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[bookmark: _Toc30997910]1 Introduction
In this report, the motion study is carried out on a crank-rod structure include the crank, rod, piston, gudgeon pin, piston and the cylinder covers, which are created in SOLIDWORKS2019 (SOLIDWORKS2019, 2019) and then assembled together. 
The assembly is imported to the motion analysis module to calculate the motion loads, then the motion loads are imported into the static study to do the simulation. Next, open one part, edit the material and run the calculation to see the stress and displacements contours. In this study, author analysis the motion loads on the rod and crank. Rod and crank are crucial connecting parts, which are convenient to define the bearing faces. 
After analysis the stress and displacement, author does the optimization work on the crank, which it’s more suitable to optimize. There are two types optimizations: shape and topology optimization, and then choose the shape optimization, which is aimed to reduce the stress. Firstly, author decides to optimize based on the maximum stress, but it’s too difficult to reappear the condition. Lastly, the optimization is carried out based on the changing motion loads. For the shape optimization, three dimensions of the crank are set rang variable.
After get the optimal part, the new part is import to the original assembly to do the motion analysis and simulation again to see if the optimization wok makes sense or nor.









[bookmark: _Toc30997911]2 Background
Computer-aided engineering methods became available in design industries since 1980s, finite element analysis became the first widely adopted simulation tool. However, with the growing complexity of mechanical products, engineers need to determine the kinematics and dynamics of new products before creating the physical prototypes. At this time, motion simulation provides simulation method to solve the problem.
As a numerical technique for structural analysis, FEA has come to be the dominant CAE approach for studying structures. The combining use of FEA and motion simulation are divided into 5 steps (SOLIDWORKS):
1. Find the displacement, velocity and other parameters of the motion components.
2. Find the position of maximum loads.
3. Transfer these loads to the relevant component CAD part model from the CAD assembly.
4. Treat the part under a static load.
5. Edit material for the part and the loads are submitted to FEA for structural static analysis.
The study in this report is also carried out along those steps.












[bookmark: _Toc30997912]3 Assembly
The assembly is shown in Figure 3-1.
[image: ]
Figure 3-1 Assembly
The assembly consists of 6 parts: piston, gudgeon pin, rod, crank, upper case and lower case. The length of hole on rod small end is not as long as the distance in the piston, which is same as the length of hole on big end to the crank axis. Therefore, the concentric mates between these axes and holes are advanced width mates to make the rod in the central position to maintain the motion stability. The Covering parts are half created to display the inside motion, and the lower case is fixed.
Before the motion analysis, author determines the optimal part, which is the rod (highlight green). In order to import the loads into the FEA module, author need to define the load bearing faces first, where the motion loads (reaction forces and moments, accelerations, velocities) are recorded during the motion analysis, and the load bearing faces as part of the Mates definitions (SOLIDWORKS2019, 2019). In this study, the bearing face are the faces of the two holes at two ends and the faces mates with them. The bearing faces are shown in Figure 3-2.
[image: ][image: ]
Figure 3-2 Bearing Faces of Small End (left) and Big End (right)
[bookmark: _Toc30997913]4 Motion Study
After defining the bearing faces, the study comes to the motion study module. In motion analysis, study properties set to 8 frames per second and analysis duration set to 2 seconds, in which time the crank rotates two cycles. In addition, one rotary motor of 50 RPM is applied on the crank face, like shown in the Figure 4-1
[image: ]
Figure 4-1 Rotary Motor
Then calculate the model, the model moves normally, which demonstrates that the mates set are correct. Then save the documents, take preparations for the FEA. Below is the animation link.
https://youtu.be/CuBgmCYY3Vo 
Then import the loads to the simulation module, the property settings are shown in Figure 4-2
[image: ]
Figure 4-2 Import Motion Loads
Select crank-rod for the further study, and for the frame settings, because that author doesn’t know the highest stress will appear at which frame, hence he chooses all frames from 1 to 17, then he can get the highest stress’s frame number. 
Next, open the rod CAD model, and edit alloy steel for the rod in static study tap. Then from the static study tree, it can be seen that the motion loads are already put on the rod, which is shown in Figure 4-3
[image: ]
Figure 4-3 Motion Loads on Rod
Then, run the model in design study tap. After running, plot graph of the stress, which is shown in Figure 4-4.
[image: ]
Figure 4-4 Stress Plot
From the plot, it can be seen that the highest stress is 5108.77N/m2 at 4 and 14 frames (two cycles), hence made the plot of stress and displacement contours at frame 4, which is shown in Figure 4-5.
[image: ][image: ]
Figure 4-5 Contours of Stress (left) and Displacement (right)
From the plots, author gets that the highest stress is 5 108 N/m2, and the biggest displacement is 8.433e-6 mm. After finishing the basic simulation work, the optimization work is going to carried out on these data.
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[bookmark: _Toc30997915]5.1 Fillet
The optimization work is based on the stress and displacement contours. From the contours, author finds that the max stress is on the edges under the small end. Therefore, author thinks the reason is stress concentration, hence he adds fillet on the four edges, new rod is shown in Figure 5-1. And simulate in same settings, the results are shown in Figure 5-2 and 5-3.
[image: ]
Figure 5-1 New Rod
[image: ]
Figure 5-2 Stress Plot
[image: ][image: ]
Figure 5-3 Stress and Displacement Contours
From the results, it can be seen from the contours that the highest stress is 5 055 N/m2 at frame 10, which just a little smaller than 5 018N/m2. Therefore, the study needs a new optimization layout. 











