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[bookmark: _Toc535429414]1. INTRODUCTION
The efficiency of engines in modern times is an important aspect of engine design. There are a vast amount of contributing factors in the design to decipher how efficient the engine is. Engineers have a challenge in optimising the engine components to maximise efficiency performance. There are computational methods to aid engineers with achieving the demands of designing the most efficient parts.
This paper investigates computational methods that will improve the design of the Ford 1.6 turbo engine con-rod. It will investigate minimising the mass of the component as a means to reduce the performance lost from high reciprocating mass load within the engine. The paper follows on from a previous study by Gavin Spring-Benyon looking at evaluating the compressive and tensile load on the con-rod using manual calculations. The combustion engine data identified in that study will be used to find the loading on the con-rod through Solidworks Motion simulation and then import the results into Solidworks finite element analysis (FEA) to optimise the design.
The study will first identify the engine parts that influences the loading on the con-rod. It then models the parts to build a working CAD assembly in order to be able carry out motion simulation analysis and find the con-rod loading. To ensure the motion sim model is working correctly, the results are compared to the manual calculation from the previous study before carrying out the finite element analysis (FEA).
1.1 [bookmark: _Toc535429415]Study Aims
The tasks and aims of the study are as follows:
· Model engine parts
· Build engine assembly
· Build motion simulation model
· Run motion simulation to find con-rod loading
· Compare simulation results with manual calculations findings
· FEA on the con-rod and optimise the design to minimise mass











[bookmark: _Toc535429416]2. MOTION SIMULATION, FEA AND ENGINE MODELLING RESEARCH
Solidworks motion simulation is a rigid body dynamics package which offers numerical approach of solving CAD assembly’s kinematics and reaction dynamics. For an engine it can be applied to the rotation assembly to resolve inertia forces and deciphering the net force on components when, for example cylinder pressure data is valuable. Using motion simulation gives the added benefit of combining the process of designing, calculating loads and imputing the results into FEA which in turn gives a complete part design optimising cycle (see graph 1 for process cycle). (Solidworks, 2008)
[bookmark: _Toc535429315][image: ]                                                                                            Graph 1 part optimising cycle (Solidworks, 2008)
Motion simulation capabilities makes it an excellent package for solving the kinematics and resolving the forces on the Ford 1.6 turbo engine con-rod.
FEA is a numerical approach for evaluating a structural geometry. FEA uses the method of analysing displacement. FEA requires the solution of the matrix equation. K is the sum of element stiffness matrices  and NE the number of finite elements in a structure. (Vanderplaats, 2007)

