecise in terms of magnitude and the peak values seen at the extremes of reciprocated motion. Admittedly, there are improvements to be made here as one can see the inertial force between the two graphs differs by approx. 750N at both the top and bottom of the loading cycle, this can be attributed to differing material properties, small geometry differences and considerations regarding method of calculation. Additionally, the can be seen an anomalous case near the start of the graph trend from the design study data, this could be a calculation error or an anomalous loading case due to issues when the solver is calculating the scenario, as this case did not affect the trend or case selected for scrutiny it was ignored.     
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