There come the shape optimization and topology optimization, shape optimization is to using the shape optimization module to reduce the volume of the structural. Topology optimization has achieved rapid development and has been successfully applied in many industries, include the aerospace, automobile and so on (Janusevskis & Melnikovs, 2010). Many topology methods include level set methods, density approach, evolutionary approaches and others are appeared recently. In general, topology optimization is mathematical method that optimizes material layout. For the topology, usually it uses given space  , loads condition  consisting of , , , and  parts, where  and one or more manufacturing constraints, as shown in Figure 5-4. The surface tractions “t” is applied at region ; regions  represent the support conditions; regions  denote the non-optimizable areas; and  are the geometric boundaries of the design space Ω. (Stoyan Slavov, 2019). And the topology module is integrated into SOLIDWORKS2019 (SOLIDWORKS2019, 2019).
[image: ]
Figure 5-4 Topology Optimal Material Layout
As for this study, it’s not east to define the design space, hence author decides to do the shape optimization at the highest stress condition. However, it’s also difficult to define the loads on the rod at that time. And it seems that the crank maybe easier to define the loads, hence crank becomes the optimal target. Therefore, author do the basic FEA for the crank first like previous work, bearing faces are shown in Figure 5-5, and the results are shown in Figure 5-6 and 5-7.
[image: ][image: ]
Figure 5-5 Bearing Faces
[image: ]
Figure 5-6 Stress Plot
[image: ][image: ]
Figure 5-7 Stress and Displacement Contours
The highest stress is 6 632 N/m2 at frame 5 and 10, and the high stress main appears on top and the bottom of the part. Hence if author wants to optimize the part at this condition, he should put loads that make the part appear same stress and displacement. That might be a long progress, and accuracy is also hard to maintain.
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The first attempt, author decides to put the linear force on the region where highest stress happened. From the stress contours, author estimates the high stress area on the top and bottom region. Top area is about 192mm2, bottom area is about 96mm2. And the force is given by equation , and the top force is 1.27N, bottom face is 0.32N. The force is very small because the crank rotates very slow (engine normal RPM is 5000-7000). After calculate these parameters, force is put on the crank, and run the study to see the effects. In addition, author creates two small faces as big as the high stress area to bear the force better. However, the results show that the stress just appear on two faces, which against the reality. What’s more, big strain just around the face also demonstrates that this is a wrong layout. The mesh and results are shown in Figure 5-8 and 5-9.
[image: ]
Figure 5-8 Mesh
[image: ]
Figure 5-9 Stress Contours 