Both motion simulation and FEA have a wide field of applications. Table 1 shows the types of problems both methods can assist engineers in designing components.(Solidworks, 2008)
[bookmark: _Toc535429272]Table 1 appreciations of FEA and motion simulation (Solidworks, 2008)
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[bookmark: _Toc535429417]2.1 Ford 1.6 Turbo Engine Con-Rod Loading
To model motion simulation correctly, the con-rod working conditions have to be considered.
The loading on the con-rod comes from two engine forces:
1. Compressive load from the cylinder combustion pressure (Heywood, 1988)
2. Tensile load from rotational inertia force created from the mass of the connected parts (Heywood, 1988)
To create both forces, two boundary conditions need to be modelled in the motion study: 
1. The combustion gas force - The compressive load can be modelled on the piston by importing the combustion data supplied from Malcolm MacDonald. (McDonald, 2018) Gavin Spring-Benyon’s study found the highest combined load occurs at 6000 engine RPM which will be the test RPM for the motion model. (Spring-Benyon, 2018)
2. Inertia force - To simulate the right tensile load the components round the con-rod need to be modelled with their masses, these include:
· Piston
· Piston rings
· Gudgeon pin
This will create the inertia load on the con-rod.
The parts should be simulated with the engine block and driven by the crank. Solidworks paper on understanding motion simulation gives an example of finding con-rod loadings with a simple single cylinder model. The single cylinder model comprises of the same minimum engine parts needed to be able to find the con-rod loadings (see figure 1). (Solidworks, 2008)
[bookmark: _Toc535429047][image: ]                                                                                                  Figure 1 Solidworks example of simulating an engine (Solidworks, 2008)
With the piston and rings being simulated in the cylinders liners, the friction between the walls and the parts will also be modelled. The friction between the two could have effect on the con-rod loading in both tensile and compressive modes. Modelling the friction is challanging with engine oil on the walls resulting in complex surface boundaries. One way to overcome these effects is to create contact conditions between the parts and use a numeral coefficient of friction value. A study by Phil Carden and David Bell looking into piston assembly friction losses modelled a piston this way and compared the results with testing. The study found modelling friction of the piston assembly is error prone, but using a coefficient of friction value of 0.1 throughout 720° of crank rotation did give acceptable correlation. They went on to say Ricardo UK assume the value of 0.1 when calculating engine power cycles. (Carden & Bell, 2006) 
[bookmark: _Toc535429418]3. METHODOLOGY OF MOTION SIM MODEL
As discussed in section 2.2, the following Ford 1.6 turbo engine components were modelled for the motion simulation:
· Engine block
· Piston
· Piston Rings
· Gudgeon pin
· Con-Rod
· Crank
[bookmark: _Toc535429048][image: ]Figure 2 Ford 1.6 turbo engine parts
[bookmark: _Toc535429419]3.2 CAD Modelling The Parts
All the parts were measured using a combination of Vernier callipers, set squares, engineering rulers, and micrometres.
[bookmark: _Toc535429420]3.2.1 Con-Rod assembly
The con-rod was modelled using solid features in Solidworks and split into 3 parts; rod section, cap and bolts.
[bookmark: _Toc535429049][image: ]                                                                   Figure 3 comparing CAD con-rod assembly
The rod model is the part which was optimised for mass reduction using FEA. The exact material of the rod was un-available/un-known but a recommendation from Malcolm MacDonald was to use Steel grade 42CrMo4. When inputting that grade of steel, the mass of the model comes to 398.2g which is close when comparing the actual weight which is 409.2g. The bolt was not assigned a specific material as this did not affect resolving the loads on the con-rod. (McDonald, 2018)
[bookmark: _Toc535429421]3.2.2 Piston assembly
With the piston having complex geometry, the CAD model was made using surfacing features as this gives more freedom with creating the curvatures.
[bookmark: _Toc535429050][image: ]                                         Figure 4 piston CAD
The material of the piston was un-known with there being no viable source of information. The 42CrMo4 steel grade was used again but the mass of the model is 2x more than when weighing the part in reality. With the mass of the part being critical to simulating the right inertia force, a -2 version of the material was created with an adjusted density to model the correct mass of the part. The difference in masses could either be the CAD model not 100% correct representation of the part, or the incorrect material chosen.
The Gudgeon pin and piston rings where done using solid features. The material of the pin is again 42CrMo4. The same problem was experienced with the rings being unable to find a viable source of information of the material. All three parts are using the material properties of gray cast iron as this is recommended in Charles Fayette Taylor’s internal-combustion engine book. The masses of all of the parts match with actual weights. (Taylor, 1985)
[bookmark: _Toc535429051][image: ]                                                        Figure 5 rings and pin CAD
[bookmark: _Toc535429422]3.2.3 Engine block
With the block being a large complex part, only the geometry features crucial to simulating the engine rotation correctly were modelled in detail (cylinder walls, crank holding points). The outside features (bell housing, structural ribs) have been estimated in the model. The whole of the block material is aluminium grade 6063-T6 from Fayette Taylor’s internal-combustion engine book. In reality, the cylinders should have a steel liner modelled but there is no viable source of information for the Ford block. (Taylor, 1985)
[bookmark: _Toc535429052][image: ] Figure 6 Engine Block CAD
[bookmark: _Toc535429423]3.2.4 Crank model
The crank material again has been assumed to be steel grade 42CrMo4.
[bookmark: _Toc535429053][image: ]                                   Figure 7 Crank CAD
The con-rod bearings for the crank have also got assumed material of 4032-T6 from the guidance of Taylor’s book.
[bookmark: _Toc535429054][image: ]                                                                                                                                   Figure 8 con-rod bearing CAD
The Ford block holding clamps for the crank could not be located to model in this study. Instead a generic design was modelled as this does not affect simulating the loads on the con-rod.
[bookmark: _Toc535429055][image: ]                                                                                                                      Figure 9 generic crank holding clamp CAD
[bookmark: _Toc535429424]3.2.5 Assembly equations
To facilitate the motion simulation model being available to be used for different engine sizes (bigger or smaller piston heads), global equations were built into the assembly model (see figure 10). By using these equations, it is possible to change the size of the piston diameter to a limited extent allowing all of the parts associated automatically. For example if the bore size of the piston was changed from 79.5 to 81mm, the rings and engine cylinders will change accordingly to fit.
[bookmark: _Toc535429056][image: ]Figure 10 assembly global equations
[bookmark: _Toc535429425]3.3 Motion Assembly
The simulation take place over two crank rotations and simulated all 4 pistons firing (see figure 11). 
[bookmark: _Toc535429057][image: ]                  Figure 11 motion sim assembly of engine and all 4 pistons
The motion simulation was run at 6000RPM as this was found to be the highest loading on the con-rod for both compressive and tensile load. The engine was driven by a rotary motor at the crank turning the engine over at 6000RPM (see figure 12) to create the inertia force. A gravity load was also applied to the model for the inertia force. At the same time the combustion load was applied to the piston top (see figure 13) through time data points. The total time of the simulation was 0.02 seconds. This is all that was needed to simulate the forces and saves on computational time.
[bookmark: _Toc535429058][image: ]                       Figure 12 rotary motor turning crank at 6000RPM
[bookmark: _Toc535429059][image: ]                            Figure 13 force data points
The force data points were offset for each piston so the simulation would have a firing order of 1342 over 2 crank rotations (see graph 2).
[bookmark: _Toc535429316][image: ]                     Graph 2 offset force data points
[bookmark: _Toc535429060][image: ]                                                    Figure 14 simulation piston firing order
[bookmark: _Toc535429426]3.3.1 Piston mates
The piston rings were mated to the piston but then put into a rigid body group. This was done to cut down on computational rescuers of the software as the interaction between the rings and piston isn’t crucial to calculate the loading for the con-rod. This was also done to reduce redundant mates in this region.
[bookmark: _Toc535429061][image: ]                                                                          Figure 15 piston mates rigid body group
The piston contact with the cylinder walls has a bearing on the results. It was modelled using a solid body contact with the coefficient of friction value of 0.1 (as discussed in section 2.2) inputted into the software to account for the friction between the components. The combined stiffness of the two materials forming the parts was inputted to simulate any reaction forces. The same solid body contact methodology was used for the interaction of the rings with the cylinder walls.
[bookmark: _Toc535429062][image: ]                                                   Figure 16 piston solid contacts
The Gudgeon pin was mated to the piston using a hinge mate (see figure 17). Initially the pin was going to have a solid body contact between the two However, this caused the simulation to crash and there isn’t sufficient data for a coefficient of friction value to incorporate. In any case, it is not considered the friction between the two would have a substantial effect on the loading results on the con-rod.
[bookmark: _Toc535429063][image: ]                              Figure 17 Gudgeon pin and piston mate
[bookmark: _Toc535429427]3.3.2 Con-rod mates
The con-rod is mated to the Gudgeon pin using a mechanical mate to enable to output the reaction force from the simulation (see figure 18). Again a contact between the two was desirable but the same issues occurred as with the pin and piston mate (see section 3.3.1).
[bookmark: _Toc535429064][image: ]                       Figure 18 Gudgeon pin and con-rod mate
At the crank end, the con-rod was mated using just a concentric to the bearings (see figure 19). The friction between the two was not included as this was causing the simulation to crash.
[bookmark: _Toc535429065][image: ]                                                   Figure 19 con-rod to crank bearings mate
The con-rod cap and bolts were mated to the rod section of the part using standard mates (see figure 20), and then placed into a rigid group to cut down on computational time as this does not affect the simulation of the load on the rod. This also reduced the redundant mates in this region.
[bookmark: _Toc535429066][image: ]Figure 20 cap, bolts and con-rod mates
[bookmark: _Toc535429428]3.3.3 Crank mates
The Crank, bearings shells, crank clamps and clamp bolts were mated using standard mates and then put into a rigid body group with the engine block as this does not have a bearing on the simulations results. By doing this, it simplified the model and reduce redundant mates.
[bookmark: _Toc535429067][image: ]               Figure 21 crank and block rigid body groups