[bookmark: _Toc30997917]5.3 Centrifugal Force
By analysing the results above, author comes up with a new layout. Though the highest stress just happens on top and bottom region, there is stress everywhere because the crank is rotating, which is also the reason why the strain in original model is uniform. While rotating, every element is under the centrifugal force, which is also the actual reason of the highest stress. Hence centrifugal load is put on the crank, and the mesh, contours are shown in Figure 5-10 and 5-11.
[image: ]
Figure 5-10 Mesh and Loads
[image: ]
Figure 5-11 Stress Contours
Unfortunately, the quantity and the contours are still wrong. The stress is concentrated on the axis, and the quantity is too big, hence author still need to optimize the model. In order to reflect the stress, the part is simplified like shown in Figure 5-12, and then put centrifugal force on the plate, the results are shown in Figure 5-13.
[image: ]
Figure 5-12 Mesh
[image: ]
Figure 5-13 Stress Contours
The results are worse than previous models, all stress distributes on one side, which is not the ideal effect. Hence maybe it’s impossible to optimize based on the instantaneous condition because loads are keeping changing. The study should be carried out on the whole conditions, which is demonstrated to be the correct direction.





[bookmark: _Toc30997918]5.4 Shape Optimization
Therefore, author decides to do the shape optimization taking use of the static study and design study of the previous FEA work. Three variable dimensions are set to reduce the shape, and the goal is set to the minimum stress, the range is set like shown in the Figure 5-14. 
[image: ]
Figure 5-14 Optimization Settings
The thickness, width and height are set to range because the highest stress is on the plate, and the optimal plant need to be able to support the motion. What’s more, the stress and displacement are set according to the previous contours, for the stress, make safety factors is 1.5, and the yield stress is 6.204e+6, hence the stress can’t lager than 4.316e+6 N/m2. As for displacement, it’s the maximum of the previous results. After finishing settings, run the optimization model. The results are shown in Figure 5-15 and 5-16.
[image: ]
Figure 5-15 Optimization Results
[image: ][image: ]
Figure 5-16 Optimal (left) and Original Models (right)
From the results, only the width of the plate has been reduced, and the stress has been reduced in large percentage (314N/mm2 is less than 413.6N/mm2). But comparing the optimal model with the original model, the plate just lacks a piece from one piece, hence if the centrifugal force is really been reduced, it needs to see in the motion simulation again.
And then the optimal part is input to the original assembly to do the motion, then same bearing faces and motion settings. The results are shown in Figure 5-17 and 5-18.
[image: ]
Figure 5-17 Stress Plot
[image: ][image: ]
Figure 5-18 Stress and Displacement Contours
From the Contours, the high stress region changes to the axis, and the high displacement is also change to the axis edges. In addition, there is some difference between the FEA results and the optimal results. Author doesn’t know why, maybe the loads settings are not correct for optimization. For the interest, author comes back to see the loads change on the rod. Hence, carry out the process again. The results are shown in Figure 5-19 and 5-20.
[image: ]
Figure 5-19 Stress Plot
[image: ][image: ]
Figure 5-20 Stress and Displacement Contours
The stress in the rod is also reduced,  which seems a good results.





[bookmark: _Toc30997919]6 Discussion and Conclusion
According to author’s study, assembly is carried out on 6 parts model: upper case, lower case, piston, gudgeon pin, rod, crank. Motion study is based on the assembly, set 8 frames per second to monitor the motion loads. Two components rod and crank are opened in FEA module based on the loads imported by bearing faces, which are set in mates.  The final optimization work is about the crank to reduce the stress, and the results are shown in Table 6-1.
Table 6-1 Optimal Results
	
	DV1
	DV2
	DV3
	Stress

	Setting
	8-12mm
	50-88mm
	75-92mm
	<413.6N/m2

	Optimal
	12mm
	69mm
	92mm
	314.4N/m2



The range of the dimensions are set under the condition of the assembly can move normally. From the table, the data shows it meets the requirements. Though just one dimension has been reduced, not only data in this table but also the results in new FEA works shows that it’s a significant optimization work. What’s more, the simulation results show that the stress in rod is also reduced.
The assembly, motion and FEA are making preparation works for the optimization. Before confirming the final layout, author takes many attempts to redisplay the instantaneous condition of the highest stress by static study. However, it seems that it’s impossible to get an ideal layout. Therefore, the final optimization work is based on all frames. Though the results show the stress has been reduced, there is still some difference between the optimization results and the FEA results (the study using optimal part and do the assembly, motion, FEA again). Maybe the instantaneous condition can be redisplayed, and optimal results can be better.
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