[bookmark: _Toc535429429]4. MOTION SIMULATION RESULTS AND ANALYSIS
Initially the simulation was giving large spikes in the results. The cause was from the simulation frame rate being too low. The rate was increased until the simulation out put a reactional force for each degree of crank turn (720°) which reduced the data spikes.
Running the motion simulation gave the following (graph 2) reaction forces from the mechanical con-rod mate for each piston over 2 rotations.
[bookmark: _Toc535429317][image: ]             Graph 3 con-rod reaction forces results




Graph 3 shows how each piston gives the peak compressive forces on the con-rod when the combustion gas is max. When the reaction forces are negative, the con-rod is subject to a tensile load from the inertia force being greater than the gas pressure in the cylinder. (Heywood, 1988) Even with the frame rate increased on the simulation, there were still spikes with the results (see graph red circles). Interestingly, the spikes occurred when either the pistons were reaching 0 liner speed or when the inertia forces were large. This could be either because the frame rate needed to be increased or any redundant mates to be reduced further. (Solidworks, 2008)
Even with the spikes in the forces calculated, in the regions where the forces are high, the results are clean (see graph green circles). To optimise the con-rod design, only the max forces are need, this means the results from the simulation were adequate enough.
Overall, the results from each piston are the same. If the results from piston 4 are compared to the manual calculation done in Gavin Spring-Benyon’s study, there is very good correlation between the two methods (see graph 4). There are some slight differences but this could be due to the manual calculations did not take into account the friction between the piston and cylinder walls. The peak force between the two sets of data only have a difference of 1.13%. (Spring-Benyon, 2018) 
[bookmark: _Toc535429318][image: ]            Graph 4 comparing manual calculations and motion simulation results
With the results of each piston being the same, the model was restricted to one piston to save on computational time. The results from the motion simulation can now be exported to do the FEA analysis on the con-rod.














[bookmark: _Toc535429430]5. CON-ROD FEA METHODOLOGY
The FEA could have been done within the motion simulation model but this did not give a great amount of freedom when setting up the FEA study (defining the mesh/viewing results). Instead, the loads and constraints calculated were imported into a FEA study of the con-rod. The maximum compressive and tensile load was imported into two FEA studies on the con-rod.
[bookmark: _Toc535429431]5.1 Con-Rod Mesh
Viewing the CAD model of the con-rod the mesh needs to be as fine as possible to capture all of the geometry detail.
[bookmark: _Toc535429068][image: ]Figure 22 showing the geometry detail of the con-rod and fine mesh
Figure 23 shows Jacobain mesh quality. The overall quality is fairly good with having low Jacobain values. However, the mesh density in the pin area of the con-rod (see figure 23 green circle) could have been made finer as there is the expiration to be high levels of stress because of thin the material area.
[bookmark: _Toc535429069][image: ]                           Figure 23 con-rod mesh quality contour

The final mesh can be seen in figure 24 with the fine mesh in the pin area of the con-rod.
[bookmark: _Toc535429070][image: ]                                                                                                               Figure 24 final con-rod mesh with finer pin area mesh and applied load

[bookmark: _Toc535429432]5.2 Loading And Constraints
The loading was applied through the imported load mate from the motion simulation (see figure 24). Table 2 below shows the loading used and motion sim frame used.
[bookmark: _Toc535429273]Table 2 motion sim loads for FEA
	Load
	Frame

	-40686N Compressive
	627

	5973N Tensile
	1178



There are two ways of constraining the model for the FEA study:
1. Using inertial relief on the part
2. Using a fixed constraint on the crank end of the rod (see figure 25)
[bookmark: _Toc535429071][image: ]                                                               Figure 25 con-rod with constraint at crank end
It was unclear what the effect on the part would be using the inertial relief option. The best case to match the compressive loading of the rod in operation (as when in operation the con-rod is a pin to pin joint loading scenario) was to pin constrain (constrained in 1,2,3) a node at the centre of the crank and use a spider to connect to the surface nodes of the con-rod (see figure 26). At the same time set the node with a stiffness to replicate the stiffness of the joint connection to the crank. However, for this study with the crank and crank bearing materials unknown, the constraint was treated as fixed. In addition, Solidworks does not have the capabilities of creating a centre node with a spider connection. Tensile loading is a similar story but with two centre nodes; one for each of the con-rod bolts with the same stiffness as the bolts (see figure 27).
[bookmark: _Toc535429072][image: ]                                                                                        Figure 26 con-rod with spider constraint for compressive load
[bookmark: _Toc535429073][image: ]                                                                              Figure 27 con-rod with spider constraint for tensile load
Both ways of constraining the con-rod was used initially to see which gave more realistic results.





[bookmark: _Toc535429433]5.3 Con-rod Material 
As mentioned in section 3.2.1, the material of the con-rod is steel grade 42CrMo4. Table 2 below shows the mechanical properties:
[bookmark: _Toc535429274]Table 3 - Steel grade 42CrMo4 data
	Part
	Value
	Source

	E
	210GPa
	(Ovako, 2016)

	Poisson Ratio
	0.3
	

	G
	80GPa
	

	
	7.8E-9 Tonnes/mm³
	

	UTS
	1000MPa
	

	Yield Stress
	750MPa
	
























[bookmark: _Toc535429434]6. CON-ROD FEA RESULTS AND ANALYSIS
Prior to the analysis, a decision is necessary to select which constraint type is likely to yield more realistic results. Figure 28 compares the two constraint type’s results for the compressive load. They both have similar distribution of von Mises stress. However, the fixed constraint shows a higher level of stress across the component. The difference in displacement between the two are very different at the crank end (see red circle). The inertial relief allows the end to spread outwards which does not actually occur with the con-rod bolts holding the part in place around the crank. The fixed constraint does not exhibit outwards spread which could explain why it shows a higher level of stress.
[bookmark: _Toc535429074][image: ]Figure 28 comparing the two constraint type’s results for the compressive load
A point of interest; the way the imported motion simulation is applying the load to the con-rod is not correct. See figure 28 green circles show how the top of the rod has a compressive displacement. This is not how the rod would deform in actuality with a net compressive load. The load should be applied in the bottom half of the pin hole. This means the imported load is connecting to the top nodes as well as the bottom on the component mesh.
For the tensile load, it is a similar story between the results. In figure 29, the inertial relief constraint allows the part to move inwards. Again, this is not what would be expected with the rod sitting on the crank and the clamping force of the bolts.
[bookmark: _Toc535429075][image: ] Figure 29 comparing the two constraint type’s results for the tensile load
Examining the two constraint types, it is evident for both types of load, the fixed constraint is the better option. Fixed will be used in the next phase of study.
[bookmark: _Toc535429435]6.1 Review Of Original Con-Rod Design
[bookmark: _Toc535429436]6.1.1 Compressive load
Carrying out a manual stress calculation in the neck region on the rod gives 289.21MPa, which is similar to the FEA von Mises stress in the same area (see figure 30 red circle). This value provides confidence that the FEA is simulating the con-rod in stress correctly for the input loads.
[bookmark: _Toc535429076][image: ]                              Figure 30 neck region manual stress calculation


Figure 31 is the contour of the von Mises stress safety factor (the factor being against the yield strength across the part). The part has a large factor across most of its width, which means in theory there is excess of material in the part that could be removed to reduce mass. However, the large factors in the design could be there to account for fatigue of the parts over the engine lifespan (as the con-rod experiences repeating loads). It is difficult to predict how big the factors actually need to be to ensure a prolonged serviceable life of the part without doing a non-linear analysis. Roark’s formulas for stress and strain provides a method of finding suitable safety factors for various loading scenarios when steel materials are used to reliably predict the design lasting full serviceable life. An alternative method is to use a Goodman’s diagram with material endurance limits. For this study, adopting Roark’s general rule that for steel materials, the stresses are 1/3 of the yield stress to avoid fatigue failure in its designed lifetime. This suggests that the material removed must not put the factor below 3. It follows that areas with factors already below 3 are not considered for mass reduction. (Young & Budynas, 2002) 
[bookmark: _Toc535429077][image: ]                  Figure 31 contour of the von Mises stress safety factor


Focusing on the factor contour only, the areas with red circles in figure 31 have factors above 3. Using a cut plane through the mesh, the areas highlighted in figure 32 have consistently high factors and the von Mises stress remains the same (see figure 32).
[bookmark: _Toc535429078][image: ]                     Figure 32 mesh cut plane
As well as considering the safety factors for fatigue life when removing material, there is a need to understand how much this will impact on the displacement. For example, if too much material is removed, then the compression displacement increases significantly causing the clearances to change in the engine, which could lead to parts colliding during operation. Figure 33 shows the displacement of the current design. In the neck and pin region of the rod there is more displacement in comparison to the crank end (see green circle). This indicates if material is removed in the thin sections of the part, further displacement could occur. (Heywood, 1988)
[bookmark: _Toc535429079][image: ]                             Figure 33 part displacement

Taking a safe approach to optimising the design, only material in the bottom end will be removed (see figure 34 red circle). This could still have an effect on the part in operation with dynamics of the design (for example reduces the mating area on the cap affecting the bolt strength) but for the purpose of this study they will be ignored.
[bookmark: _Toc535429080][image: ]                              Figure 34 region for removing material
[bookmark: _Toc535429437]6.1.2 Tensile load
Applying the max tensile load to the part shown, there is very little von Mises stress (see figure 35). This makes sense when considering the tensile load is only 1/7 of the compressive load.
[bookmark: _Toc535429081][image: ]Figure 35 con-rod under tensile load von Mises stress
The safety factors are large (see figure 36).
[bookmark: _Toc535429082][image: ]              Figure 36 con-rod under tensile load stress safety factors
The displacement is very small (see figure 37).
[bookmark: _Toc535429083][image: ]                 Figure 37 con-rod under tensile load displacement
With tensile load having little effect on the design, using the results from the compressive load will be used for optimised design 1.
[bookmark: _Toc535429438]6.1.3 Optimised design 1
Using the results from compressive load material was removed from the bottom end (see figure 38). Note: no material was removed from the mating face with the cap. This was to try and minimise any impact on the bolt design of the component.
[bookmark: _Toc535429084][image: ]                                               Figure 38 comparing the new design showing where material has been removed
The stress safety factors have not fallen below the 3 value in the new design with the compressive load (see figure 39).
[bookmark: _Toc535429085][image: ]                                          Figure 39 new design with stress contours from compressive load
The total displacement in the rod has risen from 0.239mm to 0.2476mm which is a 3.6% increase. This could have an effect on the engine clearances. Further investigation is needed before incorporating the new part in the engine.
[bookmark: _Toc535429086][image: ]Figure 40 new design displacement results
Applying the tensile load to the new design has very little effect on the con-rod performance. In figure 41 the von Mises stress contour remains very similar (including the safety factors) and in figure 42 the displacement only changes by 2.114% compared to the original design.
[bookmark: _Toc535429087][image: ]                                  Figure 41 new design with stress contours from tensile load
[bookmark: _Toc535429088][image: ]                                       Figure 42 new design tensile load displacement results
The new design has a mass saving of 39.3g which was reintroduced into the main engine assembly motion sim to find the new loadings on the part. 
[bookmark: _Toc535429439]6.2 Motion Simulation Results With Optimised Design 1
Graph 5 below is the result of the new design motion simulation. Comparing the results against the old design, it is clear there is little difference compared with the original force, despite the lower mass in the rod. Initially would expect the max compressive force to be higher since inertia force should be lower because of the lower mass con-rod. However, the mass that has been removed is close to the crank end which means it has little effect on the axle inertia force. (Heywood, 1988) This is a positive affect because the overall mass is being lost in the engine, but is not developing a higher compressive load on the con-rod.
[bookmark: _Toc535429319][image: ]Graph 5 results of the new design motion simulation
[bookmark: _Toc535429440]6.3 Optimised Design 2
To investigate whether further mass could be safely removed, a second design was developed with more material etched out in the side section of the crank face (see figure 43 red circle). Consideration was also given to remove additional material in the side sections (see green circles), but concluded this would encroach onto the threads for the cap bolts.
[bookmark: _Toc535429089][image: ]              Figure 43 showing where more material could be removed



The design 2 has resulted in a slimmer profile a further 6.6g.
Running the FEA on the updated design 2 shows the extra material removed has little effect on the von Mises stress contour together with the safety factors.(see figure 44). 
[bookmark: _Toc535429090][image: ]Figure 44 Design 2 and comparing other designs with the compressive load
The displacement on design 2 has only increased by 0.28% from design 1 (see figure 45).
[bookmark: _Toc535429091][image: ]                                     Figure 45 Design 2 and comparing other designs with the compressive load displacement
[bookmark: _Toc535429441]7. CONCLUSIONS
Using Solidworks motion simulation and FEA analysis on optimising the mass profile of the Ford 1.6 turbo engine con-rod has been carried out and assignment achieved. The motion simulation gave results that had good correlation when comparing manual calculations for resolving the compressive and tensile loads but neither approach account fully for the friction in the engine. It is noted that motion simulation dose to some extent allow for some friction between the parts, but it limited with the simulation couldn’t account for all friction loads when solving the problem (crashing during simulation). 
It is also accepted that Solidworks FEA package is limited in the scope of boundary conditions it can build. Fixing the con-rod (constraint) could be improved. The inertial relief option needs to be used with caution, for example with an engine con-rod loading.
Using the FEA identified over 40g of material that could be removed within the con-rod design without significant detriment to principle function of just the con-rod. However, there are other aspects which may be affected from the new design  which could cause engine failure as a whole but which are not yet fully investigated and not specifically identified at this juncture. For example the effect of heat on the con-rod and other factors which may explain why the safety factors in the part design appear to be high. This is an area of further work and analysis.
The CAD of the engine parts could be further refined with the help of 3D scanning to create a surfaces model. 
Overall the combination of using all 3 parts of the Solidworks package is an effective tool in a design cycle of a part, but is limited on the FEA side.















[bookmark: _Toc535429442]8. FURTHER WORK
Further work for study recommended is:
· FEA the con-rod in FEMAP with Nastran to build more detailed and sensitive boundary conditions.
· Use 3D scanning to build improved CAD models.
· Further research into finding other factors that could affect the con-rod loading.
· Attempt building the motion simulation model factoring in all friction considered to exist between engine parts.
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